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Size effect in Mrt*-doped BaTiO; nanopowders observed by electron paramagnetic resonance
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Barium titanate (BaTi@) 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
Mn?" is readily done by adding the corresponding metal acetates. The ultrafine doped; PaWider samples
with an average grain size varying from 15 nm to 155 nm were studied by x-ray diffrai®in) and electron
paramagnetic resonan@ePR) techniques, taking EPR spectra in %€9.5 GH2, Q (34.2 GH32, andW (94.1
GH2) frequency bands. The determined quantities such as grain size, unit cell deforofatioh, the axial
fine structure parametd, the distribution widthAD of the latter, and the EPR intensity ratio of cubic and
tetragonal Mﬁtf’ 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 Bap#®ticle 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.

[. INTRODUCTION ticles. The critical size at which polarization disappears is
still under controversial discussion. A study of the crystal

Since the 1950s, continuous studies of size effects ostructure dependence on the size of Bafifarticles re-
ferroelectric properties of barium titanate (Baf)have ex- vealed a critical size magnitude of approximately 120 nm at
perienced great impetyRef. 1 and references cited thergin room temperatur® Moreover, knowledge about the real lat-
Curie temperature, electrical polarization, coercive fieldtice structure of nanocrystalline BaTi@articles is still in-
switching time, etc., potentially depend on particle size orsufficient. Thus, in x-ray diffractiofiXRD) investigations of
more generally, correlation lengthThus, the purity of the BaTiO; nanopowders at room temperature, Takeuattal®
sample material attains great importance in investigations overe faced with the coexistence of tetragonal and cubic
size effects. The availability of high-quality ferroelectric fine phases. The latter was supposed to occur in a surface layer of
powders is a prerequisite for preparing optimized technologithe BaTiQ, grains, thus gaining prevalence with decreasing
cally promising ferroelectric polymer-ceramic composite particle size. On the other hand, in accordance with Niepce’s
films offering both high dielectric permittivity and low model;° one expects a gradual change in tetragonality in the
losses’ Recent thermal wave measurements on such ferrosurface region, and the deformatiosYg— 1) of the unit cell
electric polymeric composite filfiS brought out a rather should continuously decrease from a definite bulk value to
complex electrical poling and switching behavior which zero at the very surface, thus precluding an assignment of
turned out to critically depend on the mean size of the cedefinite lattice parameters to BaTjganocrystallites. The
ramic powder component. Thus, investigating size effects oXRD technique is based on coherent scattering at extended
ferroelectric properties on an extended methodical scale is, iarystallographic planes and is therefore insensitive to subtle
addition to basic interest, also of significant practical impor-structural short-range changes in BaJi@anocrystallites.
tance. However, magnetic resonance methods, among them elec-

So far, a temperature shift of the tetragonal-to-cubic phastron paramagnetic resonan¢EPR), can sensitively probe
transition has been considered by thedfyas a particular small changes in the local symmetry at the particular crystal
size effect due to the depolarization effect and the inhomosites.
geneous distribution of polarization within the small par- The Mrf* ion (with free-ionic ground staté€Ss,) forms a
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very suitable probe for studying size effects in nanocrystalsis proceed simultaneously at temperatures above 200 °C.
line BaTiO; powders by means of EPR spectroscopy: In theNucleation and growth of BaTiQparticles start at about
BaTiO; host lattice it substitutes for the T ion within an 600 °C, where the temperature and reaction atmosphere de-
octahedron formed by six O ions. Owing to the orbital termine the resulting particle size.g., 2 days 600 °C/N
singlet state, the spin-lattice relaxation time is long enouglyield 10 nm particles, whereas 2 days 1350 °Cléad to
to probe the local symmetry over a wide temperature rangei 5 ,m mean particle sige The ability to adjust the particle
Moreover, the fine structuré=S) interaction is determined sjze by just choosing an appropriate reaction temperature and
by a second-order ligand field term produced by the nearesto introduce paramagnetic dopants form the salient advanta-
neighboring @~ ions. This makes this particular paramag- geous features of our preparation route. The dopant was in-
netic ion so sensitive to the symmetry changes which occufroduced in the first stage of the preparation route by adding
at the T site at all the structural transmutatiofthombo-  the corresponding acetatgs.g., Mn(ac) for doping with
hedral, orthorhombic, tetragonal, cubic; as for the respectivenanganese iofis Tempering was done under inert condi-
bulk measurements see Refs. 11}—17” the other hand, due tions ([\b atmospher)a Since dopmg by manganese jons can
to the orientational disorder of the paramagnetic ions in theffect the grain size of BaTiQsamples to a significant
BaTiO; powder samples, the hyperfine structtr€S) inter-  extent?®?” the size dependence on the reaction temperature
action ( =5/2 for 5°Mn) imparts a considerable complexity was carefully remeasured by means of XRD.
to the Mr?™ EPR spectra. However, by investing sufficient  The product(yield 97% was verified with the aid of el-
effort towards analyzing the Mii HFS spectra, these com- emental analysis and numerous spectroscopic means: nuclear
plex spectral features can even be a rich source of additionahagnetic resonance 'Y Ba NMR), EPR
structural information. Particular clarity and unambiguous-(Gd®*, Mn?*, Cr*"), and Fourier transforrtFT) Raman as
ness of the discussion is attained by combining EPR meawell as by recording the x-ray absorption near edge structure
surements in the variousX( Q, and W) microwave fre- (XANES) at the TiK edge. For further details of preparation
quency bands and by employing a sophisticated spectrand characterization the interested reader is referred to Ref.
simulation program. 1.
The present investigations are based on an advanced
sample preparation route allowing reproducible adjustment |, EERROELECTRICITY IN SMALL PARTICLES
of the mean particle size and doping by paramagnetic probe
ions. Combining EPR as a local probe technique with com- It appears quite obvious that the particle size influences
mon XRD measurements proves particularly efficient in eluthe dielectric properties of fine-grained ferroelectric pow-
cidating structure and size effects in the ferroelectric nanopoders, ceramics, and ferroelectric thin films at least in the
wder samples. This endeavor is supported by numericdimiting case when the grain size or film thickness falls be-
model calculations using Landau’s phase transition theory.low the correlation length of the cooperative ferroelectric
long-range interactions. But even if the size considerably ex-
ceeds the correlation length, one has to reckon with polariza-
Il. PREPARATION AND CHARACTERIZATION tion inhomogeneities within a surface layer of the thickness
Different ways of preparing nanocrystalline BaTi(ar- of some Correlatiqn Iength§ which may remarkaply affect.the
ticles are known, such as hydrothernfal, sol-gel® overall ferroelectric behavior. In order to comprise the size-
microemulsior?® and gas-condensation proce<iess well depende_nt phenomena, the Landau-Dg:S/onshlre theo_ry has
as by metallo-organic precursor pyroly€dOPP 22 hydro- ~ Meanwhile been successfully extenﬁ@ﬁj °and the consid-
lytic  decompositio?® and chemical precipitation from erations in this section follow the main ideas developed in

solutions?#2° Notwithstanding the high level of success at- tis context.
tained in the various preparation routes, a serious disadvan-
tage still remains: Either a particular route furnishes particles A. Landau theory

in the 10 nm size range, but only poor possibilities for |n calculating the spontaneous polarization within a small
straightforward size adjustment, or, alternatively, the prepaisolated spherical grain one cannot consider only the free
ration method yields submicron powders with adjustableanergy density as in an extended solid but, instead, one has

mean grain size, but does not reach the size rébglew 100 o comprehensively minimize its total free energy
nm) which is of particular interest in a study of size effects

on ferroelectricity. Besides a more efficient size adjustment
in the wide range from 10 nm up to about Lfn, the route F= VdV
developed by us aims at homogeneous doping by paramag-

1 1 1
TAN(T— 2, T Ridpd, — ~16p6
SANT—To)P?+7B/*P*+ =C'°P

netic ions with concentrations ranging from typically 0.005 , ,| D’

mol % BaTiO; for EPR measurements up to some mol % for +5DN(VP)% + ﬁdeSP?. @
materials with positive temperature coefficient of resistance

(PTCR.%® Here, P is the polarization,T the absolute temperaturé,

Our preparation route of BaTiOnanopowders may be the Curie-Weiss temperature, an&,, B’, C’, D', and §
briefly described by four reactions: In a first step, bariumare material parametefprimed symbols have been chosen
titanium methacrylate is obtained as a monomeric metallohere in order to avoid a nomenclature conflict with the pa-
organic precursor from metallic barium, titaniu@V) iso- rameters of the spin Hamiltonian at a later sjagée first
propylate, and methacrylic acid in boiling methanol. Then,three terms in the volume integral are the conventional ones
the solid-phase polymerization and the concomitant pyroly-of the homogeneous bulk solid whereas the gradient term
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[the fourth one in Eq(1)] takes into account the distortion
energy from the polarization inhomogeneity. Finally, the
“surface” term [the last one in Eq(1)] is physically and 0.12
mathematically closely related to the gradient term because it
comprises the surface field contribution in the formation of
the polarization gradient. Formally, the close interrelation of
both terms is reflected by the use of the same prefdator
where the so-called extrapolation length measures the
strength of the surface effect. From the mathematical point
of view, minimization of the free energy forms an Euler-
Lagrange problem with natural boundary conditions. Using
the variational principle, the Euler-Lagrange equation

Polarizati(g] (C/m2)
=
(-]

=)
®

(=]

0 40 80 120 160 200

D'VZP=A'P+B'P3+C'P® 2 Grain Size (o)
is obtained with the boundary condition for the normal deri- |G, 1. calculated radial dependences of polarization at room
vation of the polarization at the grain surface: temperature for spherical particles with diameters up to 200 nm.
Every separate curve is the polarization profile of a grain of definite
dP/dn=—P/é. (3 size. It starts at the grain center at zero-grain-size scale and ends at

the grain border where the grain radius is identical to the value on

The extrapolation lengtt® depends on the intersite dlpoleethe grain size scale for the curve end.

interaction as well as the coordination number of a dipol
within the surface layer. For a spherical particle it is size

dependent and given by dence of the polarization at the grain center and the grain

border as well as the average polarization shown in Fig. 2
1/6=5/d+1/5,.(1—a,/d) 4) discl_oses_the occurrence of si_gnificant size effects at geo-
’ metrical sizes below 100 nm. Finally, a pronounced tempera-
whered, §.., anda, are the particle diameter, the extrapo- ture reduction of the ferroelectric-to-paraelectric phase tran-
lation length for an infinitely large grain, and the unit cell sition is observed at particle sizes below 100 o Fig. 3.
length of the bulk material, respectively. The assumption of dNote that these temperature-size characteristics also enable
unidirectional polarization of a purely radial-dependentone to deduce the critical size below which the ferroelectric
amount introduces considerable simplification into the solustate is no longer stable in this small particle at a given
tion of this particular Euler-Lagrange problem. However, ittemperature.
brings forth additional errors in the model from the physical

point of view. AsP is assumed to be only radial dependent, IV. EXPERIMENTAL RESULTS

P2 becomes constant at the whole surface of a spheric grain

which is in contradiction to the real physical situation. This A. XRD measurements

leads to an overestimation of the surface term in(&gand, XRD investigations were performed at room temperature

therewith, the polarization gradient at the grain border. Bulyith a powder diffractometefPhilips X Perj in Bragg-

this overestimation plays now a crucial role in the numericalBrentano configuration, using CK« radiation. Figure 4
calculations as it is balanced out due to parameter adapti0§hows the X-ray diffraction patterns of two Samp]es which
of the relevant physical values, such as, e.g., the critical SiZQvere prepared at reaction temperatures of 700°C and
to the experimental observations. As expected, the numerical3po °C, respectively. In the sample prepared at the higher

calculations disclose a size-driven ferroelectric-to-temperature, the tetragonal splitting of the Bragg reflections
paraelectric phase transition and, equivalent to it, a reduction

in the Curie temperature when going to a smaller particle
size.

10 e 2

B. Numerical calculations i c

As mentioned above, the magnitude of polarizatitfm)
in Egs.(1)—(3) is assumed to depend only on the radial po-
sitionr and, hence, polar coordinates may be used. But even e —d
in this simplified case, the differential equatit3) can only

0.5-

P/P,

: : . 0.0

be solved numerically. For this purpose a standard solution . . . . .
method was employett. The adopted model parameters are 0 5% 100 150 200
the corresponding bulk values taken from standard sodfces, Greln Size (nm)

€., 7@‘6:796& 10°Jm Cle Y s B'=-3.56 FIG. 2. Dependence of the polarization on grain size at room
X100 Jm > C4  C'=27x10MJnP C % and T, temperature(a) polarization at the grain centédashed ling (b)
=391 K, whereasy=5/d, andD’'=0.025<10"" J P C™?  ayerage polarizatiofP) of the grain(dark ling, (c) polarization at
have been chosen so as to attain best fits to the experimentak grain borderdotted ling, and (d) polarization difference be-
data. Figure 1 shows polarization profiles within the grainsween grain center and bordgtash-dotted lineThe polarizatiorP

for grain diameters up to 200 nm. The calculated size deperis related to that for infinite grain size,.
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Grain Diameter (nm) FIG. 5. Expanded view 0f002) and(200) Bragg reflections of

FIG. 3. Ferroelectric-to-paraelectric phase transition temperal-a"’ﬂ—'03 powder samples prepared at various reaction temperatures.

ture T in dependence on particle diameter o ]
The determination of the tetragonal lattice paramegers

became well visible although the tetragonal distortion of theandc in dependence on the particles size was based on the
BaTiO; unit cell was quite small¢/a=1.0095). The peaks (002 and (200) Bragg reflections. For the 1300°C sample
of the other samples were broadened so that the tetragon@ese reflections reveal a pronoundéd;/Ka, splitting,
splitting could no longer be observeBig. 5). a2 _ thus furnishing evidence of largely homogenous crystallites
The line profile analysis according to Warreitakes intd0  ang small lattice strain. With decreasing reaction temperature
account the angular dependence of the broadening effectg,g hence, particle sizéhe two-component feature of the
thus enablln_g a separate determlnatlon of mean crystallit a x-ray line is increasingly smeared o(fig. 5), and a
size and lattice strain. For this purpose, &) and (222) ;¢ rofile fit was applied to determine the Bragg angles of

[the (222 reflex is off scale in Fig. #Bragg reflections were the two line components. Then, these peak positions were

used which are not split by the tetragonal distortion. Decon- . . .
volution of the measEred ){jiffractiongpattern with thEL1) corrected with respect to th@20) reflection of the internal

and(320) reflections of the LaBreference sample allows for StandardSi), and the lattice parameteasandc were deter-

an elimination of instrumental effects. The dependence of th@“'”edhlgg rather good agreement with the data by Frey and
mean particle size of manganese-doped powders on the rBayné**the results in Fig. 7 indicate a decreasing tetrago-
action temperature proves particularly critical in an upper@l distortion when going to a lower reaction temperature
temperature regiofFig. 6). In addition, with growing reac- and, correspondingly, smaller particle size. For the largest
tion temperature, the proportion of surface regions to voluméarticles the obtained lattice parameters largely agree with

. X f . 34 .
becomes smaller and, as expected, a decreasing lattice str&@rresponding literature dat&® The smallest particles

is found.
160 -
5
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FIG. 6. Mean crystallite size of BaTiJpowders in dependence
FIG. 4. X-ray diffraction patterns of BaTiDpowder samples on reaction temperature determined from ¢(h&1) and (222 XRD
prepared at 700 °C and 1300 °C. peak profiles.
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with Sand| being 5/2 each.

0.403 L The axial FS ternD[éﬁ— 1S(S+1)] contains the major
part of structural information, where the ligand field param-
eter D is temperature dependent and drops to zero at the

. tetragonal-to-cubic phase transition and vanishes in the cubic
E 0402 phase. The condition®|,|A|<gBB proved valid in all the

o microwave frequency bands, and third-order perturbation
g theory may be applied in calculating the resonance magnetic

0401 figldsBREs(MS,M| |) for aIIowed-(.AM|=0, i=0) and for-

bidden AM,==+1,i=*1) transitions. In the MA" EPR
o spectra of the nanopowder samples only the central FS tran-
8 sition Mg=—1/2Mg=1/2 could be detected. Therefore,
§ 0.400 | the corresponding formula by Klia¥asupplies a compre-
hensive description:
1 . 2D* .
0399} Breg 5 My =BO(M,,|)+B—(83|r12®—9S|rf‘)
L L 'l 'l O
700 900 1100 1300 D2A
Reaction Temperature (°C) —(2M+i)| (72 SirtO — 73 sifO)
FIG. 7. Lattice parametera and ¢ of BaTiO; determined at 0
room temperature in dependence on reaction temperature and, 2
hence, crystallite size. +— (3cog0®—1)
0
<20 nm in Fig. 7 explicitly reveal a pseudocubic structure. . .
( 9. 7 explicitly P —iQ(3co20—1)(2M, +i), ©6)

The residuals of the Rietveld refinements of the XRD fea-
tures of the larger particles could also be substantially rewith
duced by taking into account a pseudocubic peak. The rela-
tive pseudocubic proportion decreases with growing particle
size, e.g., amounting to about 25% and about 10% for par-
ticle sizes of 25 nm and 155 nm, respectively.

A
Bo(M, ,i)=BC—(ZM,+i)§+[(2|\/|,+i)2+(17—i)2

sog o OB o @
—324]—+i——, B.,=—.
B. Mn2* EPR powder spectra and local symmetry 4]88C g ¢ gB

1. Spin Hamiltonian and spectra simulation Mg andM, are the electronic and nuclear quantum numbers;

0O is the angle between the static magnetic fiBléind the
symmetry axis of the local crystal field which in the present
case is identical with the crystallograpli@xis. Note that in
Eqg. (6) a linearD expression only occurs in the third-order
term which is of minor importance here. Furthermore, the
gubic FS parameten was found to be quite smalla

In principle, a discussion of the Mih EPR spectra and
their line shapes of nanocrystalline BaTEiPowder samples
should be based on the most general form of the spin Hami
tonian including the fourth-order FS terrffsHowever, the
available spin-Hamiltonian parameters of the ¥Virions in-
corporated in barium titanate single crystals and cerami !
sample¥’ as well as the results of oMy-band measurements <2 mT (Refs. 12 and 13 anq theref_ore .Om'ttEd'
justify considerable simplifications: Thus, neither line broad- In order to deduce the s_p|n-Ham|Ito_n|an_ parameters from
ening effects nor additional splittings were observed in theﬂ.1e EPR powder specira, it appeared inevitable to employ a

W:-band EPR spectra. Hence, the anisotropy ofgfad the simulation program{written in FORTRAN 77). It is based on

HFS tensors yields much smaller angular-dependent EPFW.0 assymptions: First, equal probabilities.are assigned to a]l
resonance shifts than the peak-to-peak widi,, (0.25 orientations of the paramagnetic centers in the macroscopic
p (0.

mT) of the W-band lines. Consequently, the Zeeman an owder sa_mple, and the EPR powder pattern can be obtained
HFS interactions may be represented by ghand A con- y averaging the angular-dependent single-crystal spectra:

stants, respectively. Moreover, in the KnEPR powder 5/2 o
spectra no indication was found of the fourth-order FS termg(g)o >, > f f W(O,M, i)
and, hence, they were omitted. However, in the calculation i M=-52J0

of the resonance fields and intensities of the forbidden HFS 1 1
transitions, the nuclear Zeeman and quadrupole terms were dBREs(—,M| ,i) BRES(_rMI i ) B
taken into consideration: 2 2

X dh) F AB,, sin®de.

+A-ST—g. BBl )

In Eq.(8), W(®,M,,i) denotes the transition probability and
5) F((Bres—B)/ABp)) is the line shape function which was
' assumed to be Gaussian. The effective field conception by

H=gBB-S+D

5 1
§-3S(s+1)

_|_

2_
z

Q 1(1+1)

w| =
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Bir® provides a more adequate description of the transition
probability W(®,M, ,i) than furnished by common perturba-
tion theory because Bir's method takes into account the dif-
ference between the quantization axes of the nuclear spin in
different electronicM 5 states. Second, we presuppose that
the BaTiG, nanocrystallites reveal an inhomogeneous struc-
ture which translates into statistical parameter distributions
with mean valuegy, Ay, andD and widthsAg, AA, and

AD. Including the linewidtPAB,,, seven parameters are to
be determined from the experimental spectra. In particular,
only a statistical distribution of the FS parameleyielded a
comprehensive description of all the EPR measurements in )
the various frequency bandX,Q,W). Assuming a Gauss-
ian distributionP(D), the EPR spectruri(B) of Mn?" ions
in nanocrystalline BaTiQis obtained as

5/ 1200 1220 1240

+ oo /2 ]
TGEDS dDJ P(D) Magnetic field (mT)
e ° FIG. 8. Mr** EPR spectra measured withband of(a) micro-
crystalline andb) nanocrystalline BaTi@samples.

1 :
Breg 5 .M./ —B
XW(®,M, ,i)F X SinOdo. Dmpzx(ﬁ_l
Bop a

. (12

(9 This relation meets the constraints of symmetry according to

) . which for paramagnetic center at a centrosymmetric site, the

Particularly, owing to the weak angular dependence of thgine structure parameter is to be comprised of terms with
central FS transition, the tertBges/d(hv) in Eq. (8) can  gyen powers oP only.

be treated as a constant in EH).
3. Mn?* spectra taken at room temperature

2. Centered model and fine structure parameter EPR measurements were carried out in ¥iéand (9.5

The superposition mod&l enables the determination of GHz) with a Bruker ESP 380 spectrometer, in tQeband
the spin-Hamiltonian parameters for a known structure of §34.2 GH2 with a Bruker EMX device, and in th&/ band
defect in a solid-state material or, vice versa, the deductiof94.1 GH2 with a Bruker ELEXSYS E 600 spectrometer
of the local environment of a paramagnetic center from thevith 100 kHz field modulation. The magnetic fields were
EPR data. The main assumption of the model is that th€letermined by means of a proton magnetic-resonance probe
spin-Hamiltonian parameters are sums of individual contri{X and Q band. For g-factor determination the standard
butions from each nearest neighbor of the paramagnetic iosample DPPH ¢=2.0036) was used. The temperature de-
In this approximation the axial FS parameter may be deterpendences of the EPR spectra were taken using a Varian E
mined from the lattice parametera and ¢ (centered 112 spectrometer with variable temperature accessory E257,
mode):*213 attaining a stability better than 0.5 K in the temperature

range from 60 °C to 160 °C.
c\t2 At first, in order to investigate the influence of the mean

5) , (10 particle size on the EPR spectra we measured Mioped
, L — ) i the application of the common solid-state reaction. The per-
with the intrinsic parameteb, depending on the lattice pa- (inent powder pattern of the central FS transition in Fig) 8
rameter ¢ and the exponentt,=7. For the system s 5 syperposition of tetragonal and cubic spectra, with the

—(c
Dcm: 2b2(§)|:1_
BaTiO; micropowders, prepared as a reference sample by

BaTiO,:Mn?" the functional dependence bj is lines of the latter being marked by asterisks. Obviously, the
six intense line groups observed both for micropowders and
— 0.2101nm] |2 nanopowders arise from the®Mn HFS interaction. Each

) (11) group shows absorptionlike features and derivative shapes in
the first derivative powder spectra where the following con-
dition is satified?’

¢\ _
b2(§)=b2(0-2101”m]) c/2[nm]

with 52(0.2101 nmy@ —148.5 mT. Using the size-

dependent lattice parameters deduced from the XRD mea- 1 .
surements, the axial FS parameter can be evaluated and com- dBre §,M| 1,0
pared with the corresponding EPR results. 40 =0. (13

Because of ¢/a—1)<1, an expansion of Eq10) leads
to a direct relation between the fine structure paramBter In our case of a spin Hamiltonian of axial symmetry with
and the ferroelectric order parameterof the tetragonal isotropicg andA terms, an absorptionlike feature is expected
phase: for ®=0 ° whereas derivative shapes are to be attributed to
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Q Band (34 GHz) W BAND (94 GHz)
155 nm 165 nm
75 nm

25 nm l[—
J 25nm

15nm

HL

1225 1230 1235 1240
Magnetic Field (mT)

FIG. 9. Central MA™ FS lines Mg=1/2Mg=—1/2, M, = 15nm
—3/2,—5/2) taken at room temperature in teband for powder
samples of various mean sizes.

3370 3375 3380
angles of 41.8° and 90°, respectively. The distance be- Meagnetic Field (mT)
tween the outer peakd}=90°, 41.9°) is determined by
the second-order ter®?/B, and, due to the third-order
terms in Eq.(6), is additionally superposed by a weak de-
pendence on the quantum numiér [cf. Eq. (6)].

F_rom the simulati_on of.this axial- EP.R spectrum the crys- Simulations of theQ- and W-band spectra readily repro-
tal field parameteD is estimated, yielding a value of about .o 41 the spectral details of both the allowed and forbid-
24.5 mT for the micropowder sample at room temperaturé e, yransitiongFigs. 11 and 1R thus furnishing confidence
Both this value and the temperature dependence of the Ry the spin-Hamiltonian parameters employed. The best-fit
parameter are in agreement with the respective data of Cujyes of theg factor (2.002-0.001), the HFS constant
ramic samples! However, the magnitudes of the absorption- o(8 64+ 0.02 mT), and the quadrupole coupling constant

like features for®=0° cannot be fully explained on the @Q(0.2+0.05 mT) do not vary with particle size and are typi-
basis of this axial spin Hamiltonian. For the axial case, thecal of Mr?* ions incorporated into BaTiQ single

simulation yields more intense derivative lingd 90 ° and crystals%l_BThe amounts of the mean FS paramef@rand
41.8°) than the absorptionlike feature between theee the widthsAD of the distribution in Table | reveal a pro-
also Ref. 40. Therefore, an additional MA EPR spectrum
of cubic symmetry must be taken into consideration. Having
in mind that the cubic FS parametarof Mn?* ions in QBand (34 GHz)
BaTiO; is smaller than 2 mT213 the pertinent spectrum
consists of only six narrow HFS lines. Thdactors and HFS
constants of Mfi" ions on tetragonal and cubic lattice sites
are equal and, hence, the lines of the cubic spectrum overlap
with those of the tetragonal central oné3=0 °).

When going from micropowder to nanopowder samples
(Fig. 8), the resolution of MA" EPR spectra becomes quite
poor. The spectra taken in the various frequency bdfuds hcf

FIG. 10. The same as in Fig. 9 for th& band.

quently, the line shapes can provide information on the FS
parameteD and its distributiomAD.

the Q- andW-band spectra see Figs. 9 and téveal a size
effect on the line shapes: At first, for the 155-nm-sized

sample, the outer derivative features are broadened and an . . : - ; :
asymmetric line occurs between them. In the EPR spectra of : —eXPenment {
powders with a small grain size{100 nm) these two outer . ©_ simulation

peaks are no longer observed and the central FS transition
consists of six allowed and ten forbidden HFS lines with

asymmetric shapes. Their linewidths depend on the micro- 1190 1200 1210 1220 1230 1240

wave frequency and are smallestdband. A comparison of netic field (m

the X-, Q-, andW-band spectra shows that any anisotropy of Meg (mn)

the g and HFS tensors as well as their distributiavng and FIG. 11. Experimental and simulat€@band spectra for the 155

AA may even be neglected in th&-band spectra. Conse- nm sample.
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W Band (94 GHz)

(b)

@)
T=20"

—— experiment

- simulation

3365 33;70 33IT5 3380
Magnetic field (mT)
FIG. 12. Experimental and simulatét-band Mrf* EPR spec- 300 320 340 360
tra of the 25 nm samplgcentral FS linesMg=1/2Mg= Magnetic Field (mT)

V2, =325/ only. FIG. 13. Mr?™ X-band spectra of a microcrystalline sample re-
nounced grain-size dependence, with tﬁﬁ value of the corded in the ferroelectric tetragon@ and in the paraelectric cu-
. . ' B . bic (b) phases, with the latter being taken at reduced ghina
finest powder sample being only one-third of the single-p, . " 50. The EPR lines at 335.2 mT and 340.2 mT on the top
crystal value. It is worth mentioning that optimal simulation spectrum are to be attributed to3feand CF* impu.rities respec-
of the spectra of powder samples with intermediate grain sizgvely_ '
(e.g., 155 nmis attained by superposing two axial spectra.

One of the two FS parameters still is quite close 1o that ofeveals the occurrence of local acentric crystal symmetry
single crystals'~** and microceramics! The other FS pa- it growing particle size, well before the detection of any

which the amount of the mean FS parameter decreases and

the distribution widthAD grows with decreasing particle 4. Mn?* spectra taken at the Curie temperaturecT
size. The tremendous increase in the widths of the FS param- At the ferroelectric-to-paraelectric phase transitioh. (
eter distribution indicates a growing breaking of translational el .

9 g 9 ~120°C) of bulk BaTiQ, the symmetry of the unit cell

symmetry in an outer particle region. Moreover, a cubic. f ot |t bi learlv affecting. th
spectral proportion =0) is worth mentioning which sub- Increases rom tetragonal 1o cubic, clearly afiecting the

2+ i . ; ;
stantially reduced the fit residuals in all cases. For greate,['}/lhn _mllcFrgpowder ?é%ectra_. Ihn the'p%r'aelectr]ctcubm prl;gse
grain sizes(with |[D|>AD/2) a cubic spectral component € axia parametes vanishes, yielding an intense cublc

has to be explicitly taken into account whereas for the finePiX'Iine HFS spectrumupper part of Fig. 1B Thus, the

nanopowder samples the broad FS parameter distributioﬂ'sappearance of the cubic spectrum must not be traced back

(ID|<AD/2) inherently contained the adequate cubic Ioro_to an oxidation stage alteration as has been assumed in the
portion.

For comparison, Table | also contains the correspondin
FS parameter®,, 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 dependen|] of

literature®1” However, in the ferroelectric tetragonal phase,
emnants of this cubic spectrum survive and compete in in-
ensity with the tetragonal Mr spectrum. The temperature-
dependent intensities of the cubic KMnspectra in Fig. 14
reflect a pronounced size dependence: The samples with
greater particle sizese.g., 155 nm undergo a relatively
sharp phase transition reminiscent of the crystalline bulk sys-
tem. In addition, the intensity of the cubic K¥ih spectrum
reveals a thermal hysteregiBig. 15 similar to that mea-
sured for the lattice parameters in bulk systems by crystallo-
graphic mean8! At smaller particle sizegbelow 155 nm in

TABLE I. Size dependence of the FS paramdeand its dis-
tribution witdth AD (as determined by EPR spectra fittirand the
corresponding value® ., which were obtained from XRD data
with the aid of the centered model.

Size (nm) ID| (mT)  AD (mT) Dy (MT) Fig. 14 such a pronounced tetragonal-to-cubic phase transi-
tion behavior is no longer observed in the range around the
2000 24.0 <1.0 32.2,215!333"  Curie temperatur@c. In addition, the thermal hysteresis is
155 24.0,155 4.0, 8.0 28.1 also no longer detectable.
75 13.5 8.0 22.9
25 10.0 30.0 3.0 V. DISCUSSION
15 8.0 45.0 0.0

At first, we compare the XRD and EPR data from our
8Mleasured single crystal data. room temperature measurements with the model calculations
bCalculated from Refs. 12 and 13. outlined in Sec. Ill. The centered modetq. (12)] allows
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08 | # 155 nm 10_
[ ] - -
07t [ -
. —
06} OO 75nm E
05} E
ﬁ % 054
E 04} n :_: * <P,
g ﬁ ’: ------ < P2>rd
B o3f o h | @  (da-"1), thiswork
& : * D, this work
. ¢ A (da1),Ref.35
021 ; o (dat1)Ref.7
! ¢ 25mm 0.0 O:A ]
0.1 B /OJ—O/O——_O ) T T T T T T
On: o smm 0 100 200 300 400 500
0.0 ?_ s Grain Size (nm)
5'0 1('10 15'90 2(')0 FIG. 16. Correlation between measuring d&taand c/a—1
Temperature (°C) with calculated mean square of polarizatiBrwhere(P?), is the

radial average oP? and(P2>r'd additionally accounts for a particle
FIG. 14. Temperature dependence of the relative intensity of thaize distribution(cf. tex).
cubic Mr* spectrum in BaTi@ powder samples of different mean

particle sizes. the remaining discrepancies one has to take into account the

correlation of the amount of the axial fine structure aram_particle—size distribution. The best theoretical verification of
eterD with the tetragonality parametefa— 1. The normpal- our measuring data could be achieved on the assumption of a

. relatively broad particle size distributiofGaussian with a
Wvidth of 80% of the mean grain size—cf. Fig.)18he lines
drawn in Fig. 16 correspond to theoretical calculations ac-
cording to Sec. lll. The solid bold line is the numerical so-
ution of Egs.(2) and(3) using the parameters given in Sec.

q | ! t th I oh hich lIIB. The dashed line, however, additionally takes into ac-
ata rlfvsla a suppression c:j tth € t;tr?%oT.a P da.;e I\éng | unt the grain-size distribution by averaging over a Gauss-
remarkably more pronounced than that defivered by - fhan distributionP(d). The inevitable assumption of a pro-

discussing the apparent discrepancy we again refer to ﬂ'ﬁ

different local resolution of both methodifor comparison ounced grain-size distribution in_ the simulation of
. o ; ' experimental data throws some new light on the presumed
see the discussion in the literattffeof XRD data versus b 9 P

d-h ; fiofSHG) and R coexistence of tetragonal and cubic phases within a particular
second-harmonic general ) an aman measure- BaTiO; particle deduced primarily from the XRD resuitin
mentd. For comparison, some literature data have been in

S h . reality, the apparent coexistence of tetragonal and cubic
cluded in Fig. 16. At first glance, our experimental data agre y bp g

. . . 3435 : i %hases stems from the superposition of particle sizes, which
well with pertinent literature data™*In a consideration of allows for ferroelectricity in the sufficiently large grains and

the size-driven transition into the paraelectric cubic state in

samples with a mean particle size of wn (|D|
=24 mT, c/a—1=0.01077), with the latter values falling
quite close to the corresponding bulk values. Note that pal
ticularly at small mean particle sizes<60 nm), the XRD

10f N—a the smaller ones.
Furthermore, the amounts of the EPR fine structure pa-
rameterD reveal a relatively good correlation with the cor-
08} u

responding valueB ., (cf. Table ) inferred from the XRD
data with the aid of the centered modeét> The rather good
agreement between the results obtained for the microcrystal-
line powder samples and the literature data for single
crystalg?*3 furnishes additional confidence in the size de-
pendences of the amounts of the axial FS paranigtand
their distribution widthsAD. The distribution of the tetrag-
onal FS parameter® requires a separate discussion. Obvi-

o
o

T
B

Relative Intensity

(=]
'S
T
-

02l / ously, only particles with sizes close to the critical value
. make considerable contributions to theparameter distribu-
j tion. Note that for small particles the distribution widAD
0ol . s becomes remarkably larger than the averdidé As the
% o 110 r;f?C) 130 140 powder line position depends only @r¢ [see Eq.6)] this

situation means a strongly asymmetric distribution Dot

FIG. 15. Temperature hysteresis of the relative EPR intensity ofanging from approximately zero with the highest probability
the cubic MA™ spectrum for the 155 nm powder sample. up to (D|+AD)2. The resulting fine structure valu¢b|
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osl of translational symmetry going far beyond the ones ex-
) r 155 nm pected in the tetragonality gradient layer of the generalized
o7k Landau theory. The thickness of this distorted layer has been
estimated at about 15 nm for all nanopowders under investi-
06} gation. Because of the dominant role of the grain-size distri-
—  75nm bution in the discussion of the spectroscopic data of nanopo-
£ 05r wder samples, the greatest progress in future work will have
§ 04l to be achieved with regard to size homogeneity, either in a
e direct way by further optimizing the preparation route or,
8 o3l alternatively, by size fractionation with the aid of gel perme-
2 ation chromatography.
0.2 25 1m Our picture of a small particle as an aggregate of inner
04 % regular core and heavily distorted outer layer mediated by a
) — 15m tetragonality gradientcf. the so-called tetragonal anisotropy
0.0 J defect?) is largely consistent with the one presented by An-
L L L liker et al*?> who devised from their x-ray scattering and
100 120 140 surface-sensitive electron scattering experiments a quite
Temperature (°C) similar two-component model. The detailed structure and na-
ture of the nonferroelectric outer layer is unknown.
FIG. 17. Simulation of the dependence of the cubicMspec- Finally one should mention the consistency of the present
trum intensity on temperature and mean particle &igin assum- EPR data with preceding studfesf these particular topics,
ing a broad particle size distribution—cf. tgxt carried out with the aid of vibrationalFT-Raman and

nuclear magnetic resonancé&BaNMR) spectroscopy. In
+AD clearly exceed the pertinent bulk value, thus providingthe Raman investigations, it was particularly the tetragonal
clear evidence of subregions with strong distortions goinGpectral feature at 309 cm, and in NMR a line broadening
beyond the ferroelectric tetragonal unit cell deformation ofdue to axial nuclear quadrupole coupling, which corrobo-
the bulk. Consequently, th&D values measured for the 25 rated the present idea of small BaTifarticles according to
nm and 15 nm grains indicate strong local distortions whichwhich they are formed by an inner regular tetragonal core, a

have nothing to do with the limited tetragonal distortionsstrongly distorted surface layer, and a mediating tetragonal
occurring in the ferroelectric phase but are caused by distorgradient layer between them.

tions.

Of particular interest is of course the extent to which our
simulation can reproduce the measured intensity decrease of VI. CONCLUSIONS
the cubic M " spectrum(cf. Fig. 14 when going either to a
lower temperature or a smaller mean particle size in the vi- We have used XRD measurement and EPR spectroscopy
cinity of the apparent Curie temperatuf@ . In particular, !N combination with numerical calculations based on Landau
the same broad particle-size distribution has to be assumdheory to study the size effects of ferroelectric Bag i@no-

(with the width again being 80% of the mean size; as for theParticles. Owing to the highly local character of its informa-
results; see Fig. 137 A detailed inspection of the tion, EPR spectroscopy in conjunction with SHG and Raman

temperature-dependent intensity of the cubic2MrEPR ~ Measurements, reveals the existence of a locally acentric sur-
spectrum(Fig. 14 reveals, for the finest nanopowders, theface layer at room temperature with about 15 nm thickness
most intense cubic remnants beld| and, vice versa, the surrounding the crystalline bulk. Sufficiently large particles

weakest intensities aboveZ. Starting from the assumed consist of a regular ferroelectric core with a tetragonality

geometrical size distribution, the effect of a distorted outedradient towards the heavily distortddS-nm-thick outer

layer was accounted for by estimating the cubic volume fraC1ayer. With decreasing particle size this surface layer increas-

tions peyy(T,d°) of the sufficiently small particles using the ingly determines the properties of the grains. The tetragonal
numerically ascertained size dependence of the ferroelectr
transition temperaturéef. Fig. 3):

Xcrit(T) X— dO 2
pcub(Tido)“f exg —
0 20

In Eq. (14), d° is the mean particle size in the nanopowder,
d, the thickness of the distorted surface layer, apg(T) We are grateful to Dr. F. Lendzian, Dr. S. Zech, Dipl.-
the inverse function of the size-driven phase transition temPhys. W. Hofbaue(TU Berlin, AG Professor Lubitz and
perature. Conformity with the experimental results, espeDr. G. Maresch(BRUKER Analytische Meftechnjkfor
cially for the decreasing EPR intensity with lower particle measuring th&\V-band spectra. These investigations were fi-
size, has been achieved on the presupposition that the manancially supported by Deutsche Forschungsgemeinscharft
ganese ions in this particular surface layer make no contrithrough INK-24 and SPP Hochfeld-EPR in Biologie, Chemie
bution to the cubic spectrum because of the heavy distortionsnd Physik.

%istortion measured by XRD and EPR can be systematized
by Landau theory only on the presupposition of a pro-
nounced grain-size distribution. In future work, the most
progress can be attained by improving the size homogeneity
(x—d,)3dx. of the nanopowder samples.
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