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An n=7 Aurivillius phase, Sr4Bi4Ti7O24, with c=6.44 nm, was synthesized as an epitaxial

�001�-oriented film. This phase and its purity were confirmed by x-ray diffraction and transmission

electron microscopy. The material is ferroelectric, with a Pr=5.3 �C /cm2 oriented in the �001�
plane and a paraelectric-to-ferroelectric transition temperature of TC=324 K. Some indications of

relaxorlike behavior are observed. Such behavior is out of character for Srn−1Bi2TinO3n+3 Aurivillius

phases and is closer to the bulk behavior of doped SrTiO3, implying a spatial limit to the elastic

interlayer interactions in these layered oxides. A finite-element solution to the interpretation of data

from interdigitated capacitors on thin films is also described. © 2010 American Institute of Physics.

�doi:10.1063/1.3273388�

I. INTRODUCTION

Many recent discoveries of striking electromagnetic ma-

terial phenomena have been made in layered perovskite ox-

ides, including colossal magnetoresistance,
1

nearly fatigue-

free ferroelectricity,
2

natural multiferroic nanocomposites,
3

thermoelectricity,
4

and high-TC superconductivity,
5

enabling

new devices such as nonvolatile computer memories. Lay-

ered perovskite oxides also serve as model material systems

for the study of diminishing interactions between structural

layers and as pseudo-two-dimensional systems.
6,7

The seem-

ingly inexhaustible variety of layering schema provides a

wealth of complex behaviors that will doubtless provide

many more surprising discoveries.

Unfortunately, experimental access to a great number of

layered oxides is blocked by thermodynamics, especially to

those with large layering periods. The difference in forma-

tion enthalpy between different layering orders of similar

composition is too subtle to stabilize one phase relative to

others, at least by conventional solid state methods.
8–41

The result is a diminishingly small thermodynamic driv-

ing force for formation of any individual phase, resulting in a

high degree of intergrowths in bulk-processed samples. In-

deed, if the enthalpy of a single n phase and a mixture of

different-n intergrowths are sufficiently equivalent, the free

energy of formation for the mixture will be lower, due to its

greater configurational entropy.
42

Some success in overcoming this barrier has been re-

ported for synthesis of layered oxide films via sequential

physical deposition techniques �e.g., molecular-beam epi-

taxy�, in which both layer charge and the intermittent deliv-

ery of adatoms of high sticking coefficient are used to con-

trol phase formation.
43–47

This approach is generally not

feasible for the synthesis of Aurivillius phases �defined be-

low�, however, due to the nonzero electronic charge of indi-

vidual atomic layers. Success has been reported for

Bi4Ti3O12, which crystallizes in charge-neutral formula

units,
43

but success via this route with larger unit-celled ma-

terials remains elusive.

The disparity in the charge of atomic layers can be ex-

ploited with epitaxial codeposition growth techniques, such

as pulsed laser deposition �PLD�, to yield layer ordering me-

diated by this charge. Compositions can be chosen to exploit

the natural tendency to minimize electronic surface-charge

and to impose a particular layer order during growth of a thin

film, to force the crystallization of material to occur in a

particular order by tailoring composition to result in large

electronically neutral structural units. This breakthrough in

the formulation and charge-mediated synthesis of layered ox-

ides enables the growth of new phases having much larger

periods than previously achieved by any synthesis technique.

In this paper, we describe the synthesis of a very-large-

period layered oxide of the Aurivillius type, Sr4Bi4Ti7O24.

The phase purity, microstructure, and electronic polarization

behavior along multiple axes are reported. An analytical so-

lution for the capacitance of interdigitated capacitors �IDCs�
is also reported as used to derive the dielectric constant and

remanent polarization of the material. The solution provides

a means for interpreting electrical measurement results for

ferroelectric films having similar geometry and thickness.
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II. CHARGE-MEDIATED SYNTHESIS

Sr4Bi4Ti7O24 is an n=7 member of the Aurivillius ho-

mologous series of layered oxides, which consist of pyrami-

dal Bi2O2
2+ layers alternating with n number of ABO3

perovskite-type units. The structure at the growth tempera-

ture is shown schematically in Fig. 1�a�, where n is an inte-

ger, A=Sr, Ba, Pb, or Bi, and B is a transition metal, with the

chemical formula Bi2An−1BnO3n+3. Elastic interactions have

been suggested to be responsible for the stabilization of Au-

rivillius phases,
48

based on the observed basal dimension of

square-pyramidal Bi2O2
2+ versus equivalent Bi–O bonding

in unconstrained perovskite and bismuth oxide,
49

implying a

limit to the spatial extent of this strain interaction. This in

turn implies that an Aurivillius phase with sufficiently thick

perovskite slabs may exhibit polarization behavior divergent

from that of the lower-n members.

Formation of the target phase is encouraged by choosing

a stoichiometry which crystallizes in large charge-neutral

formula units, adding a strong surface-charge component to

the energetics of formation where the free energy of different

structures of similar composition is otherwise degenerate.

This charge-mediated synthesis requires the selection of con-

stituents having similar coordination chemistry but different

charges, leading to minimum charge-neutral crystal units.

The example of the n=3 Aurivillius phase, Bi4Ti3O12, is

shown in Fig. 1�b�, with the composition and formal charge

of the individual atomic layers indicated. In this case, both

Sr2+ and Bi3+ can occupy the eight-coordinated A-site of the

structure, with Ti4+ on the B-sites. This leads to a minimum

charge-neutral crystal unit of Bi4Ti2O10 �indicated by braces�
and a single TiO2 lying between layers. Using this unit as the

basis for an Aurivillius subseries with the formula

Bi4Ti3O12 ·m�SrTiO3�, where m=n−3, it is clear that addi-

tional SrTiO3 units can be inserted while maintaining charge

neutrality. Charge screening in layered oxides requires sev-

eral atomic layers;
50

thus a limited number of SrTiO3 units

can be inserted into a structure, four in the phase reported

here, while still maintaining charge stabilization of the phase

of interest. Additionally, as a charge-neutral structural unit

forms, the local adatom chemistry modulates strongly, pro-

viding further chemical stabilization. A similar mechanism

has been described for geologic formation of kaolinite.
51

It

should be noted that the approach is not applicable to all

layered oxides. For example, every atomic layer of the

Sr3Ru2O7 shown in Fig. 1�c� is charge neutral, so the mini-

mum unit is a subformula unit, a single atomic layer, thus

providing no surface-charge driving force for stabilization of

a particular layer order, and indeed most attempts to synthe-

size higher-n phases consisting of charge-neutral layers suf-

fer intergrowth issues.
10–41

III. EXPERIMENT

We grew c-axis oriented films of Sr4Bi4Ti7O24 on

SrTiO3 �001�, LaAlO3 �001�c, and SrRuO3�001�c /

SrTiO3�001� by PLD �Ref. 52� using a KrF excimer laser,

�=248 nm, from a Sr4Bi4.6Ti7O24 target, pO2+O3

=90 mTorr, 10 000 pulses, with a substrate temperature of

780–820 °C. Films were quenched immediately after

growth in the same atmosphere by dropping them onto the

water-cooled walls of the PLD chamber. X-ray diffraction

�XRD� characterization was performed using a Picker four-

circle x-ray diffractometer using Cu K� radiation and a

graphite monochromator. The chemical composition and

structural perfection of the films were investigated by means

of Rutherford backscattering �RBS� and channeling using 1.4

MeV He+ ions. Atomic force microscopy �AFM� imaging

was performed in tapping mode. Transmission electron mi-

croscopy �TEM� sample preparation was by standard sand-

wiching and sectioning �for cross sections�, and dimple

grinding and argon ion milling techniques, using 4.5 kV at

4°–7° for �100� and �110� cross sections and 4.5 kV at 17°

incidence and cooling to −180 °C for �001� samples.

In-plane electrical measurements were performed using

Au/Cr IDCs on a Sr4Bi4Ti7O24�001� /LaAlO3�001�c film 207

FIG. 1. �Color online� �a� The Aurivillius homologous series of phases,

typically written Bi2An−1BnO3n+3 but here denoted as Bi4Ti3O12 ·mSrTiO3

where m=n−3, consists of alternating Bi2O2
2+ pyramidal layers and n per-

ovskite slab layers. �b� Layer-to-layer charge disparity can stabilize Auriv-

illius phases in the absence of bulk thermodynamic stability, in contrast to

�c� Ruddlesden–Popper phases, with charge-neutral layers. �Charge labels

do not imply structural units of crystallization.�
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nm thick, as measured by TEM examination of a nearby

region, with devices carefully chosen to lie in regions free of

significant thickness gradients, as evidenced by nonvarying

optical interference fringes. Measurements were made on

IDCs with the in-plane field orientation aligned to the �100�,
�110�, and �120� orthorhombic axes of Sr4Bi4Ti7O24.

Surface-normal measurements were performed using circular

platinum pads on a 225 nm film on a bottom electrode,

SrRuO3�001�c /SrTiO3�001�, and measured directly under the

electrode by sectioning after characterization. The two

Sr4Bi4Ti7O24 films used for electrical measurements, one

with and one without a bottom electrode, were deposited

under nearly identical conditions to minimize rocking curve

widths, and are considered otherwise identical. Indices are

based on an orthorhombic cell with dimensions a�b
�0.55 nm and c=6.44 nm, and do not imply the existence

or a particular degree of 90° domain switching.

Electronic characterization was performed using

computer-controlled impedance analysis and pulse processor

data acquisition systems with a Joule–Thompson cooling

stage. Samples were poled at �315 kV /cm for 3 min at 100

K prior to ferroelectric polarization versus temperature mea-

surements. Through-thickness electrical capacitance data

were scaled by calibrated optical measurement of the pad

size. Remanent polarization was determined based on charge

retention in pulse processor measurements and the effective

area of the IDC calculated from the definition of capacitance,

using an �r versus C relation generated from the analytical

solution of the IDC data �Sec. IV C�. In-plane Q versus E
plots are the average of 30 data collections each, to compen-

sate for noise intrinsic to the high-voltage measurement

setup.

IV. RESULTS AND DISCUSSION

A. Microstructural characterization

XRD measurements of the samples prepared for this

work are in agreement with an n=7 Aurivillius phase. The

�-2� scan of a Sr4Bi4Ti7O24�001� /SrTiO3�001� film is

shown in Fig. 2�a�, with c=6.44 nm. High crystallinity is

implied by peak sharpness, the absence of peak splitting,
53

and the absence of diminished peak heights at low 2�. Films

are epitaxial with minimal texturing, shown in Fig. 2�b� by

the 1013 �-scan �FWHM=1.0°�, FWHM �full width at half-

maximum� and in Fig. 2�c� by the 0032 rocking curve

�FWHM=0.03°� of the same film. The orientation relation-

ship is Sr4Bi4Ti7O24�001� 	SrTiO3�001� and

Sr4Bi4Ti7O24�100� 	SrTiO3�110�. Films on other substrates

exhibit similar crystallinity and orientation. RBS analysis of

a sister film grown on SrTiO3 �001�, Fig. 3, shows it to be

stoichiometric to Sr4Bi4Ti7O24 within the experimental error,

and minimum RBS channeling yields of �min,Bi=8% and

�min,Sr=4% for the bismuth and strontium peaks.

FIG. 2. �Color online� XRD analysis indicates a phase-pure epitaxial Sr4Bi4Ti7O24 film. �a� �-2� scans indicate a 6.44 nm c-axis lattice parameter, and �b� a

�-scan of the 1013 peak and �c� an �-scan �rocking curve� of the 0032 peak indicate high crystalline quality, with FWHMs of 1.0° and 0.03°, respectively.
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XRD identification based on �-2� 00� reflection posi-

tions alone is insufficient to support claims of growth due to

the technique’s insensitivity to local disorder, although an

absence of low-order 00� reflections can be an indication of

intergrowths, for example, as seen in randomly intergrown

Bi4Ti3O12–BaBi4Ti4O15 �n=3 and 4� crystals.
54

Further-

more, inclined planar defects of sufficient density may shift

the apparent fundamental period of a superlattice when

probed by bulk methods such as XRD.
53

Structural sampling

at the atomic scale is necessary for conclusive phase identi-

fication, such as by high-resolution transmission electron mi-

croscopy �HRTEM�. The highest-n Aurivillius phase previ-

ously reported and confirmed is the n=6 material

Bi7Ti3Fe3O21.
55

All preparations following the stoichiometry

of higher-n Aurivillius phases have been shown to consist of

intergrowths of two or more n members of the series upon

examination by TEM, frequently as semiordered syntactic

intergrowths of n /2 and n /2−1 members.
48

No n	6 Auriv-

illius phase has ever been confirmed.

Mixed-n Aurivillius phases
56,57

can also masquerade in

XRD scans as higher-n phases, due to an algebraic artifact of

the Aurivillius series of phases. Regions consisting of alter-

nating mixed-n half-cells give rise to peaks in �-2� XRD

scans that can be inadvertently attributed to a higher-n mem-

ber with a similar lattice parameter. The dimensions of ABO3

perovskite layers �denoted as cP� and of Bi2O2
2+ layers �de-

noted as cB� are �0.4 and �0.45 nm, respectively, so the

long cell dimension c of a given-n Aurivillius phase can be

approximated by cn=2ncP+2cB. The misidentification risk is

therefore clear, as cn�cn/2+c�n/2�−1 for even n and similarly

as cn�c��n+1�/2�+c��n−3�/2� for odd-n.

Proper identification is further complicated by minor

variations in c with variations in synthesis conditions

and defect structure. For example, x-ray data indicating a c
of �7.4 nm is sometimes attributed to n=8 �c8,theor

�7.3 nm�,58
but every case that has been submitted to HR-

TEM examination has revealed the material to be an

intergrowth,
14

frequently of n=3 and 4 �c3+c4�7.4 nm�,
sometimes ordered over distances of 100 nm or more.

16,17

Similar cases for n=6 and 10 exist.
59,60

These syntactic in-

tergrowths exhibit qualitatively different crystallographic

symmetry from that of the pure-n phases
61

and have different

distributions of atomic site types leading to significantly dif-

ferent electronic behaviors, so it is critical for fundamental

studies to distinguish which phase is present. High densities

of out-of-phase boundaries �OPBs� can also confound proper

indexing in layered phases with large repeat distances.
53

Cross-section HRTEM examination of a film grown on

LaAlO3 �001�c, Fig. 4�a�, indicates a 6.4 nm unit cell, cor-

roborating the successful synthesis of an n=7 Aurivillius

phase, Sr4Bi4Ti7O24. A HRTEM phase-contrast image of a

single unit-cell thickness is shown in Fig. 4�b�, along with a

schematic of the structure. Electron diffraction analysis along

the �100�, �110�, and �001� zone axes of a sister film grown

on SrTiO3 �001�, shown in Fig. 4�c�, further confirm a

single-phase film of Sr4Bi4Ti7O24. Although an orthorhombic

B2cb �or monoclinic Pc� symmetry is expected,
62

the ob-

served material appears to be tetragonal, with no discernible

distortion at room temperature. This difference is explained

by the temperature-dependent electrical measurements, de-

scribed in Sec. IV B.

The cross-section TEM image of the full film thickness

in Fig. 4�d� shows a relatively low density of OPBs

��34 /�m in the plane of the film� common in Aurivillius

films,
14,53

extending through the film thickness. Features that

appear to be bending of Bi2O2
2+ layers are visible, but closer

examination reveals them to be closely associated stairlike

series of OPBs across which the perovskite slabs are coher-

ent, but with Bi2O2
2+ layers successively sheared along c by

a single perovskite subunit at each OPB.
53

These stair-step

features have been reported previously in the n=5 Aurivillius

phase Ba2Bi4Ti5O18, in both bulk
14

and thin film
63

forms,

and in the n=6 Sr3Bi4Ti6O21.
64

Their atomic structure has

been predicted to consist of the insertion of either an extra

perovskite subunit
14

or an extra Bi2O2
2+ double layer.

63
Tak-

ing charge balance into consideration, we propose that con-

secutive Bi2O2
2+ layers would be energetically unfavorable

in comparison to the local insertion of an extra perovskite

subunit on either side of the step, perhaps composed of

SrTiO3, with a 0 charge and negligible contribution to non-

stoichiometry. Ordered arrays of such defects are the basis

for the related “collapsed” structures,
65

many derived from

the Aurivillius prototype. Steps in the film surface �1 /2 unit

cell in height ��3.2 nm� are visible in Fig. 4�d�, and by

AFM, shown in Fig. 5, which also reveals growth spirals

emanating from screw dislocations �or dislocations with a

screw component�66,67
with an apparent Burgers vector of

b�6.4 nm.

B. Electrical behavior

Permittivity ��� versus temperature behavior of

Sr4Bi4Ti7O24 along the �100�, �110�, and �001� �orthorhom-

bic axes� of the ferroelectric phase are shown in Fig. 6�a�,
measured on the same film used for the TEM imaging in Sec.

IV A, and on the sister film grown on a SrRuO3 bottom

electrode. Indices are based on an orthorhombic cell, and do

not imply the existence or a particular degree of 90° domain

FIG. 3. �Color online� RBS analysis of a sister Sr4Bi4Ti7O24 film deposited

under identical conditions on a SrTiO3 �001� substrate, showing a stoichio-

metric composition and high film quality, with �min,Bi=8% and �min,Sr=4%.
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switching. The Curie point is 324 K at 10 kHz, which ex-

plains the apparent tetragonal symmetry observed by elec-

tron diffraction described above, considering that the elec-

tron beam heats a specimen by several tens of degrees above

room temperature. Relaxorlike dielectric behavior is seen in

the plane of the layering, characterized by a broadening of

the transition and a frequency dispersion of the dielectric

response. Vogel–Fulcher analysis was inconclusive due to

the limited frequency range of our equipment setup. Out-of-

plane dielectric behavior is linear with a low �, in the lower

region of the plot.

The TC of Sr4Bi4Ti7O24 is on trend with other values

reported for this family of Bi4Ti3O12 ·m�SrTiO3�

materials,
68,69

shown in Fig. 6�b�. The emergence of relaxor-

like behavior may indicate that some SrTiO3 units in the

perovskite slab exhibit similar behavior to bulk SrTiO3, in-

dicating that the spatial limits of interlayer interaction in a

layered complex oxide may be reached in this phase. Simi-

larly, studies of Bi4Ti3O12 ·mPbTiO3 �m=0–3� showed the

appearance of clear relaxor behavior in m=2 and 3

compositions.
70

Bulk SrTiO3 is an incipient ferroelectric,

with an increased dielectric constant, but no ferroelectric

transition down to 0 K. Relaxor behavior has not been re-

ported for these Bi2O2�Srn−1TinO3n+1� Aurivillius materials,

which are reported to exhibit sharp transitions without fre-

FIG. 4. �Color online� TEM analysis confirms the successful synthesis of phase-pure Sr4Bi4Ti7O24. �a� Cross-section HRTEM image demonstrating a

single-phase Sr4Bi4Ti7O24 film. The horizontal dark bands of contrast correspond to the Bi2O2
2+ layers. �b� HRTEM image of a single unit cell and

corresponding schematic of the crystal structure. �c� Electron diffraction patterns taken along the three principal crystal axes. �d� Cross-section TEM of the full

film thickness shows regular spacing through the film thickness. A low density of OPB defects, many dissociated over several nanometers in the ab plane, is

apparent.
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quency dispersion, such as the n=4 SrBi4Ti4O12 �Ref. 71�
and the n=6 Sr3Bi4Ti6O21.

72
Double-substituted �simulta-

neous A and B� Aurivillius phases also reportedly exhibit

relaxor-type behavior, but these are all essentially aliov-

alently substituted,
70,73,74

or are different phases altogether.
75

In bulk SrTiO3, bismuth or calcium doping is known to in-

duce relaxorlike behavior.
76,77

Although relaxor behavior is

reported for lower-n members of both Ba- and Pb-based Au-

rivillius systems,
68

the 2+ valence of these cations versus the

3+ of bismuth may limit the spatial modulation of the ion-

ization state of the other cations, which can itself lead to

relaxorlike behavior.

Charge versus electrical field measurements also indicate

electrical behavior out of character with other

Bi2Srn−1TinO3n+3 Aurivillius phases. Odd-n Aurivillius

phases are predicted to exhibit orthorhombic B2cb �or mono-

clinic Pm� symmetry,
62

and therefore may have a polar axis

in the a-c plane, and thus may have a component of polar-

ization along c. But, in this Sr4Bi4Ti7O24 film, linear dielec-

tric behavior along c is observed. Piezoresponse microscopy

measurements up to 440 kV/cm along �001� �not shown�,
and charge-retention measurements up to 3000 kV/cm along

�001�, Fig. 7, show no evidence of any ferroelectric rema-

nence along c. Any remanence would be entirely in the �001�
plane.

The in-plane charge-retention measurements collected

along the �100� and �110� axes are also shown in Fig. 7.

In-plane remanent polarization is 5.2 �C /cm2 along �100�,
and 4.1 �C /cm2 along �110�. The inset of Fig. 7 shows the

same data, rescaled with the relatively large �linear� dielec-

tric contribution subtracted, to show clearly to the eye that

the ferroelectric polarization loops have low loss. Further

measurements, such as low-temperature electron diffraction

analysis, are expected to clarify issues of symmetry and

hence the polar axis. Pr versus T measurements which were

not possible due to noise of the high fields necessary with

our electrode geometry, would also be informative.

The axis of polarization was determined to lie 9.7° from

�100� about �001� by vector projection analysis of the � or Pr

values measured along the �100�, �110�, and �120� �not

shown� axes. The values for the � and Pr values of all three

orientations differ by 
2.3% from the vector-averaged

value. This is in contrast to the case where a �100� axis is

assumed, which would result in an �17% disagreement be-

tween �100� and �110� measurements of both �r and Pr.

From a symmetry perspective, such a direction for the

spontaneous polarization is inconsistent with the expected

space group B2cb �or Bm�.62,78
A possible explanation is that

90° domains exist in the Sr4Bi4Ti7O24 films and that the ap-

plied electric field used in the measurements was sufficient to

switch 180° domains but not the 90° domains. As the films

are grown at a substrate temperature well above TC, 90° do-

mains are expected to form on cooling through TC. Different

populations of domains along �100� versus �010� in combi-

nation with insufficiently high electric field to switch the 90°

domains could lead to what looks like a polarization inclined

from the �100� axis.

FIG. 5. �Color online� AFM image of the surface of the Sr4Bi4Ti7O24 film,

showing growth spirals emanating from dislocations with screw component

on the surface with formula-unit steps 3.2 nm in height.

FIG. 6. �Color online� �a� Impedance analysis shows some indications of

relaxorlike behavior in-plane �10, 100, and 1000 kHz� and a TC=324 K in

this dielectric constant vs temperature plot. �b� TC vs m for

Bi4Ti3O12 ·m�SrTiO3� phases. Prior data are taken from Refs. 68 and 69.

Bulk SrTiO3 has no ferroelectric transition down to 0 K.
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C. Interpretation of IDC data

Interpretation of IDC capacitance measurements of thin

films is complicated by fringing fields and the differential

penetration of the electric field through layers of different

dielectric constants. The system cannot be described by a

simple approximation to a parallel plate capacitor. Reported

approaches to deriving permittivity from experimental data

were evaluated for applicability to the system under study

but were found to be insufficient. A finite-element model of

the system was developed and assessed in relation to previ-

ous approaches. A schematic of the IDC used in this work is

shown in Fig. 8, with the relevant dimensions of finger spac-

ing s, finger width d, and finger length L labeled, and a

number of fingers N of 48 and film thickness h. Previous

approaches have focused on empirical or analytical solutions

to the problem of the capacitance of a periodic two-

dimensional electrode pattern on a dielectric slab. The ap-

proach of Farnell derives empirical formulas based on a fit of

results of numerical simulations of the capacitance of two

parallel metallic strips patterned on a two-layer substrate.
79

These results are valid for an IDC on an infinite dielectric

slab and therefore not directly applicable to a thin film on a

dielectric substrate.

A partial capacitance approach is valid for this structure

and was taken by both Gevorgian
80

and Vendik et al.,81
as an

approximation enabled by a large difference in dielectric

constant between the ferroelectric layer and the dielectric

substrate. There are three contributions to the capacitance of

the structure; air, film, and substrate. The measured capaci-

tance takes the form

Cmeasured = Cad + K · �� f − �s� , �1�

where � f ��s are the dielectric constants of the ferroelectric

and substrate, respectively, Cad is the contribution of the air

and substrate to the total capacitance of the IDC, and K is a

proportionality factor with units of picofarad. The formula

yields the dielectric constant of the ferroelectric

� f = �s +
Cmeasured

K
−

Cad

K
. �2�

The method of Gevorgian et al.80
employs a conformal map-

ping technique to calculate an analytical solution to the ca-

pacitance of an electrode pattern on a two-layered substrate,

with a correction for the finite number of fingers and their

finite length. It provides solutions for several cases, but they

point out that its validity does not extend to cases for which

h�d �t�d in their notation�.80
The method of Vendik et al.81

also employs a conformal mapping technique to analytically

calculate the mutual capacitance of two metallic strips pat-

terned on a two-layered substrate,
81

and is further developed

by numerical methods,
82

multiplied by the number of gaps in

the IDC, Nslots=N−1. This approach may be inaccurate as it

does not explicitly take into account the periodicity of the

electrode pattern. It is unclear why the approach yields the

results divergent from our and the other approaches, al-

though it is clearly not due to the finite number of fingers or

their finite length, which, for our electrode configuration, in-

fluence the capacitance on the level of 0.1 pF. The calculated

values for Cad are also summarized in Table I.

Results for K obtained using Refs. 80 and 81 are essen-

tially identical. The result obtained according to Ref. 79 dif-

fers by �10%. We believe that this latter result is less accu-

rate because small h /s was not especially considered, and in

our case this ratio is about 0.02.

We have treated this problem with a finite-element

model developed in FEMLAB/MATLAB using the partial ca-

pacitance approach to analyze the capacitance data of the

FIG. 7. �Color online� Charge vs electrical field measurements reveal ferro-

electric behavior in-plane appreciably below TC at 100 K �solid lines� and

only slight nonlinearity above TC �dashed lines�, which is still in the transi-

tion region due to the broadness of the transition. The inset shows the same

data scaled to remove the relatively high linear dielectric contribution to

show to the eye a ferroelectric polarization loop with low loss.

FIG. 8. Schematics of the IDC modeled for this study. �a� Overview and �b�
detail, showing variables and dimensions in microns.
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experiment to determine the dielectric permittivity of the

film. The � of the LaAlO3 substrate varies by 
1% over the

temperature range of interest.
83

We use a value of K
= �9�0.5��10−3 for the considered electrode structure, with

an accuracy about 5%, and Cad=4.8�0.1 pF as the average

of the results obtained with numerical analyses of the peri-

odic domain pattern. Thus, �f can be calculated from Eq. �1�.
The inaccuracy in the additional capacitance �Cad=0.1 pF

leads to an inaccuracy of the calculated value of the permit-

tivity of the ferroelectric ��f=�Cad /K�10. Note that this is

a systematic error in the absolute value of �f, which does not

affect the shape of the curve �f�T� and the position of its

maximum. The accuracy of the calculation of �f is 5%.

Figure 9�a� shows a comparison of the results of the

different models as applied to our IDC, with results for �f

differing by �13%. The results of our calculations can also

be used for conversion of measured capacitance to dielectric

constant for films of similar thickness on the same substrate,

LaAlO3, with a conversion of �=72464, C−291.22. This is

considered valid for identical test structures on films of simi-

lar thickness �210 nm� but presumably can be scaled by the

thickness function F described in a numerical study of

IDC.
84

The relation is also considered valid for films having

capacitance in the range from 2 to 20 pF. Efforts to expand

the method to include other substrate materials are underway.

V. CONCLUSIONS

Charge-mediated synthesis was used to formulate a

high-n Aurivillius phase, synthesized by PLD, and confirmed

by diffraction and microscopic analysis, including phase-

pure synthesis of an Aurivillius phase with the largest lattice

period ever reported. It is hypothesized that epitaxial con-

straint, which stabilizes the �001� orientation, further contrib-

utes to the stabilization by forcing non-charge-neutral layers

to form in sequence along c �perpendicular to the Bi2O2
2+

sheets�. Sr4Bi4Ti7O24 exhibits electronic behaviors divergent

from other members of the same composition series: indica-

tions of relaxorlike behavior, an apparent lack of a compo-

nent of polarization along c, and a potentially different sym-

metry. It is anticipated that successful synthesis of

subsequent series members will yield further insight into the

spatial extent of interlayer interactions in layered perovskite

complex oxides.
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