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Size effect in Mn2¿-doped BaTiO3 nanopowders observed by electron paramagnetic resonance
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H.-J. Gläsel and E. Hartmann
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Barium titanate (BaTiO3) ultrafine powders have been prepared from a monomeric metallo-organic precur-
sor through combined solid-state polymerization and pyrolysis. This particular preparation route enables an
adjustment of the mean particle size in a wide range from a few nanometers up to micrometer size by choosing
an appropriate reaction temperature and tempering atmosphere. Doping by paramagnetic probe ions such as
Mn21 is readily done by adding the corresponding metal acetates. The ultrafine doped BaTiO3 powder samples
with an average grain size varying from 15 nm to 155 nm were studied by x-ray diffraction~XRD! and electron
paramagnetic resonance~EPR! techniques, taking EPR spectra in theX ~9.5 GHz!, Q ~34.2 GHz!, andW ~94.1
GHz! frequency bands. The determined quantities such as grain size, unit cell deformationc/a21, the axial
fine structure parameterD, the distribution widthDD of the latter, and the EPR intensity ratio of cubic and
tetragonal MnTi

21 sites are used to develop a more comprehensive insight into small particles. Sufficiently large
crystallites consist of a regular ferroelectric core with a tetragonality gradient towards the outer surface range,
surrounded by a peripheral particle layer with strongly distorted translational symmetry. In particles smaller
than about 40 nm the regular core no longer exists at room temperature. EPR spectroscopy along with
second-harmonic generation and Raman measurements at room temperature reveals the occurrence of a locally
acentric structure in very small particles whereas XRD measurements can only indicate an averaged cubic
structure. In agreement with findings in the literature, the presented results give evidence of a regular grain core
undergoing a size-driven transition into the paraelectric phase, and they lay stress on a heavily distorted surface
layer which does not participate in this transition. The size-driven transition is considerably smeared out by the
grain-size distribution. Thus, application of Landau theory to a particular BaTiO3 particle brings out a critical
size of about 50 nm at room temperature whereas in the size-distributed nanopowder a considerably lower
mean size (;25 nm) represents the effective threshold for the size-driven transition into the paraelectric phase.
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I. INTRODUCTION

Since the 1950s, continuous studies of size effects
ferroelectric properties of barium titanate (BaTiO3) have ex-
perienced great impetus~Ref. 1 and references cited therein!.
Curie temperature, electrical polarization, coercive fie
switching time, etc., potentially depend on particle size
more generally, correlation length.2 Thus, the purity of the
sample material attains great importance in investigation
size effects. The availability of high-quality ferroelectric fin
powders is a prerequisite for preparing optimized technolo
cally promising ferroelectric polymer-ceramic compos
films offering both high dielectric permittivity and low
losses.3 Recent thermal wave measurements on such fe
electric polymeric composite films4,5 brought out a rather
complex electrical poling and switching behavior whi
turned out to critically depend on the mean size of the
ramic powder component. Thus, investigating size effects
ferroelectric properties on an extended methodical scale i
addition to basic interest, also of significant practical imp
tance.

So far, a temperature shift of the tetragonal-to-cubic ph
transition has been considered by theory,6,7 as a particular
size effect due to the depolarization effect and the inhom
geneous distribution of polarization within the small pa
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ticles. The critical size at which polarization disappears
still under controversial discussion. A study of the crys
structure dependence on the size of BaTiO3 particles re-
vealed a critical size magnitude of approximately 120 nm
room temperature.8 Moreover, knowledge about the real la
tice structure of nanocrystalline BaTiO3 particles is still in-
sufficient. Thus, in x-ray diffraction~XRD! investigations of
BaTiO3 nanopowders at room temperature, Takeuchiet al.9

were faced with the coexistence of tetragonal and cu
phases. The latter was supposed to occur in a surface lay
the BaTiO3 grains, thus gaining prevalence with decreas
particle size. On the other hand, in accordance with Niepc
model,10 one expects a gradual change in tetragonality in
surface region, and the deformation (c/a21) of the unit cell
should continuously decrease from a definite bulk value
zero at the very surface, thus precluding an assignmen
definite lattice parameters to BaTiO3 nanocrystallites. The
XRD technique is based on coherent scattering at exten
crystallographic planes and is therefore insensitive to su
structural short-range changes in BaTiO3 nanocrystallites.
However, magnetic resonance methods, among them e
tron paramagnetic resonance~EPR!, can sensitively probe
small changes in the local symmetry at the particular cry
sites.

The Mn21 ion ~with free-ionic ground state6S5/2) forms a
2085 ©2000 The American Physical Society
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2086 PRB 62R. BÖTTCHER et al.
very suitable probe for studying size effects in nanocrys
line BaTiO3 powders by means of EPR spectroscopy: In
BaTiO3 host lattice it substitutes for the Ti41 ion within an
octahedron formed by six O22 ions. Owing to the orbital
singlet state, the spin-lattice relaxation time is long enou
to probe the local symmetry over a wide temperature ran
Moreover, the fine structure~FS! interaction is determined
by a second-order ligand field term produced by the near
neighboring O22 ions. This makes this particular parama
netic ion so sensitive to the symmetry changes which oc
at the Ti41 site at all the structural transmutations~rhombo-
hedral, orthorhombic, tetragonal, cubic; as for the respec
bulk measurements see Refs. 11–17!. On the other hand, du
to the orientational disorder of the paramagnetic ions in
BaTiO3 powder samples, the hyperfine structure~HFS! inter-
action (I 55/2 for 55Mn) imparts a considerable complexit
to the Mn21 EPR spectra. However, by investing sufficie
effort towards analyzing the Mn21 HFS spectra, these com
plex spectral features can even be a rich source of additi
structural information. Particular clarity and unambiguou
ness of the discussion is attained by combining EPR m
surements in the various (X, Q, and W) microwave fre-
quency bands and by employing a sophisticated spe
simulation program.

The present investigations are based on an advan
sample preparation route allowing reproducible adjustm
of the mean particle size and doping by paramagnetic pr
ions. Combining EPR as a local probe technique with co
mon XRD measurements proves particularly efficient in e
cidating structure and size effects in the ferroelectric nano
wder samples. This endeavor is supported by numer
model calculations using Landau’s phase transition theo

II. PREPARATION AND CHARACTERIZATION

Different ways of preparing nanocrystalline BaTiO3 par-
ticles are known, such as hydrothermal,18 sol-gel,19

microemulsion,20 and gas-condensation processes21 as well
as by metallo-organic precursor pyrolysis~MOPP!,22 hydro-
lytic decomposition,23 and chemical precipitation from
solutions.24,25 Notwithstanding the high level of success a
tained in the various preparation routes, a serious disad
tage still remains: Either a particular route furnishes partic
in the 10 nm size range, but only poor possibilities f
straightforward size adjustment, or, alternatively, the pre
ration method yields submicron powders with adjusta
mean grain size, but does not reach the size range~below 100
nm! which is of particular interest in a study of size effec
on ferroelectricity. Besides a more efficient size adjustm
in the wide range from 10 nm up to about 1.5mm, the route
developed by us aims at homogeneous doping by param
netic ions with concentrations ranging from typically 0.0
mol % BaTiO3 for EPR measurements up to some mol %
materials with positive temperature coefficient of resista
~PTCR!.26

Our preparation route of BaTiO3 nanopowders may be
briefly described by four reactions: In a first step, bariu
titanium methacrylate is obtained as a monomeric meta
organic precursor from metallic barium, titanium~IV ! iso-
propylate, and methacrylic acid in boiling methanol. The
the solid-phase polymerization and the concomitant pyro
l-
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sis proceed simultaneously at temperatures above 200
Nucleation and growth of BaTiO3 particles start at abou
600 °C, where the temperature and reaction atmosphere
termine the resulting particle size~e.g., 2 days 600 °C/N2
yield 10 nm particles, whereas 2 days 1350 °C/O2 lead to
1.5 mm mean particle size!. The ability to adjust the particle
size by just choosing an appropriate reaction temperature
to introduce paramagnetic dopants form the salient adva
geous features of our preparation route. The dopant was
troduced in the first stage of the preparation route by add
the corresponding acetates@e.g., Mn(ac)2 for doping with
manganese ions#. Tempering was done under inert cond
tions (N2 atmosphere!. Since doping by manganese ions c
affect the grain size of BaTiO3 samples to a significan
extent,26,27 the size dependence on the reaction tempera
was carefully remeasured by means of XRD.

The product~yield 97%! was verified with the aid of el-
emental analysis and numerous spectroscopic means: nu
magnetic resonance (137 Ba NMR!, EPR
(Gd31, Mn21, Cr31), and Fourier transform~FT! Raman as
well as by recording the x-ray absorption near edge struc
~XANES! at the TiK edge. For further details of preparatio
and characterization the interested reader is referred to
1.

III. FERROELECTRICITY IN SMALL PARTICLES

It appears quite obvious that the particle size influen
the dielectric properties of fine-grained ferroelectric po
ders, ceramics, and ferroelectric thin films at least in
limiting case when the grain size or film thickness falls b
low the correlation length of the cooperative ferroelect
long-range interactions. But even if the size considerably
ceeds the correlation length, one has to reckon with polar
tion inhomogeneities within a surface layer of the thickne
of some correlation lengths which may remarkably affect
overall ferroelectric behavior. In order to comprise the siz
dependent phenomena, the Landau-Devonshire theory
meanwhile been successfully extended,6,28–30and the consid-
erations in this section follow the main ideas developed
this context.

A. Landau theory

In calculating the spontaneous polarization within a sm
isolated spherical grain one cannot consider only the f
energy density as in an extended solid but, instead, one
to comprehensively minimize its total free energy

F5E
V
dVF1

2
A08~T2T0!P21

1

4
B84P41

1

6
C86P6

1
1

2
D8~¹P!2G1

D8

2dES
dSP2. ~1!

Here, P is the polarization,T the absolute temperature,T0

the Curie-Weiss temperature, and,A08 , B8, C8, D8, and d
are material parameters~primed symbols have been chose
here in order to avoid a nomenclature conflict with the p
rameters of the spin Hamiltonian at a later stage!. The first
three terms in the volume integral are the conventional o
of the homogeneous bulk solid whereas the gradient t
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@the fourth one in Eq.~1!# takes into account the distortio
energy from the polarization inhomogeneity. Finally, t
‘‘surface’’ term @the last one in Eq.~1!# is physically and
mathematically closely related to the gradient term becau
comprises the surface field contribution in the formation
the polarization gradient. Formally, the close interrelation
both terms is reflected by the use of the same prefactorD8
where the so-called extrapolation lengthd measures the
strength of the surface effect. From the mathematical p
of view, minimization of the free energy forms an Eule
Lagrange problem with natural boundary conditions. Us
the variational principle, the Euler-Lagrange equation

D8¹2P5A8P1B8P31C8P5 ~2!

is obtained with the boundary condition for the normal de
vation of the polarization at the grain surface:

dP/dn52P/d. ~3!

The extrapolation lengthd depends on the intersite dipo
interaction as well as the coordination number of a dip
within the surface layer. For a spherical particle it is s
dependent and given by

1/d55/d11/d`~12a0 /d!, ~4!

whered, d` , anda0 are the particle diameter, the extrap
lation length for an infinitely large grain, and the unit ce
length of the bulk material, respectively. The assumption o
unidirectional polarization of a purely radial-depende
amount introduces considerable simplification into the so
tion of this particular Euler-Lagrange problem. However,
brings forth additional errors in the model from the physic
point of view. AsP is assumed to be only radial depende
P2 becomes constant at the whole surface of a spheric g
which is in contradiction to the real physical situation. Th
leads to an overestimation of the surface term in Eq.~1! and,
therewith, the polarization gradient at the grain border. B
this overestimation plays now a crucial role in the numeri
calculations as it is balanced out due to parameter adap
of the relevant physical values, such as, e.g., the critical s
to the experimental observations. As expected, the nume
calculations disclose a size-driven ferroelectric-
paraelectric phase transition and, equivalent to it, a reduc
in the Curie temperature when going to a smaller part
size.

B. Numerical calculations

As mentioned above, the magnitude of polarizationP(r )
in Eqs.~1!–~3! is assumed to depend only on the radial p
sition r and, hence, polar coordinates may be used. But e
in this simplified case, the differential equation~3! can only
be solved numerically. For this purpose a standard solu
method was employed.31 The adopted model parameters a
the corresponding bulk values taken from standard sourc32

i.e., A0856.663105 J m C22 K21, B8523.56
3109 J m25 C24, C852.731011 J m9 C26, and T0
5391 K, whereasd55/d, andD850.02531027 J m5 C22

have been chosen so as to attain best fits to the experim
data. Figure 1 shows polarization profiles within the gra
for grain diameters up to 200 nm. The calculated size dep
it
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dence of the polarization at the grain center and the g
border as well as the average polarization shown in Fig
discloses the occurrence of significant size effects at g
metrical sizes below 100 nm. Finally, a pronounced tempe
ture reduction of the ferroelectric-to-paraelectric phase tr
sition is observed at particle sizes below 100 nm~cf. Fig. 3!.
Note that these temperature-size characteristics also en
one to deduce the critical size below which the ferroelec
state is no longer stable in this small particle at a giv
temperature.

IV. EXPERIMENTAL RESULTS

A. XRD measurements

XRD investigations were performed at room temperat
with a powder diffractometer~Philips X Pert! in Bragg-
Brentano configuration, using CuKa radiation. Figure 4
shows the x-ray diffraction patterns of two samples wh
were prepared at reaction temperatures of 700 °C
1300 °C, respectively. In the sample prepared at the hig
temperature, the tetragonal splitting of the Bragg reflectio

FIG. 1. Calculated radial dependences of polarization at ro
temperature for spherical particles with diameters up to 200
Every separate curve is the polarization profile of a grain of defin
size. It starts at the grain center at zero-grain-size scale and en
the grain border where the grain radius is identical to the value
the grain size scale for the curve end.

FIG. 2. Dependence of the polarization on grain size at ro
temperature:~a! polarization at the grain center~dashed line!, ~b!
average polarization̂P& of the grain~dark line!, ~c! polarization at
the grain border~dotted line!, and ~d! polarization difference be-
tween grain center and border~dash-dotted line! The polarizationP
is related to that for infinite grain sizeP0.
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2088 PRB 62R. BÖTTCHER et al.
became well visible although the tetragonal distortion of
BaTiO3 unit cell was quite small (c/a51.0095). The peaks
of the other samples were broadened so that the tetrag
splitting could no longer be observed~Fig. 5!.

The line profile analysis according to Warren33 takes into
account the angular dependence of the broadening eff
thus enabling a separate determination of mean crysta
size and lattice strain. For this purpose, the~111! and ~222!
@the ~222! reflex is off scale in Fig. 4# Bragg reflections were
used which are not split by the tetragonal distortion. Dec
volution of the measured diffraction pattern with the~111!
and~320! reflections of the LaB6 reference sample allows fo
an elimination of instrumental effects. The dependence of
mean particle size of manganese-doped powders on th
action temperature proves particularly critical in an upp
temperature region~Fig. 6!. In addition, with growing reac-
tion temperature, the proportion of surface regions to volu
becomes smaller and, as expected, a decreasing lattice
is found.

FIG. 3. Ferroelectric-to-paraelectric phase transition temp
ture TC in dependence on particle diameterd.

FIG. 4. X-ray diffraction patterns of BaTiO3 powder samples
prepared at 700 °C and 1300 °C.
e
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The determination of the tetragonal lattice parametera
andc in dependence on the particles size was based on
~002! and ~200! Bragg reflections. For the 1300 °C samp
these reflections reveal a pronouncedKa1 /Ka2 splitting,
thus furnishing evidence of largely homogenous crystalli
and small lattice strain. With decreasing reaction tempera
~and, hence, particle size! the two-component feature of th
Ka x-ray line is increasingly smeared out~Fig. 5!, and a
Voigt profile fit was applied to determine the Bragg angles
the two line components. Then, these peak positions w
corrected with respect to the~220! reflection of the internal
standard~Si!, and the lattice parametersa andc were deter-
mined. In rather good agreement with the data by Frey
Payne34,35 the results in Fig. 7 indicate a decreasing tetrag
nal distortion when going to a lower reaction temperatu
and, correspondingly, smaller particle size. For the larg
particles the obtained lattice parameters largely agree w
corresponding literature data.10,34 The smallest particles

a-

FIG. 5. Expanded view of~002! and ~200! Bragg reflections of
BaTiO3 powder samples prepared at various reaction temperatu

FIG. 6. Mean crystallite size of BaTiO3 powders in dependenc
on reaction temperature determined from the~111! and~222! XRD
peak profiles.
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~,20 nm in Fig. 7! explicitly reveal a pseudocubic structur
The residuals of the Rietveld refinements of the XRD fe
tures of the larger particles could also be substantially
duced by taking into account a pseudocubic peak. The r
tive pseudocubic proportion decreases with growing part
size, e.g., amounting to about 25% and about 10% for p
ticle sizes of 25 nm and 155 nm, respectively.

B. Mn2¿ EPR powder spectra and local symmetry

1. Spin Hamiltonian and spectra simulation

In principle, a discussion of the Mn21 EPR spectra and
their line shapes of nanocrystalline BaTiO3 powder samples
should be based on the most general form of the spin Ha
tonian including the fourth-order FS terms.36 However, the
available spin-Hamiltonian parameters of the Mn21 ions in-
corporated in barium titanate single crystals and cera
samples12 as well as the results of ourW-band measurement
justify considerable simplifications: Thus, neither line broa
ening effects nor additional splittings were observed in
W-band EPR spectra. Hence, the anisotropy of theg and the
HFS tensors yields much smaller angular-dependent E
resonance shifts than the peak-to-peak widthsDBpp ~0.25
mT! of the W-band lines. Consequently, the Zeeman a
HFS interactions may be represented by theg and A con-
stants, respectively. Moreover, in the Mn21 EPR powder
spectra no indication was found of the fourth-order FS ter
and, hence, they were omitted. However, in the calcula
of the resonance fields and intensities of the forbidden H
transitions, the nuclear Zeeman and quadrupole terms w
taken into consideration:

Ĥ5gbBW •SŴ 1DF Ŝz
22

1

3
S~S11!G1A•SŴ • IŴ2gnbNBW IŴ

1QF Î z
22

1

3
I ~ I 11!G , ~5!

FIG. 7. Lattice parametersa and c of BaTiO3 determined at
room temperature in dependence on reaction temperature
hence, crystallite size.
-
-
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with S and I being 5/2 each.
The axial FS termD@Ŝz

22 1
3 S(S11)# contains the major

part of structural information, where the ligand field para
eter D is temperature dependent and drops to zero at
tetragonal-to-cubic phase transition and vanishes in the c
phase. The conditionsuDu,uAu!gbB proved valid in all the
microwave frequency bands, and third-order perturbat
theory may be applied in calculating the resonance magn
fieldsBRES(MS ,MI ,i ) for allowed (DMI50, i 50) and for-
bidden (DMI561, i 561) transitions. In the Mn21 EPR
spectra of the nanopowder samples only the central FS t
sition MS521/2⇔MS51/2 could be detected. Therefor
the corresponding formula by Kliava37 supplies a compre-
hensive description:

BRESS 1

2
,MI ,i D5B0~MI ,i !1

2D2

B0
~8 sin2Q29 sin4Q!

2~2MI1 i !FD2A

B0
2 ~72 sin2Q273 sin4Q!

1
2DA2

B0
2 ~3 cos2Q21!G

2 iQ~3 cos2Q21!~2MI1 i !, ~6!

with

B0~MI ,i !5Bc2~2MI1 i !
A

2
1@~2MI1 i !21~172 i !2

2324#
A2

8Bc
1 i

gNBc

g
, Bc5

hn

gb
. ~7!

MS andMI are the electronic and nuclear quantum numbe
Q is the angle between the static magnetic fieldB and the
symmetry axis of the local crystal field which in the prese
case is identical with the crystallographicc axis. Note that in
Eq. ~6! a linearD expression only occurs in the third-orde
term which is of minor importance here. Furthermore, t
cubic FS parametera was found to be quite small@a
,2 mT ~Refs. 12 and 13!# and therefore omitted.

In order to deduce the spin-Hamiltonian parameters fr
the EPR powder spectra, it appeared inevitable to emplo
simulation program~written in FORTRAN 77!. It is based on
two assumptions: First, equal probabilities are assigned to
orientations of the paramagnetic centers in the macrosc
powder sample, and the EPR powder pattern can be obta
by averaging the angular-dependent single-crystal spectr

I ~B!a(
i

(
MI525/2

5/2 E
0

p/2E W~Q,MI ,i !

3UdBRESS 1

2
,MI ,i D

d~hn!
UFS BRESS 1

2
,MI ,i D2B

DBpp

DsinQdQ.

~8!

In Eq. ~8!, W(Q,MI ,i ) denotes the transition probability an
F„(BRES2B)/DBpp… is the line shape function which wa
assumed to be Gaussian. The effective field conception

nd,
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2090 PRB 62R. BÖTTCHER et al.
Bir38 provides a more adequate description of the transi
probabilityW(Q,MI ,i ) than furnished by common perturba
tion theory because Bir’s method takes into account the
ference between the quantization axes of the nuclear sp
different electronicMS states. Second, we presuppose t
the BaTiO3 nanocrystallites reveal an inhomogeneous str
ture which translates into statistical parameter distributi
with mean valuesg0 , A0, andD and widthsDg, DA, and
DD. Including the linewidthDBpp , seven parameters are
be determined from the experimental spectra. In particu
only a statistical distribution of the FS parameterD yielded a
comprehensive description of all the EPR measurement
the various frequency bands (X,Q,W). Assuming a Gauss
ian distributionP(D), the EPR spectrumI (B) of Mn21 ions
in nanocrystalline BaTiO3 is obtained as

I ~B!}(
i

(
MI525/2

5/2 E
2`

1`

dDE
0

p/2

P~D !

3W~Q,MI ,i !FS BRESS 1

2
,MI ,i D2B

DBpp

D sinQdQ.

~9!

Particularly, owing to the weak angular dependence of
central FS transition, the termdBRES/d(hn) in Eq. ~8! can
be treated as a constant in Eq.~9!.

2. Centered model and fine structure parameter

The superposition model39 enables the determination o
the spin-Hamiltonian parameters for a known structure o
defect in a solid-state material or, vice versa, the deduc
of the local environment of a paramagnetic center from
EPR data. The main assumption of the model is that
spin-Hamiltonian parameters are sums of individual con
butions from each nearest neighbor of the paramagnetic
In this approximation the axial FS parameter may be de
mined from the lattice parametersa and c ~centered
model!:12,13

Dcm52b̄2S c

2D F12S c

aD t2G , ~10!

with the intrinsic parameterb̄2 depending on the lattice pa
rameter c and the exponentt257. For the system
BaTiO3 :Mn21 the functional dependence ofb̄2 is

b̄2S c

2D5b̄2~0.2101@nm# !F0.2101@nm#

c/2@nm# G t2

, ~11!

with b̄2(0.2101 nm)52148.5 mT. Using the size
dependent lattice parameters deduced from the XRD m
surements, the axial FS parameter can be evaluated and
pared with the corresponding EPR results.

Because of (c/a21)!1, an expansion of Eq.~10! leads
to a direct relation between the fine structure parameteD
and the ferroelectric order parameterP of the tetragonal
phase:
n

f-
in
t
-
s

r,

in

e

a
n
e
e

i-
n.
r-

a-
m-

D}P2}S c

a
21D . ~12!

This relation meets the constraints of symmetry according
which for paramagnetic center at a centrosymmetric site,
fine structure parameter is to be comprised of terms w
even powers ofP only.

3. Mn2¿ spectra taken at room temperature

EPR measurements were carried out in theX band ~9.5
GHz! with a Bruker ESP 380 spectrometer, in theQ band
~34.2 GHz! with a Bruker EMX device, and in theW band
~94.1 GHz! with a Bruker ELEXSYS E 600 spectromete
with 100 kHz field modulation. The magnetic fields we
determined by means of a proton magnetic-resonance p
(X and Q band!. For g-factor determination the standar
sample DPPH (g52.0036) was used. The temperature d
pendences of the EPR spectra were taken using a Varia
112 spectrometer with variable temperature accessory E
attaining a stability better than 0.5 K in the temperatu
range from 60 °C to 160 °C.

At first, in order to investigate the influence of the me
particle size on the EPR spectra we measured Mn21-doped
BaTiO3 micropowders, prepared as a reference sample
the application of the common solid-state reaction. The p
tinent powder pattern of the central FS transition in Fig. 8~a!
is a superposition of tetragonal and cubic spectra, with
lines of the latter being marked by asterisks. Obviously,
six intense line groups observed both for micropowders
nanopowders arise from the55Mn HFS interaction. Each
group shows absorptionlike features and derivative shape
the first derivative powder spectra where the following co
dition is satified:37

dBRESS 1

2
,MI ,i ,Q D

dQ
50. ~13!

In our case of a spin Hamiltonian of axial symmetry wi
isotropicg andA terms, an absorptionlike feature is expect
for Q50 ° whereas derivative shapes are to be attributed

FIG. 8. Mn21 EPR spectra measured withQ band of~a! micro-
crystalline and~b! nanocrystalline BaTiO3 samples.
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Q angles of 41.8 ° and 90 °, respectively. The distance
tween the outer peaks (Q590 °, 41.9 °) is determined by
the second-order termD2/B0 and, due to the third-orde
terms in Eq.~6!, is additionally superposed by a weak d
pendence on the quantum numberMI @cf. Eq. ~6!#.

From the simulation of this axial EPR spectrum the cr
tal field parameterD is estimated, yielding a value of abou
24.5 mT for the micropowder sample at room temperatu
Both this value and the temperature dependence of the
parameter are in agreement with the respective data of
ramic samples.14 However, the magnitudes of the absorptio
like features forQ50 ° cannot be fully explained on th
basis of this axial spin Hamiltonian. For the axial case,
simulation yields more intense derivative lines (Q590 ° and
41.8 °) than the absorptionlike feature between them~see
also Ref. 40!. Therefore, an additional Mn21 EPR spectrum
of cubic symmetry must be taken into consideration. Hav
in mind that the cubic FS parametera of Mn21 ions in
BaTiO3 is smaller than 2 mT,12,13 the pertinent spectrum
consists of only six narrow HFS lines. Theg factors and HFS
constants of Mn21 ions on tetragonal and cubic lattice sit
are equal and, hence, the lines of the cubic spectrum ove
with those of the tetragonal central ones (Q50 °).

When going from micropowder to nanopowder samp
~Fig. 8!, the resolution of Mn21 EPR spectra becomes qui
poor. The spectra taken in the various frequency bands~for
the Q- andW-band spectra see Figs. 9 and 10! reveal a size
effect on the line shapes: At first, for the 155-nm-siz
sample, the outer derivative features are broadened an
asymmetric line occurs between them. In the EPR spectr
powders with a small grain size (,100 nm) these two oute
peaks are no longer observed and the central FS trans
consists of six allowed and ten forbidden HFS lines w
asymmetric shapes. Their linewidths depend on the mic
wave frequency and are smallest atW band. A comparison of
theX-, Q-, andW-band spectra shows that any anisotropy
the g and HFS tensors as well as their distributionsDg and
DA may even be neglected in theW-band spectra. Conse

FIG. 9. Central Mn21 FS lines (MS51/2⇔MS521/2, MI5
23/2,25/2) taken at room temperature in theQ band for powder
samples of various mean sizes.
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quently, the line shapes can provide information on the
parameterD and its distributionDD.

Simulations of theQ- andW-band spectra readily repro
duce all the spectral details of both the allowed and forb
den transitions~Figs. 11 and 12!, thus furnishing confidence
in the spin-Hamiltonian parameters employed. The bes
values of theg factor (2.00260.001), the HFS constan
A(8.6460.02 mT), and the quadrupole coupling consta
Q(0.260.05 mT) do not vary with particle size and are typ
cal of Mn21 ions incorporated into BaTiO3 single
crystals.11–13The amounts of the mean FS parametersD and
the widthsDD of the distribution in Table I reveal a pro

FIG. 10. The same as in Fig. 9 for theW band.

FIG. 11. Experimental and simulatedQ-band spectra for the 155
nm sample.
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nounced grain-size dependence, with theuDu value of the
finest powder sample being only one-third of the sing
crystal value. It is worth mentioning that optimal simulatio
of the spectra of powder samples with intermediate grain
~e.g., 155 nm! is attained by superposing two axial spect
One of the two FS parameters still is quite close to that
single crystals11–13 and microceramics.14 The other FS pa-
rameter set (uDu513.5 mT, DD58.0 mT) opens a series i
which the amount of the mean FS parameter decreases
the distribution widthDD grows with decreasing particl
size. The tremendous increase in the widths of the FS par
eter distribution indicates a growing breaking of translatio
symmetry in an outer particle region. Moreover, a cu
spectral proportion (D50) is worth mentioning which sub
stantially reduced the fit residuals in all cases. For gre
grain sizes~with uDu.DD/2) a cubic spectral componen
has to be explicitly taken into account whereas for the fi
nanopowder samples the broad FS parameter distribu
(uDu,DD/2) inherently contained the adequate cubic p
portion.

For comparison, Table I also contains the correspond
FS parametersDcm which were deduced from the XRD re
sults~cf. Fig. 8! with the aid of the centered model. Notwith
standing a qualitative agreement, the size dependence ouDu

FIG. 12. Experimental and simulatedW-band Mn21 EPR spec-
tra of the 25 nm sample~central FS linesMS51/2⇔MS5
21/2, MI523/2,25/2 only!.

TABLE I. Size dependence of the FS parameterD and its dis-
tribution witdthDD ~as determined by EPR spectra fitting! and the
corresponding valuesDcm which were obtained from XRD data
with the aid of the centered model.

Size ~nm! uDu ~mT! DD ~mT! Dcm. ~mT!

2000 24.0 ,1.0 32.2, 21.5,a 33.3b

155 24.0, 15.5 4.0, 8.0 28.1
75 13.5 8.0 22.9
25 10.0 30.0 3.0
15 8.0 45.0 0.0

aMeasured single crystal data.
bCalculated from Refs. 12 and 13.
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reveals the occurrence of local acentric crystal symme
with growing particle size, well before the detection of a
tetragonal structure by XRD measurements.

4. Mn2¿ spectra taken at the Curie temperature TC

At the ferroelectric-to-paraelectric phase transition (TC
'120 °C) of bulk BaTiO3, the symmetry of the unit cel
increases from tetragonal to cubic, clearly affecting t
Mn21 micropowder spectra: In the paraelectric cubic pha
the axial FS parameterD vanishes, yielding an intense cub
six-line HFS spectrum~upper part of Fig. 13!. Thus, the
disappearance of the cubic spectrum must not be traced
to an oxidation stage alteration as has been assumed in
literature.16,17 However, in the ferroelectric tetragonal phas
remnants of this cubic spectrum survive and compete in
tensity with the tetragonal Mn21 spectrum. The temperature
dependent intensities of the cubic Mn21 spectra in Fig. 14
reflect a pronounced size dependence: The samples
greater particle sizes~e.g., 155 nm! undergo a relatively
sharp phase transition reminiscent of the crystalline bulk s
tem. In addition, the intensity of the cubic Mn21 spectrum
reveals a thermal hysteresis~Fig. 15! similar to that mea-
sured for the lattice parameters in bulk systems by crysta
graphic means.41 At smaller particle sizes~below 155 nm in
Fig. 14! such a pronounced tetragonal-to-cubic phase tra
tion behavior is no longer observed in the range around
Curie temperatureTC . In addition, the thermal hysteresis
also no longer detectable.

V. DISCUSSION

At first, we compare the XRD and EPR data from o
room temperature measurements with the model calculat
outlined in Sec. III. The centered model@Eq. ~12!# allows

FIG. 13. Mn21 X-band spectra of a microcrystalline sample r
corded in the ferroelectric tetragonal~a! and in the paraelectric cu
bic ~b! phases, with the latter being taken at reduced gain~by a
factor of 50!. The EPR lines at 335.2 mT and 340.2 mT on the t
spectrum are to be attributed to Fe31 and Cr31 impurities, respec-
tively.
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correlation of the amount of the axial fine structure para
eterD with the tetragonality parameterc/a21. The normal-
ization in Fig. 16 was based on the results obtained
samples with a mean particle size of 2mm (uDu
524 mT, c/a2150.010 77), with the latter values fallin
quite close to the corresponding bulk values. Note that p
ticularly at small mean particle sizes (,50 nm), the XRD
data reveal a suppression of the tetragonal phase whic
remarkably more pronounced than that delivered by EPR
discussing the apparent discrepancy we again refer to
different local resolution of both methods@for comparison,
see the discussion in the literature34 of XRD data versus
second-harmonic generation~SHG! and Raman measure
ments#. For comparison, some literature data have been
cluded in Fig. 16. At first glance, our experimental data ag
well with pertinent literature data.8,34,35In a consideration of

FIG. 14. Temperature dependence of the relative intensity of
cubic Mn21 spectrum in BaTiO3 powder samples of different mea
particle sizes.

FIG. 15. Temperature hysteresis of the relative EPR intensit
the cubic Mn21 spectrum for the 155 nm powder sample.
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the remaining discrepancies one has to take into accoun
particle-size distribution. The best theoretical verification
our measuring data could be achieved on the assumption
relatively broad particle size distribution~Gaussian with a
width of 80% of the mean grain size—cf. Fig. 16!. The lines
drawn in Fig. 16 correspond to theoretical calculations
cording to Sec. III. The solid bold line is the numerical s
lution of Eqs.~2! and~3! using the parameters given in Se
III B. The dashed line, however, additionally takes into a
count the grain-size distribution by averaging over a Gau
ian distributionP(d). The inevitable assumption of a pro
nounced grain-size distribution in the simulation
experimental data throws some new light on the presum
coexistence of tetragonal and cubic phases within a partic
BaTiO3 particle deduced primarily from the XRD results.9 In
reality, the apparent coexistence of tetragonal and cu
phases stems from the superposition of particle sizes, w
allows for ferroelectricity in the sufficiently large grains an
the size-driven transition into the paraelectric cubic state
the smaller ones.

Furthermore, the amounts of the EPR fine structure
rameterD reveal a relatively good correlation with the co
responding valuesDcm ~cf. Table I! inferred from the XRD
data with the aid of the centered model.12,13 The rather good
agreement between the results obtained for the microcry
line powder samples and the literature data for sin
crystals12,13 furnishes additional confidence in the size d
pendences of the amounts of the axial FS parameterD and
their distribution widthsDD. The distribution of the tetrag-
onal FS parametersD requires a separate discussion. Ob
ously, only particles with sizes close to the critical val
make considerable contributions to theD-parameter distribu-
tion. Note that for small particles the distribution widthDD
becomes remarkably larger than the averageuDu. As the
powder line position depends only onD2 @see Eq.~6!# this
situation means a strongly asymmetric distribution ofD2

ranging from approximately zero with the highest probabil
up to (uDu1DD)2. The resulting fine structure valuesuDu

e

f

FIG. 16. Correlation between measuring dataD and c/a21
with calculated mean square of polarizationP where ^P2& r is the
radial average ofP2 and^P2& r ,d additionally accounts for a particle
size distribution~cf. text!.
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1DD clearly exceed the pertinent bulk value, thus providi
clear evidence of subregions with strong distortions go
beyond the ferroelectric tetragonal unit cell deformation
the bulk. Consequently, theDD values measured for the 2
nm and 15 nm grains indicate strong local distortions wh
have nothing to do with the limited tetragonal distortio
occurring in the ferroelectric phase but are caused by dis
tions.

Of particular interest is of course the extent to which o
simulation can reproduce the measured intensity decreas
the cubic Mn21 spectrum~cf. Fig. 14! when going either to a
lower temperature or a smaller mean particle size in the
cinity of the apparent Curie temperatureTC

a . In particular,
the same broad particle-size distribution has to be assu
~with the width again being 80% of the mean size; as for
results; see Fig. 17!. A detailed inspection of the
temperature-dependent intensity of the cubic Mn21 EPR
spectrum~Fig. 14! reveals, for the finest nanopowders, t
most intense cubic remnants belowTC

a and, vice versa, the
weakest intensities aboveTC

a . Starting from the assume
geometrical size distribution, the effect of a distorted ou
layer was accounted for by estimating the cubic volume fr
tions pcub(T,d0) of the sufficiently small particles using th
numerically ascertained size dependence of the ferroele
transition temperature~cf. Fig. 3!:

pcub~T,d0!}E
0

xcrit (T)

expF2S x2d0

A2s
D 2G ~x2dr !

3dx.

~14!

In Eq. ~14!, d0 is the mean particle size in the nanopowd
dr the thickness of the distorted surface layer, andxcrit(T)
the inverse function of the size-driven phase transition te
perature. Conformity with the experimental results, es
cially for the decreasing EPR intensity with lower partic
size, has been achieved on the presupposition that the m
ganese ions in this particular surface layer make no con
bution to the cubic spectrum because of the heavy distort

FIG. 17. Simulation of the dependence of the cubic Mn21 spec-
trum intensity on temperature and mean particle size~again assum-
ing a broad particle size distribution—cf. text!.
g
f

h

r-

r
of

i-

ed
e

r
-

ric

,

-
-

an-
i-

ns

of translational symmetry going far beyond the ones
pected in the tetragonality gradient layer of the generali
Landau theory. The thickness of this distorted layer has b
estimated at about 15 nm for all nanopowders under inve
gation. Because of the dominant role of the grain-size dis
bution in the discussion of the spectroscopic data of nano
wder samples, the greatest progress in future work will h
to be achieved with regard to size homogeneity, either i
direct way by further optimizing the preparation route o
alternatively, by size fractionation with the aid of gel perm
ation chromatography.

Our picture of a small particle as an aggregate of in
regular core and heavily distorted outer layer mediated b
tetragonality gradient~cf. the so-called tetragonal anisotrop
defect10! is largely consistent with the one presented by A
liker et al.42 who devised from their x-ray scattering an
surface-sensitive electron scattering experiments a q
similar two-component model. The detailed structure and
ture of the nonferroelectric outer layer is unknown.

Finally one should mention the consistency of the pres
EPR data with preceding studies1 of these particular topics
carried out with the aid of vibrational~FT-Raman! and
nuclear magnetic resonance (137BaNMR) spectroscopy. In
the Raman investigations, it was particularly the tetrago
spectral feature at 309 cm21, and in NMR a line broadening
due to axial nuclear quadrupole coupling, which corrob
rated the present idea of small BaTiO3 particles according to
which they are formed by an inner regular tetragonal core
strongly distorted surface layer, and a mediating tetrago
gradient layer between them.

VI. CONCLUSIONS

We have used XRD measurement and EPR spectrosc
in combination with numerical calculations based on Land
theory to study the size effects of ferroelectric BaTiO3 nano-
particles. Owing to the highly local character of its inform
tion, EPR spectroscopy in conjunction with SHG and Ram
measurements, reveals the existence of a locally acentric
face layer at room temperature with about 15 nm thickn
surrounding the crystalline bulk. Sufficiently large particl
consist of a regular ferroelectric core with a tetragona
gradient towards the heavily distorted~15-nm-thick! outer
layer. With decreasing particle size this surface layer incre
ingly determines the properties of the grains. The tetrago
distortion measured by XRD and EPR can be systemat
by Landau theory only on the presupposition of a p
nounced grain-size distribution. In future work, the mo
progress can be attained by improving the size homogen
of the nanopowder samples.
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