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Structural and dielectric properties of Sr2TiO4 from first principles

Craig J. Fennie and Karin M. Rabe
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854-8019, USA

~Received 16 May 2003; published 21 November 2003!

We have investigated the structural and dielectric properties of Sr2TiO4, the first member of the
Srn11TinO3n11 Ruddlesden-Popper series, within density-functional theory. Motivated by recent work in
which thin films of Sr2TiO4 were grown by molecular beam epitaxy on SrTiO3 substrates, the in-plane lattice
parameter was fixed to the theoretically optimized lattice constant of cubic SrTiO3 (n5`), while the out-of-
plane lattice parameter and the internal structural parameters were relaxed. The fully relaxed structure was also
investigated. Density-functional perturbation theory was used to calculate the zone-center phonon frequencies,
Born effective charges, and the electronic dielectric permittivity tensor. A detailed study of the contribution of
individual infrared-active modes to the static dielectric permittivity tensor was performed. The calculated
Raman and infrared phonon frequencies were found to be in agreement with experiment where available.
Comparisons of the calculated static dielectric permittivity with experiments on both ceramic powders and
epitaxial thin films are discussed.

DOI: 10.1103/PhysRevB.68.184111 PACS number~s!: 77.22.Ch, 63.20.Dj, 61.66.Fn
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I. INTRODUCTION

Nonstoichiometric SrTiO3 resists the formation of poin
defects by forming crystallographic shear~CS! phases.1 For
excess SrO, these CS phases form the Srn11TinO3n11

Ruddlesden-Popper~RP! series. The structures of the mem
bers of the RP series can be viewed as a stacking of S
terminated SrTiO3 perovskite@001# slabs with relative shifts
of (a0/2) @110#, the slabs in thenth member of the serie
having a thickness ofn cubic perovskite lattice constant
This representation of the structure forn51 is shown in
Fig. 1~a!.

Considerable fundamental and practical interest in the
series arises from the dielectric properties of its end mem
SrTiO3 (n5`). Strontium titanate is an incipient ferroele
tric with a high dielectric constant that can be readily tun
by applying a small dc bias. SrTiO3 has low dielectric loss
at microwave frequencies but a large temperature coeffic
of dielectric constant~TCF!. The prospect of ‘‘engineering’
the properties of the constituent SrTiO3 layers by varying
n has stimulated the synthesis and study of the dielec
properties of various members of the RP series. Thro
the use of conventional ceramic processing techniqu
single phase Sr2TiO4 (n51),1–5 Sr3Ti2O7 (n52),1,3–6 and
Sr4Ti3O10 (n53),3 were formed. Recently, thin films of th
first five members of the RP series were grown by molecu
beam epitaxy ~MBE! on SrTiO3 substrates.7,8 Sr2TiO4 ,
Sr3Ti2O7, and Sr4Ti3O10 were found to be nearly singl
phase while Sr5Ti4O13 and Sr6Ti5O16 films showed notice-
able antiphase boundaries and intergrowth defects.8 The di-
electric properties of then51, 2, and` ceramic samples
have been characterized by various groups.4,5,9,10The dielec-
tric properties of then53 and 4 ceramic samples have al
been studied but these were believed not to be single ph5

It was found that SrTiO3 had both the highest dielectric con
stant,e r , and the largest TCF of the RP series. Convers
Sr2TiO4 was found to have the loweste r of the series but
also the lowest TCF~an order of magnitude smaller tha
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SrTiO3) while having a dielectric loss comparable to SrTiO3.
For thin films, Haeniet al.8 performed low-frequency and
microwave experiments to measure the dielectric permit
ity of Sr2TiO4 and of Sr3Ti2O7, to be discussed below.

Here we take the first step in understanding the dielec
behavior of the Srn11TinO3n11 Ruddlesden-Popper~RP! se-
ries from first principles by presenting our study of the stru
tural and dielectric properties of Sr2TiO4 (n51) using
density-functional theory~DFT! structural optimization as
well as density-functional perturbation theory~DFPT!. DFT
and DFPT have proved to be useful tools in investigating
structure, dynamical, and dielectric properties of metals
insulators, including complex oxides~see Ref. 11 for a re-
view!. In Sec. II we give the details of our DFT/DFPT ca
culations and describe various constraints that we impo
on the Sr2TiO4 structure. In Sec. III the results of our calcu
lations for the ground-state structural parameters, Born ef
tive charges, zone-center phonons, and electronic and s
dielectric permittivity tensors atT50 are presented an
compared with experiment. In Sec. IV we discuss the se
tivity of the dielectric response to structural constraints a
through comparison with SrTiO3, arrive at an understandin

FIG. 1. ~Color online! The structure of Sr2TiO4 ~space group
I4/mmm) can be viewed as~a! a stacking of SrO-terminated
SrTiO3 perovskite@001# slabs,~b! a stacking of TiO2 and of SrO
planes along@001#, and~c! a series of Ti-O chains, infinitely long in
the plane along@100# and @010#, and of finite extent along@001#
~the Sr atoms have been removed for clarity!.
©2003 The American Physical Society11-1
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CRAIG J. FENNIE AND KARIN M. RABE PHYSICAL REVIEW B68, 184111 ~2003!
of the dielectric response and its anisotropy in the RP pha
Finally, in Sec. V we summarize our results and main c
clusions.

II. METHOD

A. First-principles calculations

First-principles density-functional calculations were p
formed within the local-density approximation~LDA ! as
implemented in theABINIT package.12,13 The exchange-
correlation energy is evaluated using the Teter rational p
nomial fit to the Ceperley-Alder electron-gas data.14 Teter
extended norm-conserving pseudopotentials were used
Ti(3s,3p,4s,3d), Sr(4s,4p,5s), and O(2s,2p) levels treated
as valence states. The electronic wave functions were
panded in plane waves up to a kinetic energy cutoff of 35
Integrals over the Brillouin zone were approximated by su
on a 63632 mesh of specialk points.15

B. Structural constraints

We first performed full optimization of the lattice param
eters and internal coordinates in the reported structure
Sr2TiO4,2 the body-centered-tetragonal K2NiF4 structure
@space groupI4/mmm(D4h

17)], with the primitive unit cell
containing one formula unit as shown in Fig. 1. Ti atom
occupy Wyckoff position (2a), Ox and Oy atoms (4c), and
Sr and Oz atoms (4e), the latter with one free paramete
~displacement alongẑ) each ~see Table I!. This yields the
predicted structure under zero stress, roughly correspon
to bulk ceramic powders and relaxed epitaxial films. T
structural relaxation was performed using a modifi
Broyden-Fletcher-Goldfarb-Shanno~BFGS! algorithm16 to
optimize the volume and atomic positions, followed by
optimization of thec/a ratio. This procedure was repeated
ensure convergence. The residual Hellmann-Feynman fo
were less than 2 meV/Å . A second structure was conside
to investigate the effects of epitaxial strain induced by
SrTiO3 substrate on a fully coherent thin film. With the sam
space group, we fixed the in-plane lattice parameter to tha
SrTiO3 calculated within the present theory (a53.846 Å ),17

while optimizing the other structural parameters: thec lattice
constant and displacements along@001#. This was followed
by ionic relaxation until the residual Hellmann-Feynm
forces were less than 1 meV/Å.

The next section will show that the fully optimized lattic
parameters are underestimated relative to the experime
values, a common feature in LDA calculations.18 To investi-
gate whether our calculations of the dielectric response

TABLE I. Wyckoff positions for Sr2TiO4.

Atom Wyckoff position and point symmetry Coordinate

Ti (2a) 4/mmm 0,0,0
Ox , Oy (4c) mmm 1

2 ,0,0; 0,12 ,0
Oz (4e) 4mm 0,0,6zOz

Sr (4e) 4mm 0,0,6zSr
18411
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Sr2TiO4 are sensitive to this underestimation of the volum
two additional structures were considered. First, with
same space group, we optimized all internal coordinates
ing both thea andc lattice constants to values obtained b
uniformly expanding the lattice constant of the in-plane co
strained structure using the measured thermal-expansion
efficient of SrTiO3 ~Refs. 19 and 20! (a'731026/K) and a
temperature increase of 300 K. We also optimized inter
coordinates fixing both thea and c lattice constants to the
values experimentally obtained for the thin-film sample.
both structures the ions were relaxed until the resid
Hellmann-Feynman forces were less than 1 meV/Å.

C. Linear-response calculations

Linear-response methods provide an efficient means
computing quantities that can be expressed as derivative
the total energyE with respect to a perturbation, such as th
produced by displacementuia of an atom or a homogeneou
electric fieldE. Examples computed in this work include th
force-constant matrix elements

]2E

]uia]uj b
U

0

,

whereuia is the displacement of atomi in Cartesian direc-
tion a from its position in the equilibrium crystal structure
the Born effective charge tensor

Ziab* 52
]2E

]dia]Eb
,

wheredia is the uniform displacement of the atomic subla
tice i in Cartesian directiona from its position in the equi-
librium unit cell, with derivatives taken in zero macroscop
field, and the electronic susceptibility tensor

xab52
1

V

]2E

]Ea]Eb
,

which is related to the electronic dielectric permittivity te
sore` by e`5114px, whereV is the volume of the primi-
tive unit cell. In this work, we compute these derivativ
using the variational formulation of density-functional pe
turbation theory ~DFPT!, implemented in the ABINIT

package.13,21,22

The static dielectric permittivity tensore0 can be obtained
directly from the quantities computed by DFPT. In gener
the static dielectric permittivity tensor of a nonpolar mater
can be written23,24 as the sum of the electronic dielectr
permittivity tensore` and a sum of contributionsDem from
each of the zone-center polar modesm:

eab
0 5eab

` 1(
m

Dem,ab , ~1!

whereDem is given by25,26

Dem,ab5
4pe2

M0 V

Z̃ma* Z̃mb*

vm
2

~2!
1-2
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TABLE II. Structural parameters of Sr2TiO4. ~a! Fully relaxed cell.~b! Relaxation along thec axis, with a lattice constant fixed at
theoretical SrTiO3. ~c! Relaxation with lattice constants fixed at values corrected for thermal expansion.~d! Lattice constants fixed a
experimental~Ref. 7!. Lattice constants, bond lengths, and internal parameters are in Å.

Experimental Present theory Previous theory
Ceramica Ceramicb Thin filmc ~a! ~b! ~c! ~d! Ref. 51d Ref. 34e Ref. 52f

Lattice constants
a 3.88 3.88 3.88 3.822 3.846 3.855 3.88 3.942 4.0 3.89
c 12.60 12.46 12.32 12.27 12.30 12.46 12.56 12.68 12.7
c/a 3.247 3.211 3.223 3.190 3.190 3.211 3.186 3.17 3.26
Bond lengths
Ti-Ox 1.94 1.911 1.923 1.928 1.940 2.0
Ti-Oz 1.92 1.967 1.960 1.962 1.974 2.0
Sr-Oz 2.56 2.402 2.397 2.406 2.455 2.47
Internal parameters
dSrO 0.176 0.182 0.180 0.173 0.12
u8 1.879 1.869 1.872 1.888 1.94
v 2.402 2.397 2.406 2.455 2.47
Reduced coordinates
zOz 0.160 0.160 0.160 0.158 0.158
zSr 0.355 0.355 0.355 0.355 0.353

aReferences 1–4.
bReference 35.
cReference 7.
dAb initio, DFT, GGA.
eSemiempirical Hartree-Fock.
fEmpirical atomistic simulations.
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Here, M0 is a reference mass taken as 1 am
(4pe2/M0V)Z̃ma* Z̃mb* can be thought of as an effectiv
plasma frequency,Vp,m

2 , of themth normal mode,27,28while

vm is the frequency of vibration of normal modem. Z̃ma* ,
which has been referred to as a mode effective charge,29–31is
given by

Z̃ma* 5(
ig

Zag* ~ i !S M0

Mi
D 1/2

jm~ ig!, ~3!

where jm is the dynamical matrix eigenvector; the corr
sponding real space eigendisplacement of atomi alongb is
given by Um( ib)5jm( ib)/Mi

1/2.32 Thus we see that larg
lattice contributions to the static dielectric permittivity tens
are expected if the relevant mode frequencies are very
and/or if the effective plasma frequencies are large~reflect-
ing large mode effective charges!.

This formalism has been applied in a first-principles co
text in numerous calculations of the zero-temperature st
dielectric response~for a review, see Ref. 33! in simple and
complex oxides. For example, recent calculations for zirc
(ZrSiO4) ~Ref. 23! and zirconia (ZrO2) ~Refs. 24 and 29!
yield good agreement with experiment.

III. RESULTS

A. Crystal structure of Sr 2TiO4

The reported crystal structure of Sr2TiO4 can also be
viewed as a stacking of TiO2 and SrO planes along@001# as
18411
.

w
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shown in Fig. 1~b!, the stacking sequence bein
TiO2-SrO-SrO where the second SrO layer is shifted w
respect to the previous SrO layer by1

2 a0 along @110#. In
previous work,34 the internal structural parameters are p
sented asu8 and v, the distance between TiO2 and SrO
planes and between successive SrO planes, respectively
d, the distance alongc between Sr and O in the same Sr
layer, which quantifies the ‘‘rumpling’’ of the layer.

In Table II we present the theoretical lattice paramet
for the structures discussed in Sec. II and compare them
the experimental values for ceramic samples2,4,35and for thin
films epitaxially grown on SrTiO3 (a53.905 Å )
substrates.7,8 The lattice constants of the fully relaxed stru
ture, Table II, column~a!, are smaller than the measure
lattice constants of the ceramic powder. Specifically, thea
lattice parameter was calculated to be less than experim
by 1.5%, which is within the error typically associated wi
the LDA, while thec lattice parameter is underestimated
2.2%. The smaller value ofc measured for the thin-film
samples reduces this discrepancy to 1.1%. There is cons
able rumpling of the SrO layers,dSrO50.05a0. This rum-
pling is such that the Oz and Sr atoms move in a directio
away from and towards the TiO2 layers, resulting in a Ti-Oz
bond slightly larger~2.9%! than the Ti-Oy ~or equivalently
Ti-Ox) bond. As pointed out by Noguera, Ruddlesden a
Popper had assumed that this rumpling was equal to z
The present study supports the previous calculation34 by
finding a nonzero rumpling. The experimental work of Ve
kateswaranet al.35 also suggested a nonzero rumpling of t
1-3



.15

.72

CRAIG J. FENNIE AND KARIN M. RABE PHYSICAL REVIEW B68, 184111 ~2003!
TABLE III. Nonzero components of the calculated Born effective charge tensors Sr2TiO4.

~a! ~b! ~c! ~d!

Atom Zxx* Zyy* Zzz* Zxx* Zyy* Zzz* Zxx* Zyy* Zzz* Zxx* Zyy* Zzz*
Ti 6.96 6.96 5.14 6.89 6.89 5.20 6.88 6.88 5.20 6.88 6.88 5
Oy 22.04 25.46 21.56 22.05 25.40 21.55 22.04 25.40 21.55 22.04 25.42 21.52
Sr 2.37 2.37 2.75 2.36 2.36 2.76 2.36 2.36 2.75 2.37 2.37 2
Oz 22.09 22.09 23.74 22.08 22.08 23.79 22.07 22.07 23.78 22.08 22.08 23.75
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SrO layer (dSrO50.10),36 but found that the Ti-Oz bond is
shorter than the Ti-Oy bond.

Next, we consider the structure in which we constrain
the in-plane lattice constant to that of theoretical SrTiO3 (a
53.846 Å ), Table II column~b!. This places the system
under tensile in-plane stress equal to that of an experime
sample of Sr2TiO4 coherently matched to SrTiO3 ~lattice
mismatch 0.6%!. As can be seen in Table II, this has almo
no effect on the optimized values of the other structural
rameters, includingc.

Finally, we consider the optimized structural paramet
for the two expanded structures. The slight thermal exp
sion of the in-plane constrained structure has a corresp
ingly slight effect on the internal parameters, while the e
pandedc of the experimental thin-film structure has a larg
effect. We see that a roughly homogeneous expansion o
lattice, i.e., column (a)→(d) and (b)→(c), decreases the
rumpling of the SrO layer.

B. Born effective charge tensors

In the Sr2TiO4 structure, the site symmetries of the
atom, occupying Wyckoff position 2a, and the Oz and Sr
atoms, both occupying Wyckoff position 4e, are tetragonal,
while that of the Ox and Oy atoms, Wyckoff position 4c, is
orthorhombic. As a result, allZ* ’s are diagonal with two
@Z* (Ti), Z* (Oz), and Z* (Sr)] and three@Z* (Oy) and
Z* (Ox)] independent components. Table III displays the
agonal components of the calculated Born effective cha
tensors in Sr2TiO4 for the four structures considered. We s
that theZ* ’s are relatively insensitive to the various volum
and strain constraints imposed, consistent with what w
shown for isotropic volume changes in BaTiO3,37 and for
pure tetragonal strain in KNbO3.38 Also, we note an anoma
lously large value forZxx* (Ti) 5Zyy* (Ti) ~nominal charge
14) and forZxx* (Ox)5Zyy* (Oy) ~nominal charge22), these
being the components of theZ* ’s corresponding to motion
parallel to the Ti-O bond along a direction in which the i
finite Ti-O chains have been preserved. In contrast,
anomalous parts ofZzz* (Ti) and Zzz* (Oz), which again corre-
spond to motion parallel to the Ti-O bond, but along@001#
where the Ti-O bonds do not form continuous chains,
found to be less than half of those along the continuous T
chain.

C. Phonon frequencies atG

For the Sr2TiO4 structure, group-theoretical analysis pr
dicts that the 18 zone-center optic modes transform acc
ing to the following irreducible representations:
18411
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Goptic52A1g% 2Eg% 3A2u% 4Eu% B2u , ~4!

of which theA1g and Eg modes are Raman active, theA2u
andEu modes are infrared active, and theB2u mode is nei-
ther Raman nor infrared active. By using projection opera
methods, it can be shown that theA1g , A2u , andB2u modes
involve motion along@001# while in the Eg and Eu modes,
atoms move along@100# and@010#. A complete listing of the
symmetry adapted lattice functions is given in Refs. 39 a
40.

Table IV displays our calculated frequencies and mo
assignments for the four structures considered. Compa
the calculated phonon frequencies for the fully relaxed str
ture @column ~a!# with those measured by Burnset al. on
ceramic samples,39 also given in Table IV, we find excellen
agreement. The calculations allow us to confirm the mo
assignments of theA2u(TO1) andEu(TO3): Burns’ sugges-
tion of assigning the lower mode at 242-cm21 A2u symmetry
and the higher mode at 259-cm21 Eu symmetry appears to

TABLE IV. Phonon frequencies (cm21) and mode assignment
for Sr2TiO4. Symmetry labels follow the convention of Ref. 53
Experimental values are from Ref. 39.

Mode Expt. ~a! ~b! ~c! ~d!

Raman
A1g 205 216 217 214 200
A1g 578 588 594 588 562
Eg 124 121 118 115 106
Eg 286 271 268 266 263
Infrared
A2u ~TO1! 242 231 231 227 206
A2u ~TO2! 378 391 389 368
A2u ~TO3! 545 499 501 496 478
A2u ~LO! 252 253 249 233
A2u ~LO! 467 479 482 480 472
A2u ~LO! 683 684 692 687 658
Eu ~TO1! 151 148 134 129 117
Eu ~TO2! 197 218 211 208 198
Eu ~TO3! 259 246 247 244 230
Eu ~TO4! 611 590 581 554
Eu ~LO! 182 184 180 177 168
Eu ~LO! 239 227 225 223 216
Eu ~LO! 467 451 450 448 443
Eu ~LO! 727 789 766 756 727
Silent
B2u 303 310 310 303
1-4
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TABLE V. Dynamical matrix eigenvectorsjm of Sr2TiO4 for the fully relaxed structure witha
53.822 Å andc512.32 Å . The corresponding eigendisplacement in real space can be obtained by di
each value by the appropriate mass factorAMi . ModesA1g , A2u , andB2u involve motion along@001#, while
the twofold degenerate modesEg andEu involve motion along@100# and equivalently along@010#.

Eigenmodes
Mode Frequency Ti Oy Ox Sr~1! Sr~2! Oz(1) Oz(2)

Raman
A1g 216 0 0 0 20.71 0.71 0.03 20.03
A1g 588 0 0 0 20.03 0.03 20.71 0.71
Eg 121 0 0 0 20.70 0.70 20.06 0.06
Eg 271 0 0 0 0.06 20.06 20.70 0.70
Infrared
A2u ~TO1! 231 0.48 0.38 0.38 20.44 20.44 0.23 0.23
A2u ~TO2! 378 20.77 0.29 0.29 0.01 0.01 0.34 0.34
A2u ~TO3! 499 0.11 20.46 20.46 20.07 20.07 0.53 0.53
Eu ~TO1! 148 0.14 0.11 0.24 20.37 20.37 0.56 0.56
Eu ~TO2! 218 20.77 20.29 20.14 0.24 0.24 0.31 0.31
Eu ~TO3! 246 0.45 20.86 20.19 0.02 0.02 0.09 0.09
Eu ~TO4! 611 0.16 0.32 20.91 0.00 0.00 0.14 0.14
Silent
B2u 303 0 0.71 20.71 0 0 0 0
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be correct. In addition, Burns’ assessment that the strong
feature at'440 cm21 in the measured reflectivity spectr
was ‘‘probably’’ due to both aA2u(LO) and aEu(LO) mode
is consistent with our calculations, where we fou
A2u(LO)5479 cm21 andEu(LO)5451 cm21.41 In fact, an
average of these two frequencies is within 2 cm21 of the
quoted value 467 cm21. Finally, we obtain the frequencie
of four modes that could not be separately identified in
experiment, namely theA2u(TO2) mode at 378 cm21, the
A2u(LO) mode at 252 cm21, the Eu(TO4) mode at
611 cm21, and theB2u mode at 303 cm21.

In Table V we give the normalized dynamical matr
eigenvectors for the fully relaxed structure~a!. We see that
the lowest frequencyA2u(TO1) andEu(TO1) modes involve
Sr atoms moving against a fairly rigid TiO6 octahedron, with
larger deformation of the octahedron for theEu mode. The
highest frequencyA2u(TO3) andEu(TO4) modes each in
volve large distortions of the oxygen octahedra with the a
cal oxygens moving against the planar oxygens in theA2u
mode and a corresponding distortion for theEu mode. The
18411
O

e
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calculated A2u(TO2) mode involves Ti atoms moving
against a nearly rigid oxygen octahedron, giving rise to
relatively large mode effective charge. Finally, theEu(TO2)
mode, characterized by Burnset al.as a weak infrared active
mode, has displacements of Oy and Oz very close to those of
the triply degenerate silent mode in the cubic perovsk
These patterns are substantially different from those obta
in model calculations of the lattice dynamics of K2ZnF4,42

used by Burns to characterize the eigenvectors of Sr2TiO4,
especially for the highest frequencyA2u(TO3) andEu(TO4)
modes and theA2u(TO2) mode.

The effective plasma frequencies~Sec. II C! are reported
in Table VI. There is relatively little variation among th
different modes of the same symmetry in the same struct
with Vp,m'400 and 800 cm21 for the A2u andEu , respec-
tively, and even less variation with changes in the structu
The largest calculated effective plasma frequency is obtai
for the A2u(TO2) mode. While the corresponding oscillat
strength, which goes likeVp,m

2 , should make this the mos
prominent mode in a single-crystal infrared study, it was n
.28
.66
.24

.24

.80

.21

.48
TABLE VI. Effective plasma frequencyVp,m (cm21) and mode contribution to the static dielectric tensorDem in Sr2TiO4.

~a! ~b! ~c! ~d!

Mode vm Vp,m Dem vm Vp,m Dem vm Vp,m Dem vm Vp,m Dem

A2u~TO1! 231 457 3.93 231 446 3.71 227 449 3.93 206 474 5
A2u~TO2! 378 1061 7.86 391 1066 7.42 389 1073 7.62 368 1083 8
A2u~TO3! 499 427 0.73 501 447 0.80 496 409 0.68 478 232 0

Eu~TO1! 148 752 25.9 134 809 36.4 129 829 41.0 117 888 57
Eu~TO2! 218 473 4.69 211 491 5.41 208 507 5.95 198 586 8
Eu~TO3! 246 794 10.4 247 745 9.08 244 723 8.78 230 617 7
Eu~TO4! 611 812 1.77 590 759 1.65 581 737 1.61 554 674 1
1-5
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TABLE VII. Nonzero components of the electronic and the ionic dielectric tensors for Sr2TiO4 (e11 ,e22 ,e33). Experimental measure
ments on thin films~Ref. 8! and on ceramic samples~Refs. 4, 5 and 9! were conducted at room temperature except for † (T515 K!.

Experimental
Ref. 8 Ref. 9 Ref. 4 Ref. 5 ~a! ~b! ~c! ~d!

e` ~5.09,5.09,4.81! ~5.08,5.08,4.82! ~5.07,5.07,4.82! ~5.08,5.08,4.79!
e ionic ~42.8,42.8,12.5! ~52.6,52.6,11.9! ~57.3,57.3,12.2! ~74.7,74.7,14.2!
e0 ~48,48,17! ~58,58,17! ~62,62,17! ~80,80,19!
eaverage 4464 38 34, 37† 37 38 44 47 60
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separately identified in the ceramic sample of Burns. In
ramics, while the reststrahlen bands do not overlap
modes transforming as the same irreducible representa
theA2u modes can overlap theEu and vice versa. In fact, we
see that not only theA2u(TO2) mode, but also a secon
high-oscillator strength mode,Eu(TO4), not identified in the
measurements of Burns, lie in the middle of a wide re
strahlen band of the other symmetry type. As noted
Burns, this would undoubtedly complicate the interpretat
of the reflectivity spectrum and may explain why neither
these modes were identified.

D. Dielectric permittivity tensors

Here we present our calculation of the static dielec
permittivity tensore0 for the structures considered in Tab
II. By the symmetry of the Sr2TiO4 structure we see that th
tensors are diagonal and have two independent compon
along directions parallel to and perpendicular to the Ti2
layers. In Table VII we display the results of our calculatio
for these three tensors (e` , e ionic , ande0) for Sr2TiO4 un-
der the various structural constraints previously discus
~see the caption of Table II!. It can be seen that the stat
dielectric permittivity tensor is quite anisotropic, with th
in-plane components nearly three times as large as the c
ponent along@001#.

To improve our understanding of this anisotropy we e
amine the contribution toe ionic from individual phonon
modes. In Table VI we show the effective plasma frequen
Vp,m and the contribution to the static dielectric permittivi
for each IR-active phonon mode, equal toVp,m

2 /vm
2 . The

A2u and theEu modes contribute to the components ofe0
along directions perpendicular and parallel to the TiO2 lay-
ers, respectively. We see that the dominant mode contri
ing to the rather large anisotropy is theEu(TO1) mode,
while the largestVp,m is associated with theA2u(TO2)
mode. In fact, the effective plasma frequency of t
A2u(TO2) mode is;40% larger than that of theEu(TO1)
mode. The fact that the frequency of thisA2u(TO2) mode is
more than twice that of the softEu(TO1) mode explains its
relatively small contribution to the dielectric permittivity ten
sor.

Finally, to compare the calculated dielectric permittivi
tensors with the measured dielectric constant of the cera
samplese r , we compute an orientational averageeaverage of
our calculated results. From Table VII we see thateaverage
538 for the fully relaxed structure agrees quite well w
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e r534–38 measured by the various groups. The compar
with the thin-film results is more problematic and will b
discussed in the next section.

IV. DISCUSSION

In this section, we discuss the main features of theT50
dielectric response of Sr2TiO4 . We show that the anisotrop
and sensitivity to changes in the lattice constants thro
epitaxial strain and thermal expansion can be understood
relating the dielectric response of Sr2TiO4 to that of SrTiO3 .
Finally, we discuss the comparison of the results of our c
culations to available experimental data.

First, we consider the Born effective charges. In SrTiO3,
the anomolously large Born effective charges for Ti and
~Table VIII! can be directly linked to the presence of infini
Ti-O chains running in all three Cartesian directions.43,44 In
Sr2TiO4 the infinite Ti-O chains lying in the TiO2 planes are
preserved, while the Ti-O chains along@001# are broken into
short O-Ti-O segments by the relative shift of the Sr
terminated perovskite slabs@see Fig. 1~c!#. Correspondingly,
as can be seen in Table III, theZ* ’s in Sr2TiO4 for Ti and O
displacing along the infinite chains in the TiO2 layers,
Zyy* (Ti) @Zxx* (Ti) # and Zyy* (Oy)@Zxx* (Ox)#, are only slightly
smaller than those of SrTiO3.45 In contrast, the breaking o
the Ti-O chains into O-Ti-O segments along@001# has a dra-
matic effect on the anomalous component of the Ti and
Born effective charges for motion along the segment,Zzz* (Ti)
andZzz* (Oz), reducing them by over a factor of 2. While it i

TABLE VIII. The structural and dielectric properties of SrTiO3

calculated within present theory (63636 grid, 45 Hartree!.

Lattice constant phonons (cm21) vm Dem Vp,m

a53.846 Å T1u(TO1) 103 1275 153
Born effective charge T1u(TO2) 189 827 19.2
Z* (Ti) 57.26 T1u(TO3) 587 946 2.6
Z* (Sr)52.55 T1u(LO1) 166
Z* (O')522.04 T1u(LO2) 451
Z* (Oi)525.72 T1u(LO3) 822
Dielectric constant
e`56.2, e05181
Phonon eigenvector $jTi , jSr , jOi , jO' , jO'%
T1u(TO1) $20.14,20.51, 0.37, 0.54, 0.54%
T1u~TO2! $0.84,20.51,20.0220.12,20.12%
T1u~TO3! $0.10, 0.02,20.88, 0.33. 0.33%
1-6
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true that the local anisotropy caused by the somewhat la
Ti-Oz bond length compared with the Ti-Oy bond length will
also reduce the corresponding Born effective charges, th
a much weaker effect, as suggested by the following ca
lation. We fixed the Ti-Oz distance to that of the Ti-Oy bond
length of structure~b! ~where the in-plane plane lattice pa
rameter was fixed to the lattice constant of SrTiO3), creating
a structure whereby the Ti-O distances are equal in all th
cartesian directions. The Born effective charges along@001#
were found to increase compared with those of Table III~b!,
but only slightly @Zzz* (Ti) 55.29 andZzz* (Oz)523.80].

This reduction of the anomalous component of the B
effective charges is quite similar to the reduction of theZ* ’s
observed in BaTiO3 due to the ferroelectric transition. In
deed, Ghosezet al.37,46 found that Z* (Ti) 57.29 and
Z* (Oi)525.75 in cubic BaTiO3 while in the tetragonal
phase they foundZyy* (Ti) 56.94, Zyy* (Oy)525.53, Zzz* (Ti)
55.81, andZzz* (Oz)524.73. It was explained that this re
duction of theZ* ’s going from the cubic to the tetragona
phase resulted from the displacement of the Ti atom al
the ferroelectric axis, resulting in a series of long-short Ti
bonds thereby ‘‘breaking’’ the Ti-O chains.46 In Sr2TiO4 this
breaking of the Ti-O chains can be thought of as be
caused not by alternating Ti-O bond lengths along a gi
direction, but by the shift of the SrO-terminated SrTiO3
slabs, resulting in a SrO-SrO antiphase boundary perp
dicular to@001# as discussed in Sec. III A. Finally, this brea
ing of the chains in Sr2TiO4 is arguably a much ‘‘stronger’
effect than the cubic-to-tetragonal transition in BaTiO3, as
evidenced by the greater reduction of the Born effect
charges along@001#.

We now consider the frequencies and eigenvectors of
infrared active modes of the dynamical matrix. In Table V
it can be seen that the large in-plane response in Sr2TiO4 is
dominated by theEu~TO1! mode. This mode has displace
ments in the SrO-terminated perovskite slab, so that the
gitudinal nearest neighbors of each atom are arranged a
SrTiO3. The primary difference is in the atomic arrang
ments and transverse force constants between atoms in
cent slabs. As a result, the frequency is low, though no
low as that of theT1u~TO1! mode in SrTiO3. The relation-
ship of thisEu~TO1! mode in Sr2TiO4 to theT1u~TO1! mode
in SrTiO3 is further evidenced by its similar high sensitivi
to the lattice constant.47,48With the change ina from 3.822 Å
@case~a!# to 3.88 Å@case~d!#, the mode significantly softens
leading to an increase in the in-plane component of the
electric tensor by over a factor of two.

In contrast, theA2u TO modes involve displacements o
of the perovskite slab, so that the longitudinal nearest ne
bor arrangements of the Sr and Oz atoms are distinct from
those in SrTiO3 . As a result, these modes are much mo
affected than theEu TO modes by the change in structu
relative to SrTiO3. There is no mode with very low fre
quency, and the mode-by-mode contributions to the dielec
tensor, even that of theA2u ~TO2! mode with its large oscil-
lator strength, are modest. As can be seen from Table
these modes are rather insensitive to the in-plane lattice
stant, with a corresponding constancy ine33 .
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These observations should generalize, at least semiq
titatively, to higher RP phases~with n.1) of Sr-Ti-O. For
instance, the anomalous contribution to the Born effect
charge tensors of Ti and of O along directions parallel to
O-Ti-O segment should increase withn, but always be lower
than those along the infinite chains. As the perovskite sl
get thicker, the ‘‘surface’’ effects on the eigenmodes due
the different enviroments of the Sr and O atoms in the ou
layer should decrease. The low-frequency in-plane mo
should increasingly resemble those of SrTiO3 . Most signifi-
cantly, the frequencies of the lowestA2u modes should de-
crease, the result being that the overall anisotropy will
crease and reach the isotropic limit asn→`. Because
structural modifications to the internal parameters~u8, v, and
dSrO!, in addition to changes in lattice parameters~a andc!,
are to be expected with structures of increasingn, the ques-
tion of how exactly these quantities change withn cannot be
answered without full first-principles calculations on high
RP structures.49 Similar considerations should apply for oth
titanate perovskite-related materials, and could be used in
theoretical design of new dielectric materials.

Anisotropy of the dielectric tensor has not been pre
ously experimentally determined in Sr2TiO4, though mea-
surements have been carried out for single crystals of th
isostructural oxides CaYAlO4 , CaNdAlO4, and LaSrAlO4.50

For all three, the anisotropy is very small~for LaSrAlO4, the
out-of-plane component of the dielectric tensor,e33520.02,
is in fact slightly greater than the in-plane componente11
5e22516.81). These values are similar to that of the out-
plane component of the dielectric tensor of Sr2TiO4. The
large anisotropy in Sr2TiO4 is thus seen to arise from th
SrTiO3-related low-frequency in-plane mode, highlightin
the unique physics of the mixed covalent-ionic Ti-O bondi
in the titanate perovskites.

The anisotropy of the dielectric tensor is an importa
factor to be taken into consideration when comparing
computed dielectric response with experiment, and, inde
in correctly interpreting experimental measurements. For
ramics, anisotropy of the single-crystal response can giv
range of values for the measured dielectric response, dep
ing on the size, shape, and interaction of the grains. In
single-crystal films, the anisotropy complicates the interp
tation of the microwave microscope method of determin
the dielectric response. The effective dielectric constant
tained by this technique is in fact an average of the dielec
tensor components determined by the field distribution n
the probe, which is itself determined by the anisotropic
electric response. While an exact value requires deta
modeling of the field configuration, the expectation is th
the measured value should be an average weighted in f
of the high dielectric response components. Thus the va
ee f f544 obtained by Haeni8 is not e33, but is a weighted
average of the three components, in accordance with
calculations. The agreement of thisee f f with the low-
frequency electronic measurement is apparently coinciden
The latter measurement determinese33, but at low frequen-
cies it is not unusual for additional extrinsic contributions
raise the value of the dielectric response.
1-7
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V. SUMMARY

We have investigated the structural and dielectric prop
ties of Sr2TiO4, the first member of the Srn11TinO3n11
Ruddlesden-Popper series, within density-functional the
Density-functional perturbation theory was used to comp
the zone-center phonon frequencies, Born effective char
and the electronic dielectric permittivity tensor. The stru
tural parameters and computed properties generally com
favorably with available experimental and previous theor
cal results.

Our calculation of the static dielectric tensor of Sr2TiO4
from the above data provides valuable information about
anisotropy of the response. This anisotropy is key to in
preting the available experimental data on the dielectric
ric
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sponse of ceramic and thin-film samples. The anisotropy
this system is seen to arise from a low-frequency in-pla
mode closely related to that in SrTiO3 . This picture should
generalize to the higher RP phases of Sr-Ti-O as well
other titanate perovskite-related materials, and could be
ful in tailoring the dielectric response of this class of ma
rials.
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