PHYSICAL REVIEW B 71, 024102(2005

Tunability of the dielectric response of epitaxially strained SrTiO; from first principles
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The effect of in-plane strain on the nonlinear dielectric properties of Sréptaxial thin films is calculated
using density-functional theory within the local-density approximation. Motivated by recent experiments, the
structure, zone-center phonons, and dielectric properties with and without an external electric field are evalu-
ated for several misfit strains within £3% of the calculated cubic lattice parameter. In these calculations, the
in-plane lattice parameters are fixed, and all remaining structural parameters are permitted to relax. The
presence of an external bias is treated approximately by applying a force to each ion proportional to the electric
field. After obtaining zero-field ground state structures for various strains, the zone-center phonon frequencies
and Born effective charges are computed, yielding the zero-field dielectric response. The dielectric response at
finite electric field bias is obtained by computing the field dependence of the structure and polarization using
an approximate technique. The results are compared with recent experiments and a previous phenomenological
theory. The tunability is found to be strongly dependent on the in-plane lattice parameter, showing markedly
different behavior for tensile and compressive strains. Our results are expected to be of use for isolating the
role of strain in the tunability of real ultrathin epitaxial films.
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I. INTRODUCTION (STO) thin films '3 possibly due to the absence of composi-
tional disorder. The ground state of STO is nonpolar but
Microwave dielectric materials strongly tunable by the nearly ferroelectric, and thus small applied stresses would be
application of an electric bias field are increasingly importantexpected to have a significant influence on the Curie tem-
for a variety of applications in microwave electronics, in- perature and associated susceptibilities. Indeed, recent ex-
cluding tunable capacitors and oscillators, phase shifters, arRerimental studié$'* indicate that significant changes in
delay linest=® The dependence of dielectric constanbn ~ Curie temperature and dielectric properties occur when STO
bias field & is typically strongly nonlinear, and a tunability 1S 9rown epitaxially on substrates with different lattice con-
parameten can be defined as=[€(0) - e(&)]/ €(0), where& stants. Haenet al’> report a shift of the ferroelectrid~E)

: : o fi ; ition temperature td,~293 K for a SrTiQ film of
is an operational bias field of interest. Because of the pote ransi c .
tial technological impact, considerable experimental efforrt{h'dmess 500 A grown or110-oriented DyScq, corre-

. : - _sponding to a biaxial tensile strain of 0.8%. Hyun and Char
has bee.” directed toward the de5|gn, control, and °pt'm'ze}1ave fabricated epitaxial SrTigOheterostructures with in-
tion of highly tunable low-loss materials.

- L . plane lattice constants below as well as above the bulk
For many applications, thin-film morphologies are re-

SrTiO; lattice constant, and have measured dielectric prop-

quired, and in recent years the growth of high-quality ultra-g (e gepending on lattice mismatéiThey report a general
thin perovskite films with unprecedented atomic-level con-yeng of increasing out-of-plane dielectric constants and

trol has become possible, using techniques such agigher tunability with increasing tetragonality, i.e., with de-
molecular-beam epitax¢MBE)* and pulsed-laser deposition creasing in-plane lattice constant.
(PLD).> These efforts have achieved the growth of single-  One of the best-studied perovskite materials, pure STO is
crystal films of nanometer-scale thickness with a minimumthe subject of considerable experimental and theoretical lit-
of defects. Even so, the dielectric properties of these filmgrature. STO adopts the centrosymmetric cubic perovskite
often differ quite substantially from bufi This difference  structure at room temperature, and undergoes a structural
is due to a number of factors, of which the strain in the filmphase transition from the cubic to a tetragonal, nonpolar an-
is in many cases among the most important. More specifitiferrodistortive (AFD) phase when cooled below 105'K.
cally, the mechanical boundary conditions on a coherent epFhis transition, however, is observed to have little effect on
itaxial film require the in-plane lattice constant of the film to the dielectric properties. Cooling to still lower temperatures
stretch(or contract to match the lattice constant of the sub- results in a strong Curie-Weiss-type increase in the static
strate. Both experimental and theoretical studies have foundielectric response, suggestive of a phase transition at about
that even small epitaxial strains can appreciably influence th20 K. However, no transition actually occurs in that tempera-
Curie temperature and the dielectric permittivity and tunabil-ture range; instead, the dielectric constant saturates to a value
ity of BaTiO;,SrTiO;, and Ba,SrTiO; (BST) thin  of ~2x 10" at zero temperaturé-23 The absence of the FE
films 8-11 transition can be explained by quantum fluctuations of the
Paraelectric BST at near 0.5 is already known to possessatoms about their centrosymmetric cubic positidins., the
a large dielectric response and high tunability at room temformation of a “quantum paraelectric” stafd222425The
perature, associated with close proximity to the ferroelectrigroximity to a ferroelectric transition is also evident from
phase transition at about —-23 (Ref. 12. However, signifi-  experiments showing that modest uniaxial stress is capable
cantly lower loss has been reported for single-crystal SsTiO of inducing ferroelectricity® Several first-principle:23.27-29
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and classical Monte Carlo simulations on an effective Il. METHOD
Hamiltoniart® have already provided valuable insight into
the structural properties and temperature dependence of FE o _ ) )
phase transitions in bulk STO. In particular, the interaction First-principles density-functional calculations are per-
between FE and AFD instabilities in the bulk phase has beefprmed within the local-density apprSX|mat|o(rLDA) as
thoroughly studied from first principles by Sai and IMplemented in thePwscr package’ The exchange-
Vanderbilt3 Moreover, a previous phenomenological Studycorrelayon energy is evaluated using the Ceperley-Alder
of the effects of epitaxial strain on STO thin films by Pertsevform with Perdew-;unger parameter.|zat|on. Vanderbilt ultra-
et al,®? based on a Landau theory fit to experimental data>°t pseudopoten'ga%are used treating 10 elecgons as va-
from bulk phases, produced a rich temperature-strain phas&nce for Sr(4s:24p4552), 12 electrons for T(3s’3p%4s’3d?),
diagram and provided support for the idea that the oxygen@nd 6 for O(2s°2p%). To achieve well-converged results for
octahedron rotations have little influence on the dielectriMall changes in the lattice constant, the electronic wave
response. functions are expanded in plane waves up to a kinetic energy
In this work, we compute the effects of the in-plane epi-°f 50 Ry. All calculations are Gperformed with ax& X 6
taxial lattice-matching constraint on the dielectric responsdonkhorst-Packk-point meshi® To establish minimum-
and tunability of SrTiQ using first-principles density- ©€Nergy co.nf|gurat|ons we converged the HeIImann-Fe.ynman
functional theory within the local-density approximation forces acting on the atoms to less than 0.1 Ry Density
(LDA). Since there is only a small change in the dielectricfunctional perturbation theortDFPT) is then used to calcu-
response of bulk SrTiQas the temperature is lowered late the phonon frequencies of the structural optimized sys-
through the AFD transition temperature of 105 K, we believet®Ms-
it is a reasonable first approximation to adopt a theory that
neglects the AFD instabilities, as we have done here. We also B. Structural constraints
restrict our analysis to zero temperature, but for simplicity o ) )
we neglect the quantum fluctuations. Thus, our focus will be I h€ role of epitaxial strain on the structural properties of
on the ferroelectric soft mode and its coupling to strain. De-> 10 IS isolated by systematically seeking the ground-state
spite these restrictions, the fact that we use a first-principleStructure of five-atom unit cells dfulk STO constrained to
approach means that we do not have to rely on empirica?everal different in-plane lattice constants, differing from the
Landau parameters as in Ref. 32. Thus, we can confident| eoretical cubic Iattlce. constant by fractions ranging be-
make predictions under conditions that vary drastically from®€en —3% and +3% in steps of 0.5%, and allowing all
those under which the data determining the parameters wepdomic positions and the perpendicular lattice constant to re-

obtained, allowing us to consider the effects of large epitax!@X fully until the energy is minimized. To locate the phase
ial strains and finite electric fields. transition points, and for the electric field calculations, the

There is one major limitation of our theory, connectedinN-plane lattice constant was varied in smaller steps of 0.1%
with the fact that the LDA tends to underestimate latticel" the paraelectric region. The presence of the strain neces-
constants. Because compression tends to suppress ferroelS@lily Iowers the symmetry of the cubic STO system to te-
tricity, this means that our LDA system is “less ferroelectric” tragonal at most; further spontaneous symmetry reduction
than true STO at zero temperature. Indeed, we report below 2¢CUrS for certain ranges of lattice constant. In the remainder
soft-mode frequency of about 75 chand a dielectric con- of this subsection, we provide specific details of each of the

stant of about 390 at zero temperature for unstrained sT@tructures considered in this work and introduce the relevant
within the LDA, whereas the experimental zero-temperatur@Otat'On-

system is exquisitely close to the ferroelectric transition with o _
weo=10 cm! and e=20 000?26 However, raising the tem- 1. Epitaxial strains near zero

perature also has the effect of suppressing the ferroelectric The zero-strain paraelectric phase of Sri@s the ideal

instability, so that the experimental systatroom tempera- . o . . .
ture is characterized byo,q=90 cnt? and e=290. Thus, cubic Pm3m perovskite structure, in which the octahedral

fortuitously, the zero-temperature LDA system correspondé)xygen atoms lie at Wyckoff 3¢ posnm%, [ 0.a single Ti

reasonably well with the real physical system at a temperadi©m lies at the body-centered site 3 ,3), and the lone

ture near, or a bit below, room temperature. Comparisons' cation is at 140,0,0. Our calculations result in a theo-
between these systems must obviously be approached witgtical lattice constara of 7.285 a.u., i.e.;~1.1% less than
caution, but in fact we find good semiquantitative agreement® experimental value of 7.365 a.u.; this underestimate is
for several of the physical properties of these two corre£xpected when using the LDA and is consistent with several

sponding systems as will be presented below. previous LDA-based studies. _

The manuscript is organized as follows: In Sec. I, we For small tensile or compressive strains, the structure of
provide the details of our approach and approximations usec® ' O rémains centrosymmetric, but the symmetry is lowered
including our handling of finite electric fields. In Sec. Ill, we O tétragonalspace groug4/mmm. In this “pseudocubic”
present and discuss the results of our calculations for epitaxRnase, t[lelc?nons sit at Wyckoff positions (080, 0 for Sr
ally strained STO, with emphasis on the strain dependence &nd 1d(3,3,3) for Ti. There are two different Wyckoff po-
the tunability by finite electric fields. Our conclusions appearsitions for oxygen: 1(%,%,0), which will be referred to as
in Sec. IV, O, (in the Ti-O chain along001)), and 2¢(0,%,3),(3,0,3)

A. First-principles calculations
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their Hellmann-Feynman forcds wheree is the electronic
charge and is defined to be positive. The structure is relaxed
until the total force on each atom is close to zero, i.e., until
fi=—eZ5. Similar approximations were discussed by Rébe
and then implemented and used by Sai, Rabe, and
Vanderbilt?” this approximation was also recently used by
Fu and Bellaiché?

To be more precise, we ideally would determine the struc-
ture of STO by minimizing, with respect to first wave func-
O s @Ti () O tions ¢, and then to atomic coordinates, the electric en-
thalpy F per unit cell,

FIG. 1. Left: Sketch of atomic displacemer{@rows giving

rise to the ferroelectri@mn?® structure under tensile strain, shown F(E)=Exs— QP - €, (1)

in [001] projection.(Sr atoms are fixed by definitionLengths and

angular deviations of the arrows are exaggerated for clarity, but thevhereEg is the internal energy obtained from a Kohn-Sham

relative sizes and directions of the displacements are qualitativeljunctional (e.g., within the local-density or generalized-

correct. Right: Schematic view of resulting structure. gradient approximatidr,?&“z P=P,,,*+Pg is the total(ionic
plus electronit macroscopic polarizations is the electric

which will be referred to as Rand Q, and lie in the same field, and(} is the volume of the unit cellExs and P are

(001) plane as Ti. explicit functions of atomic coordinatag and wave func-

tions ¢, with the electric field€ entering into F only

through multiplication of the functionaP. (Of course,

) o , F,Eks, andP can also be regarded as implicit functionsfof

For large enough compressive epitaxial strains, the SYMthrough the dependence of the equilibrium values ofyhe

metry of the tetragonal phase is found to be lowered furtheyhon ¢ ) By a Hellmann-Feynman arguméiitihe total force
to noncentrosymmetri®4mm This is a ferroelectric tetrag-  4cting on an ion is

onal structure with polarization alon@01]. The Wyckoff

positions are 140,0,z=0) for Sr, 1b(%,2,2+ATi,) for Ti, IEes P )

1b(3,3,A0,,), and 2c(3,0,5+A0,) for oxygens. The —y T e=fitZes, (2
. - h \ u; au;

presence of a zone-boundary instability associated with rota- ' '

tion of the oxygen octahedra has been discussed for th

phase in earlier work®3” and will not be considered further

here.

2. Compressive epitaxial strains

Rhere theZ are the Born effective charges; these also de-
pend implicitly on€&, even at fixedy;, via the ¢, (€).

Here, we neglect the field dependence‘iaindzf, com-
puting these a€=0, so that the field enters only explicitly as
the multiplier oni*e in Eq. (2). This is essentially the ap-

Above a critical value of tensile epitaxial strain, STO be-proximation introduced in Ref. 37. Although we are able to
comes ferroelectric and transforms to an orthorhombiccompute the nonlinear behavior of the structural and dielec-
Amn?® structure. This structure is noncentrosymmetric, ex4ric properties insofar as they arise via field-induced lattice
hibiting a nonzero polarization alond10]. The Wyckoff  displacements, we neglect purely electronic nonlinearities.
positions associated with this phase ar§2=a0,0,0 for Sr,  Thus, the results are rigorously correct only to first order in
2b ($+ATi,0,3) for Ti, and 2b(3+A0,,,0,0 and 4e the field™’

(3+A0,,3+A0,,,3) for oxygens. The structure is illus-

trated in Fig. 1. The cell-doubling oxygen-octahedron rota- 2. Modeling in a reduced subspace

tion expected for this pha%ewill not be considered in the
remainder of this paper.

3. Tensile epitaxial strains

In practice, we find that a straightforward minimization of
F using the forces of Eq2) leads to numerical instabilities
when the system is close to a second-order phase transition.
C. Electric field This problem arises because the energy surface has a very
shallow minimum(or competing minima and saddle points
and the Hessian matrix becomes poorly conditioned. These

To describe the dielectric behavior of STO under finite dcnumerical difficulties can be solved by identifying a sub-
bias, we must evaluate its properties in the presence of space that spans, to a good approximation, the space of field-
homogeneous electric field. This turns out to be subtle; fullyinduced structural distortions, and then parameterizing the
first-principles methods for computing the behavior of peri-energy in this subspace. This modeling also helps us better
odic systems in finite fields have only recently been develunderstand the nonlinear effects of the field on the structure
oped and are still in their nascent stage® For STO, we and dielectric properties.
resort to a simple and effective approximate technique that To identify the relevant subspace, we begin by finding the
consists of first computing the Born effective charge tensorpattern of atomic displacements produced by an infinitesimal
Zi* for each of the ions, and then adding a termeZS to  electric field; it is obtained by multiplying the inverse of the

1. Field-induced forces
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force constant matrix ¢,z Wwith the forces f; = D. Dielectric response and tunability
—€XZ; .5€ 5 Explicitly, the displacement; , of atomi in

: ; ; : The dielectric function in the frequency range of the op-
Cartesian direction is N y g b

tical phonons can be written as the sum of electronic and
phonon contributions, that is,
== 2 blagli @)
I8 (w) = € + ). (7
In this work we will consider electric fields applied exclu- In most insulating perovskite oxidggerroelectrics and re-
sively along thez direction, perpendicular to the substrate lated materials the electronic contr_lbun_on is _rather small
assuming arf001) film, so the sum ovep above is reduced e°°~5) and. const.ant, and the static dielectric constetht
to a single term. We focus our attention in this part of the=€(0) is typically in the range of 20-100, so the phonon
work on two structure$P4/mmmand Amn®); for these(as ~ contribution is expected to dominate. In this work, we re-
well as for P4Amm which we will not consider furtherthe  strict our focus to the static dielectric response and its tun-
symmetry is such that the forces and displacements are algility; we calculate and analyze the phonon contribution,
only along 2. Thus, Cartesian indices are dropped for theneglectinge”™. For the remainder of the paper, we drop the
remainder of this subsection, with all quantities referring im-superscripts and use the generic term dielectric response,
plicitly to Z components only. even though we only compute the phonon contribution.
Once these disp|acemeruishave been found, an expres- Thus, in what follows, the dielectric constanhas the mean-
sion for the electric enthalp§F(£) is obtained as follows. We ing of €(0).
gather theu; into a n-dimensional vectog normalized to At zero bias, the zero-frequency phonon response is cal-
unity. (Heren is the number of atoms in the unit cefi=5  culated in a straightforward manner using density functional
for STO) For each misfit straing defines the subspace of Perturbation theoryDFPT) to obtain the zone-center IR-
possible field-induced displacements. The field dependencictive phonon modes and their frequencies, and using the
of the structure and polarization obtained in this model ardBerry-phase theory of polarizatiéhto compute Born effec-
then that obtained by relaxing the ions and minimizing thetive charges by finite differences. To evaluate the static re-
electric enthalpy subject to the constraint that the atomigPonse in an applied field, and thus the tunability, we use the
displacements lie along. This should be a very good ap- Subspace approach presented in Sec. Il C2 above, which
proximation for small displacements considered here. greatly simplifies our treatment while retaining a high degree
After constructingé, we express the electric enthalpy in Of accuracy. In the following, both methods are described in
terms of the scalar amplitude Keeping terms only to fourth ~detail.

order, we obtain
1. Zero dc bias

F(u) = Eg+ bl + du* — QAPE = Ey + bl + duf - UE giz*g_ In the absence of an electric field, the lattice contribution
i to the static dielectric permittivity tensep can be written
(4) ez“‘* = *
N Fh=3 iﬁé, (8)
HereZ is the mode effective charge given below in E9), BN M W,

computed at zero field and for the zero-field structural pa- o

up to 0.0 in steps of 0.00& (wherec is the lattice constant Polar modesm. Here, () is the volume of the primitive unit
perpendicular to the implied substrate obtain the expan- cell, My is a reference mass taken as 1 amu, Zfgis the

sion coefficientd andd in Eq. (4).* mode effective charge,
The electric field corresponding to a givenis then ex-
tracted from the equilibrium condition ~ .o Mo. .
| Zna= 2 2,y i), ©)
iy i
JE —
u 2bu+ 4dw® — 2 §Z,E=0. () where&,(iy) is a dynamical matrix eigenvector. The corre-
' sponding real-space eigendisplacement of ataiong y is
This leads to given .by Qm(iy)=ém(iy)/\s“Mi. The Born effective charge
Z,.,(i) is given by
2bu+ 4du®
_ . QIP,
Ew=———. (6) zZ, (i)=——=. (10
267, T felauy,

Thus, having computed the quantities€, andF on a mesh  In practice, we evaluate the effective charges by finite differ-
of u values, we obtain parametric relations between thesences, computing the change in polarizatioi induced by
quantities that can be plotted to reveal the dielectric behavioseveral small mode amplitudésy;, via the Berry-phase ap-
of interest in a numerically stable way. proach using a & 6 X 20 k-point mesh.
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2. Nonzero dc bias [ T T T T T

To calculate the lattice contribution to the static dielectric
constant in an applied electric field, we use the subspace
approach presented in Sec. Il C 2. The field-induced change
in the structure is specified by a single parametewhich
determines the atomic displacements through the normalized
displacement vectof. We express the lattice contribution to
the dielectric susceptibility in terms of the change in polar-
ization induced by an applied electric field,

dP(¢&) _ d_Pd_u _ (

Polarization [C/m?]
© o o o
) [ EN n
L B B T
1 l | 1

o
=
T
I

— du I o n . n . & & ; ]
> &z )@- (12) 0% 3 0 i 3 3

i misfit strain [%]

XE) = e T quae

The ex.preSS|.0rf:1+477X(5) 1S us_ed to convgrt s.uscep'Flbll- FIG. 2. Polarization as a function of misfit strain. Solid circles
ity to dielectric constant. In practice, the derivatve/df is  ang squares denote polarization al§ag1] and[110], respectively.
calculated numerically onc&u) is determined from Eq6).
For strains close to the phase boundary, the zero-field dielegolarization of thin ferroelectric STO films, when under
tric constant computed in this manner is identical, by con-short-circuit electrical boundary conditions, could be tuned
struction, to that obtained in Sec.ll D 1 using DFPT to obtainto a wide range of values.
phonon frequencies and eigenvectors, and the Berry-phase In Fig. 3 we show thec/a ratio as a function of misfit
calculations to obtain Born effective charges. Furthermorestrain. For tensild€positive) misfit strains,c/a drops almost
for strains where the parametewas fit to energies for finite  linearly as the magnitude of the misfit strain increases and is
u, as described in Sec.ll C 2, the zero-field dielectric constanfargely unaffected by the development of the in-plane ferro-
is in excellent agreement with the DFPT results. To obtairelectric instability at the transition to thémn® phase. For
the tunability, we compute the dielectric response for an apeompressive epitaxial strains, in contrast, a noticeable non-
propriate range of values &f(u). linearity emerges when approaching the transition to the
Note that the dielectric constants calculated here are obP4mm phase; this may be indicative of the mounting struc-
tained at constant strain, both in-plane and out-of-plane. Theural frustration that is eventually relieved by the occurrence
fact that we do not relax the out-of-plane strémuilibrium  of the transition. Once the phase boundary has been crossed,
c/a) with changing electric field is an additional approxima- the onset and growth of theaxis polarization in thd®4mm
tion of our theory. However, because the system is paraele@hase further increases théa ratio, andc/a once again
tric, the errors introduced by this approximation should bebecomes very nearly linear with misfit strain in the strongly
small, vanishing at zero bias and appearing only linearly agompressive regime. Also shown in Fig. 3 are some measure-
the electric bias field is increased, with a constant of proporments of Hyun and Ch&tat 77 K that, while noisy, show a
tionality that is related to the electrostriction constant evalutrend that is roughly consistent with the theory, as will be
ated at zero field. Thus, this approximation essentially corrediscussed further in Sec. 1l B 2.
sponds to the neglect of electrostriction effects, which we It is of interest to compare our misfit phase diagram with
expect to be small. that of Pertsewet al3233The latter is obtained by expressing
the free energy as a function of misfit strain, temperature,
. RESULTS AND DISCUSSION polarlz_atlon, and' several addltlpnal order parameters corre-
sponding to the linear oxygen displacements that account for

A. Response to epitaxial strain

LO3 I B
1. Structural properties r

As described in Sec.ll B, we first find the minimum- Loz y

energy structure of SrTipfor values of the misfit strain 1.01__ |

between -3% and +3%. For compressive strains larger than .2 o ]
0.75%, the lowest-energy structure is ferroelectric tetragonal 31.00— .
P4mm with polarization alond001]. At —0.75%, there is a S 7 o ° 1
continuous transition to the nonpolar tetragofa/mmm 0.991 7
phase. At +0.54%, there is another continuous transition to 098'_ ]
the ferroelectric orthorhombiémn?® structure, with polar- |
ization along[110]. 0.97—— 1 T S !

Figure 2 shows the polarization alorfi§01] and [110] T [%%5 1.0 15
directions. The polarization increases dramatically with
strain, and for large strains above 2%nsile or compres- FIG. 3. Calculatect/a as a function of misfit strain in SrTiQ

sive), the magnitude of the polarization becomes comparablehe behaviors foc/a<-1.5% andc/a> +1.5% (not shown are
to that of bulk BaTiQ, a prototypical ferroelectric. This sug- very nearly given by linear extrapolation. The open circles denote
gests that by simply choosing the appropriate substrate, thite samples measured by Hyun and Cliref. 14.
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possible rotations of the oxygen octahedra. The parameters 20011 11 — —

in this Landau-theory expression are obtained phenomeno- | Pdmm

logically. Relative to the Landau theory, our results should —  s.._

generally become more accurate for higher strain states, g 150“—‘\:1“3.\

since the extrapolation from the empirical fits performed at = “
e

P4/mmm Amm2

o L ~

zero strain can be expected to become less reliable there. .2 . -
Regarding the nature of the polarization in the sequence § 100 N o
of phases at zero temperature, the present first-principles re: % 3 e
sults are in very good agreement with the Landau analysis.dé I
There are several detailed differences, however. First, our & 5oL
window of strains over which the system remains paraelec- © ;
tric (between —0.75% and +0.54%s noticeably wider than $ pmsm i
that previously obtainethetween —0.2 and -0.02% in Refs. oL— 1. SR .
32 and 33. Our overestimate of the stability of the paraelec- -3 -2 -1 0 1 2 3
tric phase can largely be attributed to the LDA. Specifically, misfit strain [%]
Sinc_e our _zero-temperatur_e calculations within th_e LDATe- " G, 4. FE soft-mode frequencies as a function of misfit strain.
sultin a slightly smaller lattice constant than experiment, andsiq circles indicate the FE soft mode polarized alpo@d]. Solid
since the smaller volume stabilizes the paraelectric phasgqyares indicate the FE soft mode polarized alitig)]. The ver-
our description of the bulk system yields a more stablgca| lines indicate the phase transition points at —0.75% and
paraelectric phase, as our underestimate of the bulk stati®.549% misfit strain. Open circles denote the FE soft-mode fre-
dielectric constant attestsalculated~400 compared to the quency if the polarization alonig.10] is suppressed by keeping the
~2Xx10* observed experimentallyIn addition, octahedral atoms on their centrosymmetric positions.
rotations, not included in our analysis, might also alter the ) ) N
critical strain corresponding to the FE phase transitions irit strain, marking the second-order transition fréh/mmm
this region. to Amn®, which has its FE polarization along th&10] di-
Another difference between the present work and Refsection. As can be seen in the figure, the in-plane soft mode
32,33 is the prediction in the latter of a low-temperatureis only weakly affected at thé&4/mmmP4mm transition,
[100]-polarized ferroelectric phase under in a narrow win-While the out-of-plane soft mode shows a significant harden-
dow of tensile strain. Our results are consistent with only dng in theAmn2 phase. The hardening is produced by cou-
single phase in this strain regime, with a polarization alongPling to the in-plane polarization that develops in #@ng
[110]. Their polar[100]-oriented orthorhombic phase might Phase. If the polarization is suppressed by keeping the atoms
be stabilized by the rotations not included here, but since ien their centrosymmetric positions, the mode evolves
occurs only in a very small strain region, we did not inves-Smoothly with increase of the in-plane lattice constant
tigate it further. For larger tensile strains, Pertssval3®  through the phase boundary, as is shown by the open circles
predicted a phase where the polarization is directed alont Fig- 4. N
[110] (like ours, with an octahedral rotation around the same \We now examine the Born effective charge tensfras a
axis. function of misfit strain. In Fig. 5 we present, for brevity,
only the Z;, and Z;, components of the tensors, where “1”
2. Dielectric properties and “3” refer to thg100] and[001] directions, respectively.

In this section, we compute the misfit strain dependenc hile the Born eﬁectiye charge tensors are not d_iag_onal in
of the lattice contribution to the dielectric responsi zero e Cartesian frame in thamn2 phase(whose principal
electric field; finite electric fields will be considered in the @xes, by symmetry, are alorig10], [110], and[001]), the
next section. First, we discuss separately the zone-centéPmputed off-diagonal componeritsot shown are found to
phonons and the Born effective charges that together detebe quite small. In what follows, QO,, and G refer to the
mine e according to Eq(8). oxygen atoms forming Ti-O chains in they, andz direc-

The zone-center phonons of each phase are calculated #ns, respectively.
each misfit strain using density-functional perturbation Figure 5 shows that in the paraelectric region, the Born
theory. The lowest-frequendgoftes} polar modes dominate effective charges are very close to the* values for the cubic
the dielectric response, and we show the frequencies of thefructure, 7.25 foZ35(Ti) and —5.69 forZy5(Os). As is well
softest in-plane and out-of-plane transverse zone-center ognown, the fact that these are anomaldirs the sense of
tical phonons as a function of misfit strain in Fig. 4. Their exceeding the nominal valencarises from the hybridization
behavior reflects the phase transition sequence discussed@hTi and O orbitals in the Ti-@chains and is quite sensitive
the previous section. By symmetry, these modes are degete polar distortions of the chaitt. Thus, in the ferroelectric
erate at zero misfit strain. However, the lowest-frequeilocy phases, we expect a significant misfit strain dependence of
soff) mode polarized alonfD01] softens to zero as the misfit the Born effective charges for these atoms. The effective
strain approaches the critical value of —0.75%, signaling the&harge of Ti,Z,5(Ti), drops by almost 16% in the ferroelec-
second-order transition from the paraelecR&/mmmto the  tric region for compressive strain, with a corresponding in-
[001]-polarized PA4mm structure. Similarly, the lowest- crease 0223(03). In comparisonZ’(Sy) is rather insensitive
frequency in-plane soft mode softens to zero at +0.54% misto misfit strain over the whole region, showing a weak trend

=

\
s
\
1 / ’ —
! [ L] /
\ H
1
]
]
1
|

024102-6



TUNABILITY OF THE DIELECTRIC RESPONSE OF. PHYSICAL REVIEW B 71, 024102(2005

8 T T y T T T T TABLE 1. Normalized displacement vectoé for selected
strained states in the paraelectric phase.
@ Ti
gg 4__ i Strain u(Ti) u(Oy) u(oy)
<
6 293_=9=SQ=9—0—M—=0=6=5:9:_§ -0.7% 0.0929 —-0.5081 -0.6055
."2’ L ' _ -0.5% 0.0839 -0.5111 -0.6049
g 0r N -0.3% 0.0726 -0.5129 -0.6049
E ) | R PP ﬁ% -0.1% 0.0616 -0.5143 -0.6049
g 1 _ 0.0% 0.0571 -0.5156 -0.6045
n% 4+ o ] 0.1% 0.0518 -0.5158 -0.6047
B L 0.0424 ~0.5176 ~0.6043
. | . ! . ! ) ! . 1 . 0.5% 0.0325 -0.5192 -0.6039
-3 -2 -1 0 1 2 3

misfit strain [%]

produces divergences in the dielectric response near the criti-
Z,, (open symbols as a function of misfit strain. The cubic- cal strains. Thes_e transitions show_nearly perfect inverse-
structure valuegat zero misfit strain are Zy,(Ti)=7.25, Zy,(Sy) ~ POWer-law behavior, except at the points closest to the phase
=2.55, Z5(0;)=-2.06, andZ;,(05)=-5.69. For O atoms, up- Ltransitions where the low eigenfrequencies lead to numerical
triangles represent 9 down-triangles @ and diamonds @ [Full  inaccuracies. Throughout the paraelectric phase, égtand
down-triangles are omitted in favor of full diamonds since €33 are well over 100. The abrupt drop ef; in the tensile-
Z,401)=Z540,) everywhere; open down-triangles are omitted in Strain region is related to the hardening of the lowest-
favor of open up-triangles in the compressive region wherefrequency phonon polarized alo§01] shown in Fig. 4.
Z1,(03)=21,(0,).] The comparison with the experimental data of Hyun and
Char* will be discussed further in Sec. 11l B 2.

FIG. 5. Calculated Born effective chargéé (full symbolg and

towards lower values with increasing misfit strain.

In the tensile-strain-inducedmn® ferroelectric phase,
the orthorhombic symmetry(see Fig. 1 implies that B. Response to electric field
Z,,(0y)= Z;z(oz) #7,,(0,)=Z,,(0y). In the range of strains  Application of a finite electric field to epitaxially strained
shown,Z;,(0,) shows a continuous increase of 18%, while STO leads to changes in the structure and dielectric response
the Z11 for O, and G split slightly. The charge neutrality that depend on misfit strain. In particular, the sensitivity to
sum rule for theZ" is maintained by a corresponding de- applied field is expected to be largest near the phase bound-
crease foiZy,(Ti). aries discussed above. In this section, we focus our attention

In Fig. 6, we show the lattice contribution to the static on the strain regime corresponding to the zero-field paraelec-
dielectric response in zero electric field over the full range oftric phase, with particular interest in the behavior as the tran-
computed misfit strains. The softening to zero frequency osition to theP4mmphase is approached. This regime is most
the relevant phonons at the second-order phase boundariedevant to practical applications, as the ferroelectric state, its

associated hysteresis, and the presence of ferroelectric do-
T 3 mains are generally undesirable for tunable device applica-
] tions. We also consider electric fields only along {0€1]
direction, in which case all displacements also occur only
along[001].

To briefly recap our approach as presented in Sec. Il C 2,
we parametrize the electric field dependence of the atomic
displacements up to fourth order. Combined with a linearized
form of the functional dependence of the polarization on
atomic displacement, this allows us to express the lattice
contribution to the dielectric susceptibility in terms of the
T T change in atomic displacements with electric field. We first

-3 -2 -1 0 1 2 3 discuss the displacements induced by the applied electric
misfit strain [%] field, and then, in the following subsection, the resulting lat-
tice contribution to the static dielectric response.

FIG. 6. Dielectric constant as a function of misfit strain. Solid
circles and squares denatg; and €, respectively, where 3 always
denotes thg¢001] direction and 1 refers tp100] in the PAmm re-
gion and[110] in the Amn® region. Solid lines are fits proportional ~ Using the approximate treatment of electric fields de-
to (-7, where 5 and 7. are the actual and critical misfit scribed in Sec. Il C 1, we calculate the misfit-strain depen-
strains, respectively. Open circles are thgmeasured by Hyun and dence of the displacement response to a small electric field.
Char (Ref. 14. The resulting displacements, defined relative to the Sr atom,

10000

1000+

Lattice dielectric response

100+

1. Structural properties
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2000 * T 1 T 1 * 1 F(P,T)=Fo+AP?+BP*+CP°+ --- . (12
L N — 0.0% mi‘sfit stra{n i
e Sk The coefficients depend on misfit strain and temperatis;
15001 ; . ;g{gm:g;‘;ﬁ: 7 generally assumed to have the strongest dependence, while
; ; the variation ofB and higher order coefficients is small or
g 10001 foh | even negligible. Keeping only terms kto fourth order, the
& electric field is then given by
JF
500 £=—=2AP+4BF?, (13
] P
o— . 1 and the dielectric susceptibility by
-30 20 -10 1O 10 20 30
E-Field [V/um] 1 9€
o L o , —=—=2A+128BF. (14
FIG. 7. Dielectric constant vs electric field for epitaxial STO in x JP
the paraelectric phase, for a series of compressive strains approach- . ) o )
ing the transition to the ferroelectrR4mm phase. In the present discussion, the system is in the paraelectric

phase (A>0) so that these relations uniquely determine

are then normalized to give the vectdreported in Table | UNCtoNSP(£) and x(£). From Egs(13) and(14), it is easy
for selected misfit strains. The O displacements in an electrif® S€€ that in this fourth-order apz)groxmanon we expgect
field are relatively insensitive to misfit strain, while the Ti — constant forP—0, while y=&* at largeP. A useful
displacement in an electric field grows with in-plane com-aPProximate interpolation formula is then
pressive strain, reflecting the fact that in-plane compression, 27-1/3
which is accompanied by a substantial expansion ofche x(&) :X(o)llJ,(_) } (15)
lattice constan{see Fig. 3, leads to an opening of the oxy- &o
gen octahedron in thedirection and compression in thxg ) ) ) ]
plane. The negative sign of the displacements of O atoms iAS has been used previously in the literafdréMaking the
a positive electric field results from the negative signs ofaPProximatione>1 so thate=4my, we can write
their Born effective charges, while Ti is expected to exhibit a 27-1/3
positive displacement since its Born effective charge is larger &) = 6(0)|:1 + (f) 1
than that of Sr.

For the larger compressive strains in Table |, we find that
our field-induced displacement vectdigq. (3)] are very With €(0)=4mx(0).
similar to the atomic displacement patterns of {i0®1]- A detailed analysis shows thax ;> where the con-
polarized soft mode at zero electric field. For example, thestant of proportionality is determined 18, independent of
normalized atomic displacements of our computed normalA. That is, €(0)*2€; is not expected to depend strongly on
ized soft-mode eigenvector at —0.7%tear the critical misfit proximity to the ferroelectric phase transition, and thus is
strain of -0.75% are (Ti,03,0;)=(0.0910,-0.5103, expected to vary only slowly with temperature and misfit
-0.6081, almost identical to the displacement vecfart the ~ Strain, and to be only weakly affected by the LDA lattice-
same misfit strain. This shows that close to the phase boun@onstant error. Fuchet al*® used Eq.(16) to fit their
ary the structural response to an electric field is almost eneéXperimentally-measureetvs-¢ data at 200 K, and they ob-
tirely dominated by the soft mode. serve dielectric constants between 1480 and 5270; they find
values ofe(0)%%5, ranging from 7.5 V/cm to 14.3 V/cm for
films of 200500 nm thickness. Fitting our theoretical data to

We now investigate the electric-field dependence of théhe same form, we extract values &D)*%€, ranging from
lattice contribution to the dielectric response along [(0@1] 8.3 V/cmto 10.4 V/cm, in general agreement with the find-
direction as the in-plane compressive strain approaches thegs of Fuchset al. The results of our comparison are sum-
phase boundary with thedmmphase. The results are shown marized in Table II.
in Fig. 7. As the magnitude of the misfit strain approaches Hyun and Chaf* have grown SrTiQ on different sub-
the critical value of —0.75%, the dielectric response at lowstrates to investigate the influence of epitaxial strain on the
electric fields grows substantially. tunability of SrTiO;. For four samples, they report measure-

We now gain further insight into our calculations through ments at 77 K of in-plane lattice constant¢a ratios, and
a quantitative comparison with experiment. The curves irdielectric constants, as summarized in Table Ill. There is
Fig. 7 resemble Lorentzians, and this is expected from good agreement between measured and calcutdtedatios
phenomenological analysis, as follo#¢3\ithin the Landau-  for the values of misfit strain observed in Ref. 14, as shown
Devonshire formalism, the ferroelectric phase transition carn Fig. 3. For three of the samples, the dielectric constant
be described by a free-energy functiofakexpanded about increases with compressive misfit strain in the paraelectric
the paraelectric phase in even powers of the polariza®ion phase, in agreement with our calculations. The first sample is
ie., an exception: we expect it to exhibit a higher tunability,

(16)

2. Dielectric properties and tunability
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TABLE II. Zero-field dielectric constan&(0) and field scale, 100 L
[reported as the slowly varying combinatiai0)*2£,] obtained . compressive | tensile
from the fit of Eq.(16) for each strain state in the paraelectric 801 :
compressively-strained region. _
IS
. — 60_
Strain €(0) €(0)%2,[V/em] z
=
0.0% 391 8.3 § 40
-0.1% 473 9.0 -
-0.2% 584 9.3 201 »
-0.3% 760 9.6 I : I
L 1 L | L I L i L 1 L |
-0.4% 1088 10.0 9).8 06 -04 -02 0 0.2 0.4
-0.5% 1877 10.3 misfit strain [%]
-0.6% 4125 10.1

FIG. 8. Tunabilityn=[€(0)—€(£)]/€(0) as a function of misfit
-0.7% 19903 104 strain. The values fore(€§) were taken at&=10 V/um (full
squarey and £=25 V/um (full circles). Open circles are the ex-
perimental results of Hyun and Char f6=10 V/um.

given its strain state. This discrepancy can be attributed to Finally, we have calculated the strain dependence of the
the poorer quality of samples grown on LaAl& Compar-  tunability parameter in the paraelectric phase for two differ-
ing our zero-temperature calculations in Table Il with theent values of the bias field;=10 V/um and£=25 V/um,
measured value of 690 for the —0.1536% sample, and awith results shown in Fig. 8. Although a direct comparison is
additional computation of 319 for strain =+0.2% with the not possible because the theoretical and experimental condi-
measured value of 400 for the +0.2305% sanipke Table tions are rather different, the measurements of Hyun and
1), we find surprisingly good agreement. This may be partlyChar for £=10 V/um are also shown. These results are
due to slight shifts in the experimental phase boundaries owcloser to our calculated tunability fé&=25 V/um than the

ing to finite temperature; because of our underestimate d®ne for€=10 V/um, consistent with the fact that our LDA-
lattice constants, our paraelectric phase is overstabilize¢Omputed zero-temperature system is further from its ferro-
mimicking the effect of temperature and shifting the calcu-€lectric transitior(as indicated, e.g., by the smaller zero-field

strains. and therefore less tunable. Nevertheless, our results do tend

Unlike the first three samples listed in Table I1I, which we 0 confirm that a substantial variation in the tunability can be
expect to be paraelectric based on their in-plane lattice corttained by growing STO on substrates having different lat-
stants, the fourth sample should already be in the orthorhonflC€ constants.
bic, tensile FE region, according to our calculations and to
the phase diagram of Pertsev al. For this reason, we did
not include this experimental data point in Fig. 8. We should IV. SUMMARY
like to note, however, that the trends in the dependence of ) . ) o
c/a and €(0) on in-plane strain in Table Ill do not seem In this work, we examined the effects of in-plane biaxial
consistent regarding this last data point. As the straiStrain and an applied electric field on Srki@sing first-
changes from +0.23% to +0.72%, the measikadand €(0) principles density-functional theory within the local-density
remain almost identical. The behavior ofa, for example, ~&PProximation. We computed the tunability of STO, and

seems inconsistent with the roughly linear dependence deund this quantity to be highly sensitive to epitaxial strain.
c/a on misfit strain predicted in our Fig. 3, suggesting thatVVe also find that the dielectric constant itself varies signifi-

more thorough checks of the experimental behavior in th&anty with strain, and for sufficiently large compressive
region of strong tensile strain may be called for. strains, STO can be made ferroelectric with a polarization

similar to that of bulk BaTiQ. Our results are in good agree-
ment with available experiments.
Our studies complement and extend previous theoretical

TABLE Ill. Measured misfit straing/a, and zero electric field - - -
work on STO films using a phenomenological Landau

dielectric constant for STO films on various substratesf. 14

CRO and LAO stand for CaRuand LaAlO;, respectively. theory. Our parameter-free description provides structural pa-
rameters and phonon frequencies that can be compared with
Strain cla €(£=0) Materials future experiments; in addition, we observe significant dif-
ferences between our zero-temperature phase diagram and
-0.3073% 1.0072 640 Au/STO/CRO/LAO  that obtained using Landau theories fit to empirical data.
-0.1536% 1.0056 690 Au/STO/CRO/STO These results should be useful for the analysis of ultrathin
+0.2305% 0.9937 400 Au/STO/SRO/LAO  epitaxial films and superlattice structures involving STO. In
+0.7170% 0.9942 360 Au/STO/SRO/STo  the latter, high strain states, achieved through layering, can

result in novel artificial materials with enhanced properties
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over those of their bulk constituents, as was recently preplex ferroelectric thin films with high tunability, such as

dicted for BaTiQ/SrTiO; superlattice$? BST.
For coherent epitaxial systems more complex than STO

and at finite temperatures, it seems clear that epitaxial strain

will generally be a crucial factor in determining properties.

In particular, we expect our results for STO to be a useful This work was supported by ONR N00014-01-1-1061 and

guide in understanding the strain dependence of more con®NR N00014-00-1-0261.
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