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Ab initio study of BaTiO3 and PbTiO5 surfaces in external electric fields
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For the ferroelectric perovskite compounds BaJi@hd PbTiQ, we have studied the effects of external
electric fields on the structural properties of tt@1) surfaces. The field-induced changes in the surface
interlayer spacings and bucklings have been calculated using a first-principles ultrasoft-pseudopotential ap-
proach, and the change of the polarization and the ferroelectric distortions in the surface layers have been
obtained. The surfaces are represented by periodically repeated slabs, and an external dipole layer is included
in the vacuum region of the supercells to control the electric field normal to the surfaces. The influence of the
electrical boundary conditions on the ferroelectric properties of the slabs is discussed. In the case of a vanish-
ing internal electric field, our study indicates that even very thin slabs can show a ferroelectric instability.
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I. INTRODUCTION ered. It is the aim of this study to determine whether thin
films of this kind still show a ferroelectric instability, and
In recent years, ferroelectridcE) compounds based on how the ferroelectric distortions and the spontaneous polar-
the cubic perovskite structurABO; have attracted much ization change at the surface.
interest because of their promising potential for a series of A few theoretical investigations in this direction have al-
technological applications. Just to mention two exampleseady appeared. In Refs. 3 and 4 we studied(6f) sur-
from the semiconductor industry, their ferroelectric proper-faces of BaTiQ and PbTiQ for the case of the tetragonal
ties can be used to build nonvolatile random access memeyyisj.e., the direction of the spontaneous polarizatiying
ries, and their high permittivity makes them good candidategarallel to the surface. Although the surface relaxation ener-
to replace SiQ in large-scale integrated circuits. Because Ofgies were found to be substanti@le., many times larger
the ongoing miniaturization in semiconductor devices, thishan the bulk ferroelectric well depthit turned out that the
may soon be _rgquwed In c_)rder to be able to construct capaciyfjyence of the surface upon the FE order parameter is only
tors with sufficient capacityfor example, in dynamic ran- modest. For the Ti@terminated surface of BaTiCand the

_dom access memory celland to_ maintain gate .Ox'de layers PbO-terminated surface of PbTjOa modest enhancement
in metal-oxide-semiconductor field-effect transistors that are i
f the FE order was found at the surface; for the other two

thick enough to prevent tunneling of electrons between th . . ’ .
g P 9 surfaces, a small reduction in the FE distortions was ob-

gate electrode and the channel. .
In these applications it is the aim to apply the FE materi_served. However, in all cases the ground state was ferroelec-

als in very thin film geometries where the ferroelectric andtfi¢: @nd deviations of the FE distortions from the bulk value
dielectric properties will be strongly influenced by surfaceWere confined to the first few atomic surface layers.
effects. For an understanding of the behavior of FE thin films On the other hand, for thin lead zirconate titaneR&T)
it is therefore important to explore how the FE orderfilms the experimental investigations of Tybell and co-
parameter couples to the surface. In many experimental invorkers have shown a polarizatiperpendicularto the sur-
vestigations of thin films, a degradation of the FE propertiedace. In this case, theoretical calculations have to deal with
was observed. It was believed that decreasing the thickne¢ge additional problem of the correct electrical boundary
of thin films suppresses ferroelectricity and eliminates it al-conditions far from the surfaces. In two previous studies on
together at a nonzero critical thickness, which was estimateBaTiO;,>® slabs of truncated bulk material with a net polar-
to be approximately 10 nm for PbTiO® However, in recent ization perpendicular to the surface were used. The slabs
experiments, Tybell and co-workers showed that for highaere either repeated periodically, assuming periodic bound-
quality films of Pb(ZgTi,_,)Os, a stable polarization per- ary conditions for the electrostatic potential, or treated as
pendicular to the surface persists down to film thicknesses dgolated slabs with a vanishirexternalelectric field, and in
40 A or less® This suggests that the previously observedneither case were the atoms allowed to relax fully from their
suppression of ferroelectricity in thin films is not a purely ideal bulk positions.
intrinsic effect caused solely by the presence of the surface, We point out in this paper that these situations are rather
but is related to extrinsic factors like perturbations of theartificial and do not provide useful information about the FE
chemical composition of the surfa¢enpurities, oxygen va- properties of the slabs. Instead, we will show that the appro-
cancies, or other defegissurface-induced strains, or varia- priate electrical boundary condition is a vanishing electric
tions in electrical and mechanical boundary conditions. field inside the slab. This implies that if the slab shows a
To investigate this further, we have studied slabs of isospontaneous polarization an external electric field has to be
lated, ideal(i.e., clean and defect-frgéhin films of BaTiO;  applied to compensate the depolarization field caused by sur-
and PbTiQ in (001) orientation. Both possible surface ter- face charges. A vanishing internal electric field is equivalent
minations(on BaO/PbO or TiQ layerg have been consid- to the so-calledhort-circuitboundary conditions, where the
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thin film is sandwiched between grounded plates of a capaciattice constants. A4,4,2 Monkhorst/Packk-point mesh?*
tor. was used for all Brillouin-zone integrations. As has been
Short-circuit boundary conditions were used by Ghosestated in Ref. 4, the results for structural properties of per-
and Rabéin a microscopic effective-Hamiltonian study of ovskite surfaces are very well converged for this choice of
PbTiO; thin films. They found that001)-oriented films with  the supercell geometry ardpoint mesh.
thicknesses as low as three lattice constants have a perpen-BaTiO; and PbTiQ display different sequences of struc-
dicularly polarized ferroelectric ground state with a signifi- tural phase transitions as the temperature is lowered. BbTiO
cant enhancement of the polarization at the surface. Howandergoes a single transition from a cubic paraelectric to a
ever, in the effective Hamiltonian, no information about thetetragonal ferroelectric phase at 763 K, which is the ground
structural relaxation of the surface layers was included. Withstate structure alT=0. BaTiO; displays a series of three
the presengb initio calculations, we confirm the finding of transitions from cubic paraelectric to tetragonal, orthorhom-
Ghosez and Rabe about the ferroelectric ground state, but wigc, and rhombohedral ferroelectric phases at 403 K, 278 K,
also show that the atomic relaxations at the surface signifiand 183 K, respectively.
cantly modify the effective-Hamiltonian picture of the polar-  Because we are primarily interested in the situation where
ization in the surface layers. a material shows a polarization perpendicular to the surface,
The paper is organized as follows. In Sec. Il we describave focus here on the tetragonal FE phases of BaTad
the technical details of our computational method and thePbTiO;, and we consider only the case of the tetraganal
geometry of the slabs. We also discuss how to deduce thaxis pointing perpendicular to the surfa@e the following
correct electrical boundary conditions and how to applyreferred to as thez direction. To prevent BaTi@ from
these in the supercell calculations. In Sec. Ill we present thedopting the true rhombohedr&=0 structure, mirror sym-
results of our calculations on various slabs exposed to extemetriesM, and M, were imposed during the relaxation of
nal electric fields. Finally, the paper ends with a summary inthe atoms, thus mimicking the experimental room-

Sec. IV. temperature structure. In other words, only displacements of
the atoms in thez direction (perpendicular to the surface

Il. THEORETICAL DETAILS were allowed. This also prevents the polarization from rotat-

ing to become parallel to the surface. Additionally, the slab
A. Method of calculation lattice constant in the andy directions was set equal to the

As in our previous studies on perovskite surfaté8we  theoretical equilibrium lattice constaat computed for the
have carried out self-consistent total-energy calculation®UIK tetragonal phase aE3.94 A and 023-99'& for
within the framework of density-functional the§ryDFT) ~ BaTiOs, anda=3.86 A andc=4.04 A for PbTiQ).
using the Vanderbilt ultrasoft-pseudopotential schénie.
the pseudopotential generation the semicore Baidd 5, C. Electrical boundary conditions

Ptthd,fand T :a;atnql aofotrrkljltals Wgre 'rt]dutq(Td as Vsli‘niel For slabs with a net polarization perpendicular to the sur-
states(for more details of the pseudopotentials see Ref. face, two questions have to be addresg@dWhat are the

The electron wave functions were expanded in a plane'\’\""‘\/Eppropriate boundary conditions for the electrostatic poten-

ggss S(ZtsI%(zlsjdtl)g%np?k?oew\évailxesreuvl?otjos ;Sg;[gg tehr:ser%tc?f ial in the FE state?ii) How will the electrostatic potential
y. . > . P ! e modified by the periodic repetition of the slabs?
energy is sufficient to obtain well-converged results for these

materials. A conjugate gradient technique was used to mini-
mize the Hohenberg-Kohn total-energy functiohiadnd the
exchange and correlation effects were treated within the local Let us first consider aisolatedslab with a polarization
density approximation (LDA) in the Perdew-Zunger perpendicular to the surfaces. We choose the surface normal
parametrization of the Ceperley-Alder datarhe positions n to be parallel to thez axis, and we assume the charge
of the ions were determined by minimizing the atomic forcesdensityp(r) of the slab to be periodic in the andy direc-
using a variable-metric schem&The surfaces were consid- tions. The polarized slab exhibits an electric dipole moment
ered to be fully relaxed when the forces on the ions were less
than 0.01 eV/A. joc
m:

1. Boundary conditions in the FE state

oc;(z)z dz (1)

B. Surface and slab geometries

BaTiO; and PbTiQ both belong to the group of II-IV parallel to the surface_normzml, wherep(z) is the planar-
perovskite compounds, i.eABO, perovskites in which at- averaged charge density
omsA andB are divalent and tetravalent, respectively. In this
case, theAO andBO, layers are charge neutral, so that both
AO- andBO,-terminated surfaces are nonpolar.

The surfaces were represented by periodically repeated
slabs consisting of 7—9 alternately stacked layerd©fand andA is the area of the surface unit cell. The electrostatic
TiO,. Both types of surface termination were consideredpotentialv (r) experienced by the electrons can be calculated
and the slabs were separated by a vacuum region of twby solving the Poisson equation

— 1
p-5| | pndxay @
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Eexi=0

depolarization
field ~---

FIG. 2. Sketch of the Gibbs free energy and the internal
electric fieldE as functions of the dielectric displacemén{or the
external electric fieldE,,;, respectively for a paraelectriqdotted
line) or ferroelectric(solid line) slab.

(b)

A comparison with the situation in an infinitely extended

Eox crystal shows which boundary conditions have to be used
instead. In DFT calculations for bulk systems, periodic
-/\/\ /\ /-\\ ---- E=0 o boundary conditions for the electrostatic potential are usually

V V \/ \/ V Tz applied. In this case, the internal electric fidddvanishes,

even in the presence of a spontaneous polarizdﬁw,
whereas the dielectric displacement fi@dwill be nonzero.

. FIG. 1. Schematic illustration of the planar-averaged potentialm anak)gy, a slab is in a FE state with Spontaneous p0|a|’iza_
v(2) for an isolated slab with a dipole momemtperpendicular to  tion Py if a situation exists where the internal electric fiéld

the surface.(@ Vanishing external electric fieldequivalent to s zero, but the dielectric displacement fidldis nonzero.

D=0). (b) Vanishing interal electric fieldg=0). However, an external electric fiel,=D= 4P will then
appear outside the slab, as shown in Figp)1
V2u(r)=4mep(r). (3 In our calculations we are able to control only the external

electric field Eq,; but not the internal fielde. So to study

In addition to the microscopic quantitiggr) andv(r), whether a s!ab'shows aFE instability we have to apply ex-
we assume the slabs to be thick enough that macroscoptrnal electric fields of different strength and search for the
quantities like the macroscopic electric fididthe dielectric ~ Situation wheree=Eg,— 4 7P is zero. A rough estimate of
displacement fieldD, and the polarizatio® are also well ~how largeE., will be in this situation can be made if we
defined inside the slab. In practice, these fields may be caRSSume that the polarization of the slabs is equal to the bulk
culated, for example, from unit cell averages of the electroSpontaneous polarizatioR". By using the Berry phase
static potential and the charge denSitjowever, we will see approach, we have calculated the bulk spontaneous polar-
that for slabs with only 7—9 atomic layers the applicability of ization of BaTiQ, and PbTiQ to be 4.6<10 > e/bohf and
this approach has its limitations. 14.2< 10" 2 e/bohr, respectively. This translates to external

In the case of an applied external electric fi€lgl, per-  €lectric fields of 0.058 a.u. and 0.18 a(atomic units are
pendicular to the surfaces, the dielectric displacement Bield used throughout this papéy.
inside the slab is oriented parallel to thaxis and is equalto ~ To be able to distinguish between paraelectric and ferro-
Eex. The boundary condition of a vanishing external electricelectric behavior of a slab, we employ a simple phenomeno-
field is therefore equivalent to a vanishing dielectric dis-logical picture. We introduce the elastic Gibbs energy
placement fieldD inside the slab. Figure(d) shows a sche- G(D) and we concentrate only on the dependence on the
matic picture of the planar-averaged potenu_'et) for this dlelgctrlc dlsplacgmt.ant' fiel® (ne_glecting temperature and
situation. The potential is constant outside the slab, but dugtrain effects, this is just the internal energ}). For a
to the slab dipole moment the potential jumps by #em paraelectr.lc,G(D) |s.roughly guadratic irD, whereas for a
when going from one side of the slab to the other. At theFE materialG(D) will show the well known double-well

same time, the polarizatio® leads to surface charges structure[see Fig. 2a)]. Differentiating the Gibbs function

- . . . o - immediately gives the internal electric field
o=P-n, which give rise to a huge depolarization field ya

E=D—-47P=—47xP inside the slalinotice thatE does not 9G
depend on the thickness of the slabhe contribution of the E=—.
. . . dD
depolarization field to the total energy is large enough to
completely destabilize the bulk FE stabe® Therefore, re-  Thus, calculatingg(D) directly reveals whether a slab is FE
laxing a polarized slab under the boundary condition of aor not[see Fig. 2v)]. For a paraelectric slalk is propor-
vanishing external electric field will inevitably result in a tional to D, with the proportionality factor given by the re-
paraelectric cubic structure. ciprocal dielectric constant; for a ferroelectric, the internal

(4)
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(a) ) of the supercelt®?° The electrostatic potential of this dipole

; layer is shown in Fig. @®). In order to reach a situation
corresponding to Fig. (&), the unwanted artificial external
electric field can be compensateddydinga certain amount
of the potential of Fig. @) to that of Fig. 3a), as is shown
in Fig. 3(c) (dipole correctioh’). The dipole-corrected elec-
trostatic potential is now discontinuous, but the discontinuity
lies in the vacuum region of the supercell where the wave
functions are essentially zero. Alternatively, the external di-
pole layer may be used to apply a true external electric field
Eex to the surface&’ In particular, the situation of Fig.(h)
can be reached bgubtractinga certain amount of the dipole
z potential of Fig. 8b) from that of Fig. 3a), as shown in Fig.

3(d).
V(z) The external dipole field can easily be implemented in
r any plane-wave-based electronic structure code. Following
- the notation of Bengtssor,we denote the external dipole
A - A potential of Fig. 80) asv®P(z), and the electrostatic poten-
VA _ \ VA - >~ tial for the electrons calculated under periodic boundary con-
vy v z ditions [corresponding to Fig.(®] asvP®(r). The new po-
(d) @ t tential is then
1 v(r)=0vP(r) +v9P(2). (5)
L~ For a slab with dipole momenn and an external electric
E=0-- /\ A /-\. - -- /\l-\./\l-\. - . field E.,, the dipole potential is given by
VVV VYV VvV VUV >
dipy o _ 4m E Co <C0 6
FIG. 3. Schematic picture of the planar-averaged potenifiz) vHZ)=~e o 4 TNy ©®

for periodically repeated slabga) with periodic boundary condi- ) . .
tions, (b) potential of the dipole layer(c) dipole-corrected slabs wherec, is the height of the supercell. In a self-consistent

with vanishing external electric field, arid) dipole-corrected slabs ~ calculation, the charge density, and thereychange with
with vanishing internal electric field. each step of the iteration. Thereforeand the dipole poten-
tial v9P(z) have to be recalculated on each iteration until
self-consistency is achieve(@nalogous to the updating of
the Hartree and exchange-correlation potentials

The additional external potential®®(z) also leads to
changes in the total energigg,; and the Hellmann-Feynman

electric field is first negative as the polarization builds up,
and then vanishes when the spontaneous polariz&tids
reached. We will make use of this kind of analysis later in
Secs. llIB and 11l C 3.

forcesF, :
2. Periodically repeated supercells _ per 2mm 3
. T . Etot_ Etot+ Eext Am’ (7)
In supercell calculations, periodic boundary conditions Co
are usually imposed on the electrostatic potential. For slabs
with a npnvanishing dipole moment pe_rpendicular to the sur- F ez, 4mm CE e ®
face, this leads to electrostatic potentials that typically look I Co ext| €z

like the sketch shown in Fig.(8). The electrostatic potential

corresponds neither to the situation of Figa)lnor to that of ~ Where E’ and FP*" are the total energy and Hellmann-

Fig. 1(b). Instead, the imposition of periodic boundary con- Feynman force calculated with the periodic potentf(r),

ditions on the supercell geometry leads to some other pa@ndZ, is the ionic charge of iom.

ticular combination of internal and external electric fields,

such that there is no discontinuity in the potential at the Ill. RESULTS AND DISCUSSION

supercell boundary. The same occurs even for paraelectric

slabs when terminated by nonequivalent surfaces with differ-

ent work functions. As a first step, we calculated the fully relaxed structure of
The artificial electric fields become smaller when thethe various slabs in zero external electric field. For the asym-

thickness of the slab or the vacuum region is increased, but imetrically terminated eight-layer slabs, the dipole correction

is computationally very expensive to converge results by uswas used to enforce the vanishing of the external field. In

ing larger and larger supercells. Fortunately, the error assdhis case, as pointed out in Sec. Il C 1, all slabs adopt the

ciated with the artificial electric field can easily be eliminatedparaelectric cubic phase. The symmetrically terminated slabs

by introducing an external dipole layer in the vacuum regionshow no dipole momentthe central layer of the slabs is a

A. Zero external electric field
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BaO/PbO terminated TiO, terminated 0.8 i l l i l l i
0.6 | 4
U —Om | 0mom0n gy
1 4 F J
. . ° ’ ¢Ad12<0 E o
2 OO 4 "—(. "" — -1, E 02 /\ .
S zC
Ad23>0 o?d) 0.0 i /\ \A /\ /\A /\ /\\m zO
(=} Z \/
layer dipole = 02y i
moments ]
a -04 | b
@ BaPb e Ti O o 06 - 4 ]
FIG. 4. Schematic illustration of the structure of the first three -0.8

surface layers. . T
FIG. 5. Planar-averaged screening charge distribution of a BaO-

. . terminated slab of BaTig) calculated from a seven-layer slab for
mirror plang, and the small dipole moment of the asym- 4 ejectric field ofE, = +0.02 a.u. The arrows indicate the posi-
metrically terminated slabs is solely caused by the differencggns of the atomic planes. “Top” of slab is at right.

between the work functions of the two surfaces.

Detailed results for the structure of the Ba%i@nd  sjabs to show a purely paraelectric response. That is, a linear
PbTIO; surfaces in the cubic phase in the absence of aRe|ation between the internal electric figidand the dielec-
external electric field have already been published in Refs. &ic displacement field should be foundDP= e..E, where
and 4. Therefore, we give here only a brief summary in order, s the optical dielectric constant.
to establish notation and to provide a baseline for compari- 1 verify this, we calculated the internal electric fiefid

son. o _ as a function of the applied external electric fiélg,, (or,
Figure 4 shows a schematic illustration of the structure Ofequivalently, the dielectric displacement fiey. A natural

the first three surface layers, where the relaxations of th@vay to computeE would be to determine the gradient of the
atoms have been highly exaggerated. For both BB \4¢roscopically averaged electrostatic potentia). Unfor-
PbTiO;, and for both the BaO/PbO and TiGurface termi-  nately, it turned out that 7-9 layers are not enough to give
nations, the same characteristic features appear regarding the.  rate macroscopic averagéise uncertainties in the gra-
buckling of the surface layers and the changes of the intergients were much too largelnstead, we calculated the in-
layer distances. Only the amplitudes of these relaxations difg 41 electric field by using the relatide=D—4xP. The

fer from surface to surface. For a quantitative analysis of th%olarizationP can be deduced either from the surface charge

surface relaxations, we laf,(Q;) and 5,(M;) be the dis- o from the dipole momenth and the thickness of the
placements of the oxygen and metal atoms, respectively,p..

relative to the ideal unrelaxed structure in lay.€Fhe change

of the interlayer distancad;; is then given by the difference P=c¢, P=m/d. 9)

of the averaged displacements,(M) + 5,(0)]/2 of the at-

oms in layers andj. For all surfacesAd;, is negative(cor- ~ The dipole momenm is directly given by the charge distri-

responding to a reduction of the interlayer distance betweeRution of the slabs via Eq1). For the thicknessl we took

the first and the second surface layer compared to the bufthe distance between the centers of graziyof the screen-

valug, whereas\d. is positive. To describe the buckling of ing charge distribution of the top and bottom surfaces of our

the surface |ayers' we define a rump”ng param@tm‘_s the SlabS.(For a metal,ZO is the pOSition of the surface image

amplitude of the relative displacements between the metdllane from which the classical image potential is measpyred.

and the oxygen ion$:5,(M,) — 8,(0,)]. 7; is negative if the ~ The screening charge distribution is given by the difference

metal ions are below the oxygen atoms, which is true for thf the charge densities calculated with and without an exter-

first surface layer of all surfaces. For the next surface layerdal electric field. A typical planar-averaged screening charge

»; oscillates in sign from layer to layer, and the amplitudedistribution p5¢(z) is shown in Fig. 5. As expected, a posi-

decreases very rapidly. tively oriented electric field pushes the electrons into the slab

at the top surface and pulls them out at the bottarhere it

can be interpreted as a negatively oriented figfdom Fig.

5, we see that the screening charge piles up directly at the

surface and is mainly confined above the surface atoms.
In the next step, we exposed the slabs to external electrithese surface charges are responsible for the screening of

fields E.,; of increasing strength, but we kept all atoms fro- the external electric field. Inside the slab, fairly large oscil-

zen in the positions that were calculated in zero externalations are found that are associated with the remaining in-

field. Only the distribution of the electrons was recalculatedernal electric field.

self-consistently. This mimics the exposure of the slabs to an The surface charge and the center of gravity of the

ac electric field with a frequency high enough that the ionsscreening charge distributiory, for the top surface of the

are no longer able to follow. In this situation, we expect theslab are given by

B. External electric field without field-induced atomic
relaxations
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BaTiO, PbTIO, tween —0.08 a.u. and+0.08 a.u. were applied. Starting
4.0 40 from zero field, the amplitude of the field was changed in
B I & steps of 0.01 a.u., and the atomic positions at the previous
20 field were used as initial configurations for the new atomic
relaxations. The upper limit of 0.08 a.u. for the amplitude of
0.0 2 the external electric field is determined in our calculations by
4 the thickness of the vacuum region for the following reason.
20 1 205 4 As can be seen in Fig.(8), there is a kind of “quantum
& T well” located in the vacuum region just to the right of the
dipole layer. If the electrostatic potential of this quantum
well drops below the Fermi level, it can become populated
by the transfer of electrons from the slab region. The thresh-
FIG. 6. Internal electric fielcE in the seven-layer slab with 0ld for the occurrence of this unwanted behavior depends on
frozen atomic positions as a function of the applied external electri®oth the width of the vacuum region and the strength of the
field Eoq. Solid lines, AO-terminated slabs. Dotted lines, electric field.
TiO,-terminated slabs. Atomic units are us@kf. 18.

g
(=)
T
|

o
=]

E [10°%a.ul]

-4.0 . ‘ -4.0 : L
-0.02 -0.01 0.00 0.01 0.02 -002 -001 O 0.01 0.02
E,. [a.u] E,. [a.u]

1. Field-induced atomic relaxations

2__ 2
o= JCO p*%(z)dz, ZOZEFO p(z)zdz (10) In a positively oriented external electric field, the nega-
Zeut tively charged oxygen ions will be pushed into the bulk and

For z,, we have taken the position where the extrapolationthe positive ions will be pulled toward the surface. This will

of the first charge peak goes to zeisee Fig. 5, but the immediately change the_rum.pling parameteof th? surface
results are not very sensitive to the choicegf. Analogous layers, as can be seen in Fig. 7. For small applied fiejls,

relations apply for the bottom surface. To check the Consisi_ncreasesllinearly_with the strength B, as is expected If
tency of this approach, we have calculated the polariza&ion a harmonic coupling between the atoms is assumed. How-

of the slabs in both of the ways indicated in HE), i.e ever, for larger fields, nonlinear effects become important,

using either the surface chargesor the dipole momenin especially for the first and secouD layers.

with the thicknessl. In all cases, the computed values for theth To facilitatedpombpellliison Olf. thesef tshurf?ce”rumdpllilggs V\,’,ith
polarization differ by less than 1%. € corresponding bulk rumplings ot the “up and “down

With the polarizationP we can finally determine the in- FE states, the latter are drawn as horizontal dotted lines in
ternal electric fieldE. Figure 6 shows the internal electric legréZﬁe-l;h?st \II\SI LTgsheatneifS tigoz\:):?eesvilr?deirsw th;;ghﬁ;grgpllr;lga
field for the seven-layer slabs as a function of the appliedj. € 0 ¢ P 9 ee

external field. Compared with our phenomenological pictur lece of truncated FE bulk F“.ate“a' without any further re-
in Fig. 2, a clear paraelectric behavior can be seen for afexation of the atoms. Add|t|pnglly, for BaTgOvye have
slabs. Table | gives the optical dielectric constants deduceHsed dotted vgrt|_cal lines to Lﬂﬂ'cate the magnltudg of the
from the E(D) plots for the different slabs, together with the €Xternal electric fieldEe,—=4mP:™ that ‘f‘,:O,UId be consistent
LDA bulk values of Ref. 21. For seven atomic layers, theWith & bulk spontaneous polarizati&{" in the interior of
dielectric constants already agree very well with the bulkthe slab. ) _ )
values. The finite-size effect is less than 10%. Its sign de- It can be seen from Fig. 7 that for this external electric
pends on the relative numbers A0 and TiQ, layers:e.. is field the rumpling parameters; of_the surface layers ha\_/e
increased when the number&0 layers exceeds the number reached the same order of magnitude as the bulk FE distor-

of TiO, layers, and is reduced when the slabs contain moréons. For most layersy; is slightly larger, but for some
TiO, layers. layers it is a little smaller. Overall, the rumpling parameter

n; tends to be larger for the negative electric field than for
the positive field, suggesting that the surface polarization is
larger for the negatively oriented field. However, it is diffi-
Finally, all slabs were fully relaxed in the presence ofcult to deduce from Fig. 7 whether the polarization is en-
external static electric fields. Fields of strength varying be-hanced or reduced at the surface compared with the bulk. We
will return to this question in the next subsection.
TABLE I. Calculateq optical dielectric constants for the vari- The bulk spontaneous polarizati(ﬂﬂu'k is roughly three
ous slabs. The theoretical bulk values are taken from Ref. 21. times larger for PbTiQ than for BaTiQ (see Sec. Il C L
The external electric field for the case that a slab adopts the
PbTiO; bulk spontaneous polarization is therefore on the or-
der of 0.18 a.u. This is well beyond the upper limit of the

Zeut

C. External electric field with atomic relaxations

BaTiO; PbTiO,
BaO term. TiQ term. PbO term. TiQterm.

7 7.1 6.5 9.0 7.7 electric field that can be applied in our calculations. Conse-
8 8.1 quently, the polarization of the PbTiGslabs is well below
9 7.0 6.6 PRuk for all applied external electric fields, and therefore it is
bulk 6.75 8.24 no surprise that the surface rumpling in Fig. 7 is much

smaller than the corresponding bulk FE rumpling over the
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FIG. 7. Field dependence of the rumpling paramejercalculated from the seven-layer slab. Dotted horizontal lines: amplitude of
displacement of metal and oxygen ions in the bulk ferroelectric state. Dotted vertical lines: External electric field corresponding to the bulk
spontaneous polarization.

entire range of accessible external electric fields. An external electric field causes the dipole moments of all
Associated with the changes in the layer rumplings, wdayers in the slab to increase more or less equally. The dipole
also observe changes in the interlayer distances as shown imoments continue to oscillate from layer to layer wheg,
Fig. 8.(Note that the atomic layers are charge neutral, so thaks increased, but they already approach a constant bulk value
there is no net force on the layers in an external electriafter two layers in BaTi@and after three layers in PbTiO
field) We find some noteworthy qualitative differences in (This becomes more apparent from the eight- and nine-layer
the behaviors of the two materials.g., in the slopes of the slab calculations, not shown her&he dipole moments in
Adys vs Egy curves. Ultimately these differences can pre- the surface layers are modified relative to the bulk layers by
sumably be traced to the rather different chemistry of Ba-CGthe inward-oriented surface dipoles. This leads to a suppres-
and Pb-O bonds, but a detailed explanation of the observesion of the polarization at the surface in a positively oriented

trends is not obvious. external electric field, and an enhancement for a negative
field. However, the modification of the polarization is more
2. Field-induced layer dipoles or less confined to the first unit cdille., first pair of layers

the surface.
In most cases a rough estimate of how much the polariza-

f the slabs f into dinol ) tion is suppressed or enhanced at the surface is given by the
of the slabs from Eq(1) into dipole momentsn; per atomic surface dipole moments in zero external electric field. Table

'azYefﬂ'S was done by identifying the “nodes at which 1 jists the dipole moment of the uppermost unit d@k., the
JZ 2 P(2)dz vanishes. Regions between successive nodesum of the dipole moments; of the first two atomic layejs
are thus charge neutral and contain exactly AQe or TiO, _ ) o
atomic plane. The dipole momen; was then calculated via _ TABLE Il. Dipole moment(in 10" * e/bohr) and polarization
Eq. (1) while restricting the range of integration to the area(|n 10 e/bohrz) of the surface unit cell as calculated from the

between the two nodes that embrace the atomic layer of irﬁeven-layer slabdRef. 18. The surface polarization as a fraction of
terest the theoretical bulk spontaneous polarization is given in parenthe-

Figure 9 shows the dipole moments per atomic layer fofSS: Yalues for SrTiare given for comparison.
the seven-layer slabs in different external electric fields. For

. T t
To address the question how the polarization is changea
at the surface, we have subdivided the total dipole moment

g . . . Dipole moment Polarization
zero external electric field, the dipole moments oscillate in AO term.  TiQ, term AO term Tio, term
sign from layer to layer. The dipole moment is largest for the ' ' i i
first atomic layer at the surface and goes to zero very rapidlgrTio, -8.7 —14.2 1.19 1.95
(see also Fig. # Finally, the net dipole moment of the sur- BaTio, —7.4 ~147 0.98 (21% 1.95 (42%
face, given by the sum of the; of all surface layers, points ppTio, ~113 ~11.8 1.48 (10% 155 (11%

inward toward the bulk for all surfaces.
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FIG. 9. Dipole moment per atomic layer calculated for the
FIG. 8. Field dependence of the change in interlayer distanceseven-layer slabs for electric fields from 0 to 0.08 a.u. in steps of
Adj; calculated for the seven-layer slabs. 0.01 a.u. The orientation of the electric field corresponds to a posi-
tive field for the top surface and a negative field for the bottom
in zero external electric field for slabs of seven layéfhe  surface. The dotted line represents the dipole moment for an atomic
results from eight- and nine-layer slabs differ by less tharayer in the bulk ferroelectric state, calculated from the bulk spon-
3%) Additionally, these dipole moments have been con-<aneous polarization viac(2)- P2¥.

verted to a polarization by dividing them by the lattice con-
stantc. P y : y density of the fully relaxed slab in the external electric field

The values of the dipole moments of the uppermost unignd the charge density of a calculation where the atomic
cells are of the same order of magnitude for all surfaces. [POSitions were kept fixed and the electric field turned off.
the case of BaTig) they correspond to about 20—40 % of the Unfortunately it turned out that it is not possible to determine
bulk spontaneous polarizatitﬁg“”‘ Therefore, for BaTiQa the internal electric field to very high precision. The use of
relatively large change in the polarization at the surface ha e relationE=D— 4P involves the difference qf two rela-
to be expected for a spontaneously polarized slab. On th vely large numbers, so that the result for the internal elec-

. . tric field depends very sensitively on details of the calcula-
other hand, for PbTigthe surface dipoles make up only .tion. In particular, the determination of the thicknekssf the

0, I i -
about 10% of the bulk spontaneous polarization. The modi labs is very critical. Also, when approaching the breakdown

fication of the polarization at the surface in a spontaneouslyﬁeld above which electrons accumulate in the quantum well
polarized state will therefore be only modest. The polariza- q

on wil be Suppressed for an upward polarizaon and enfX 10 1€ ARole e, e wave fnctons siarl i penetate
hanced for a downward polarized state. q '

to a small overestimation of the dipole moment and the po-
larization of the slab at high applied fields. But because of
the subtle difference between the external electric field and

The results presented so far on the structure of the suthe polarization, the error in the internal electric field be-
faces do not provide an answer to the question whether theomes noticeable, and deviations from the behavior de-
slabs exhibit a true FE instability or simply show a paraelecscribed in Fig. o) may appear at large external fields.
tric polarization. Instead, we have to determine the electricTherefore, the curves of the internal electric field as a func-
field inside the slabs as a function of the applied externation of the applied external electric field shown in Fig. 10
field and compare the result with our simple phenomenologirepresent only basic tendencies but are not to be taken as
cal picture from Fig. to). guantitatively accurate results.

For the calculation of the internal electric field we fol-  The results in Fig. 10 are clearest for the BaO-terminated
lowed the same procedure as described in Sec. Ill B. Howslab of BaTiQ, where the full curve expected for ferroelec-
ever, instead of using the true screening charge distributiotric behavior, as in Fig. @), can be observed. We find that
(which includes contributions from the moving ior® de-  the internal electric field vanishes for an external electric
terminez, andd, we took the difference between the chargefield of approximately 0.05 a.ithe result for the nine-layer

3. Ferroelectric instability of the slabs

205426-8



Ab initio STUDY OF BaTiG, AND PbTiO;. . . PHYSICAL REVIEW B 63 205426

BaTiO, PbTIO, PbO-terminated PbTiQslab our analysis of the internal
' ' electric field is not accurate enough to make a clear state-
1.0 _ ment. It would be possible to clarify the situation in the last
two cases by going to thicker slabs with more atomic layers,
o ] R, since then the thicknesswould be relatively less uncertain,
0.0 [}Moﬁwowﬂ 0.0 e but this was deemed too computationally demanding to be
o | I Rt undertaken in the current project. At least we can say that

/e " both slabs are very close to a ferroelectric instability.
-10 4 =10

1.0 -

E [10°%a.u.l]

IV. SUMMARY

Il Il 1 1
-0.08 -0.04 000 004 008 -0.08 -0.04 000 004 0.08 . . o ) ) )
E,, [au] E_, [au] By using first-principles density-functional calculations,

we have studied001)-oriented slabs of BaTiQand PbTiQ
FIG. 10. Internal electric fielé in the fully relaxed seven-layer in external electric fields. Artificial electric fields introduced
slab as a function of the applied external electric field;. Solid  py the periodic boundary conditions of the supercell ap-
lines, AO-terminated slabs; dotted lines, Ti@erminated slabs. proach were eliminated with the help of an external dipole
layer in the vacuum region. In this way it is possible to
slab is the same This translates to a spontaneous polariza-handle periodically repeated polarized slabs as if they were
tion of the slab ofP=4x10"2 e/bohr, which corresponds genuinely isolated, without the need for large vacuum sepa-
roughly with the bulk spontaneous polarizatid?i“"‘ of rations. This makes the dipole _correction a very gseful tool
BaTiO;. However, due to the limitations in the accuracy of for all problems where slabs with nonvanishing dipole mo-

our calculations, we are not able to say for certain whethefents or inequivalent surface terminations have to be con-

the spontaneous polarization of the slab is enhanced or réidered. _ . _ _
duced compared to the bulk value. For BaO-terminated BaTiQslabs and Ti@-terminated

For the other three cases in Fig. 10 it is more difficult to POTiO; slabs as thin as seven atomic layers, we found strong
deduce whether the slabs show a FE instability or not. Fovidence for the presence of an instability to a spontaneously
PbTiO; we have the problem that the upper limit for the Polarized ground state with the polarization perpendicular to
external electric field is reached long before the slabs com#e surface. This is in agreement with recent experinfents
close to a polarization equal to the bulk spontaneous pola@nd @ microscopic effective-Hamiltonian studyiowever,
ization (as has been pointed out abdvin Fig. 10, the ex- Pecause the latter approach does not explicitly take into ac-
ternal electric field where the internal field is zero can there£ount the structural relaxations at the surface, it cannot pro-
fore not be reached for the PbTjGlabs. vide the detailed level of description that our theory gives. In

On the other hand, according to Figb®, a negative slope particular, we find an enhancement of the polarization at the
of the internal electric field at zero applied field is already aSurface for which the polarization points inward, whereas the
very good indicator for a FE instability. As can be seen fromPolarization is reduced when the spontaneous polarization
Fig. 10, this condition is fulfilled for both the PbO- Points outward. We have also detailed the variations in these
terminated and the TiBterminated slabs of PbTiQbut not surface relaxations as the polarization of the slab is modified
for the TiO,-terminated slab of BaTiQ To estimate how Py an external electric field. . .
sensitively this result depends on details of our calculations [N Order to obtain an even more realistic level of descrip-
we compare the numerical values of the initial slopes of thdion, the next obvious step will be to calculate the influence
E(D) curves with an error bar that we derive from the un-Of @ real metal/perovskite interface on the atomic relaxations
certainties in the determination of the slab thickndsghe ~ @nd the polarization at the interface. However, such a study
fit curves in Fig. 10 yield initial slopes of 9.1x10 3 and ~ 'equires the choice of a particular metallic overlayer with

+2.6x10°2 for the BaO- and TiQ-terminated BaTiQ particular epitaxy conditions, and is thus intrinsically less
slabs and—2.5x 103 and — 7.6x 102 for the PbO- and Universal. Nevertheless, it may be an interesting avenue for

TiO,-terminated PbTigslabs, respectively. By varying,,, ~ Uture investigation.

in Eg. (100 we can estimate an error bar of about
+4x10°3. For the BaO-terminated BaTiOslab and the
TiO,-terminated PbTi@ slab the initial slopes are well out- We wish to thank Karin Rabe for useful discussions. This
side the error bar, indicating a ferroelectric instability of thework was supported by the ONR Grant No. N00014-97-1-
slabs, whereas for the Ti@erminated BaTi@ slab and the 0048.
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