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ABSTRACT: Multiferroics, materials that exhibit coupling
between spontaneous magnetic and electric dipole ordering,
have significant potential for high-density memory storage and
the design of complex multistate memory elements. In this
work, we have demonstrated the solvent-controlled synthesis
of Cr**-doped BaTiO; nanocrystals and investigated the effects
of size and doping concentration on their structure and phase
transformation using X-ray diffraction and Raman spectrosco-
py. The magnetic properties of these nanocrystals were studied
by magnetic susceptibility, magnetic circular dichroism
(MCD), and X-ray magnetic circular dichroism (XMCD) measurements. We observed that a decrease in nanocrystal size
and an increase in doping concentration favor the stabilization of the paraelectric cubic phase, although the ferroelectric
tetragonal phase is partly retained even in ca. 7 nm nanocrystals having the doping concentration of ca. 5%. The chromium(III)
doping was determined to be a dominant factor for destabilization of the tetragonal phase. A combination of magnetic and
magneto-optical measurements revealed that nanocrystalline films prepared from as-synthesized paramagnetic Cr**-doped
BaTiO; nanocrystals exhibit robust ferromagnetic ordering (up to ca. 2 pg/Cr’*), similarly to magnetically doped transparent
conducting oxides. The observed ferromagnetism increases with decreasing constituent nanocrystal size because of an
enhancement in the interfacial defect concentration with increasing surface-to-volume ratio. Element-specific XMCD spectra
measured by scanning transmission X-ray microscopy (STXM) confirmed with high spatial resolution that magnetic ordering
arises from Cr’* dopant exchange interactions. The results of this work suggest an approach to the design and preparation of
multiferroic perovskite materials that retain the ferroelectric phase and exhibit long-range magnetic ordering by using doped
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colloidal nanocrystals with optimized composition and size as functional building blocks.

B INTRODUCTION

The discoveries of new materials exhibiting a rare combination
of magnetic and electric orderings, known as magnetoelectrics
or multiferroics,"* are of paramount importance for a deeper
understanding of the interactions between electric polarization
and magnetization in the solid state. The alignment of electric
dipoles by using a magnetic field> or magnetic moments by
applying a voltage®® has been a long-pursued goal leading
toward increasing the memory storage density and the design of
multistate memory elements in which information can be
stored using both electric and magnetic polarizations. Other
potential applications include the fabrication of advanced
memory media that could allow for writing the bits of
information in the ferroelectric mode and reading them via a
magnetic field generated through the magnetoelectric coupling,
or vice versa. However, only few materials have shown an
appreciable magnetoelectric effect, usually at temperatures well
below room temperature.® This problem has been associated
with chemical incompatibility of the two ordering mechanisms.
Such an incompatibility can be illustrated in the case of the
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most widely used and best understood ferroelectrics: oxides
with the perovskite crystal structure.

The complex oxide perovskites with a general formula ABO;
(such as BaTiO,, SrTiO;, and PbTiO;) have a cubic crystal
structure in the paraelectric phase, with the small cation B in
the center of an octahedron of oxygen ions and the large
cations A at the corners of a cubic unit cell (Figure 1a). Barium
titanate (BaTiO;) has been particularly well studied in both
single-crystal and ceramic forms.®” Because of its high dielectric
constant and ferroelectric properties, it has found applications
in multilayer capacitors,® ferroelectric random access memory
(FRAM),9 temperature sensors, '’ electro-optic modulators,"*
and transducers and actuators.>'* Barium titanate can exist in
four different phases depending on the temperature: the
paraelectric cubic phase and ferroelectric tetragonal, ortho-
rhombic, and rhombohedral phases. The cubic perovskite
BaTiO; phase (space group Pm3m) is stable above 120 °C. The
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Figure 1. Unit cell structures of (a) cubic BaTiO; (space group
Pm3m) and (b) tetragonal BaTiO; (space group P4mm). Color code:
Ba, green; O, red; Ti, blue. The positions of the asymmetric O atoms
in the tetragonal phase are indicated as O; and Oy;.

lattice parameter a is 3.996 A,'>'? allowing enough room for

the Ti*" ion (radius of ca. 0.61 A)** to move inside the (0%*7),
cage. At temperatures between 120 and 0 °C, bulk BaTiO;
adopts the tetragonal structure (space group P4mm), in which
the Ti** ion moves off-center along a Ti—O bond (Figure 1b
and Figure S1 in the Supporting Information). The resulting
displacement %ives a polarization of 26 uC/cm? along the (001)
direction.*">"> The original cubic symmetry is distorted by
lengthening of the ¢ lattice parameter (c/a ratio of 1.011).'>"
If the origin is located at the Oy position, the displacements of
the Ba®*, Ti**, and O*~ ions along the ¢ axis are +0.06, +0.12,
and —0.03 A, respectively.'> Other phase transformations occur
at lower temperatures and are practically less important for this
study. Combined temperature-dependent investigations of the
microscopic and macroscopic symmetry of BaTiO; have
revealed that the phase transformation is a complex process
involving both order—disorder and displacive mechanisms.'*™*®

A number of studies have indicated that the crystal lattice
expands and the phase transition temperature decreases as the
grain size is reduced. The ferroelectric phase can become
unstable at room temperature when the particle size is reduced
below a critical value.'”™>' Different critical sizes have been
reported for perovskite lattices, ranging from over 100 nm>>**
to a few unit cells.”* The smallest nanocrystal size at which the
tetragonal ferroelectric phase can be stabilized at room
temperature is also strongly dependent on the surface structure,
lattice defects, stress/strain, and dopant ions, making the phase
transformation sensitive to the sample preparation meth-
0d 17202325

One of the potentially viable approaches for imparting
magnetic properties into ABOj lattices is to substitute B** with
a transition-metal ion containing unpaired d electrons. The
attempts to realize ferroelectric and ferromagnetic ordering
simultaneously by replacing the B*' cations in perovskite
lattices with small transition-metal ions have generally led to
reduced ferroelectricity.” This has been rationalized in terms of
the importance of the hybridization between the d orbitals of
the central cation and the 2p orbitals of oxygen for spontaneous
ferroelectric phase stabilization. The d orbital occupancy, which
is necessary for the formation of a net magnetic moment and
for the long-range magnetic ordering, possibly hampers this
hybridization process. In spite of the recent discovery of new
multiferroic materials, understanding the coexistence of
terroelectricity and ferromagnetism and their interactions
remains elusive. The synthesis of complex transparent
conducting oxide (TCO) materials in the nanostructured
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form has been shown to be an effective way of controlling their
phase, surface structure, and defects.? Controlling interfacial
nanocrystal defects enables long-range magnetic ordering in
transition-metal-doped TCOs prepared from analogous colloi-
dal nanocrystals as building blocks.””~> The motivation of this
work was to explore the possibility of introducing and
controlling magnetic properties in doped nanostructured
perovskite ferroelectrics and to understand the role of
nanocrystal size, surface structure, and defects in mediating
the magnetic ordering. Because BaTiO; has been a well-studied
perovskite lattice, we used Cr**-doped BaTiO; nanocrystals
(Cr**:BaTiO; NCs) as a model system for this study. Cr’* is a
kinetically stable ion with a high affinity for six-coordinate sites
and no tendency to undergo Jahn—Teller distortion,*® which
could complicate the ferroelectric phase stabilization.” Although
the incorporation of Cr** dopants suppresses the formation of
the ferroelectric tetragonal phase, we observed the presence of
the tetragonal phase at room temperature for NCs having an
average size as small as ca. 7 nm and containing up to 5%
substitutional dopant. Robust ferromagnetism was observed in
ca. 0.5% Cr’*:BaTiO; films prepared by spin-coating the
substrates with suspensions of small-sized colloidal NCs. The
long-range magnetic ordering in nanocrystalline films is
associated with the formation of extended structural defects,
which can mediate magnetic exchange interactions of the
dopant ions, similarly to transition-metal-doped TCOs.>” ">’
Magnetic circular dichroism (MCD) studies revealed that long-
range Cr** ordering is the origin of the observed ferromagnet-
ism. The saturation magnetization decreases with increasing
doping concentration and NC size, likely because of increased
antiferromagnetic interactions and a decreased interfacial defect
concentration, respectively. This work allows for the prepara-
tion of colloidal perovskite NC building blocks having the
optimal composition and size to achieve long-range magnetic
ordering and retain the ferroelectric phase.

B EXPERIMENTAL SECTION

Materials. Barium rods (99%), titanium(IV) isopropoxide [Ti-
{OCH(CH,),}, or Ti(0O-i-Pr),, 98%], chromium(III) acetylacetonate
[Cr(CsH,0,); or Cr(acac);, 97.5%], chromium(III) chloride hexahy-
drate (CrCly-6H,0), and barium titanate powder (BaTiOs, 99%) were
all purchased from Strem Chemicals. Tri-n-octylphosphine oxide
(TOPO, 90%) and benzyl alcohol (CsH;CH,OH, 99%) were obtained
from Sigma-Aldrich. Oleic acid, toluene, and ethanol were purchased
from EMD Chemicals and used without further purification.

Synthesis of BaTiO; NCs. To prepare BaTiO; NCs from a few
nanometers to several hundred nanometers in size, we used three
different solvents in the solvothermal synthesis procedure: benzyl
alcohol, ethanol, and water. BaTiO; NCs ca. 5 nm in size were
synthesized in an inert atmosphere by modifying a previously reported
procedure.’’ In a typical synthesis, 3 mmol of metallic Ba was
dissolved in 20 mL of anhydrous benzyl alcohol at 80 °C until a
slightly yellowish solution was obtained. The solution was cooled to
room temperature, after which 1 molar equiv of Ti(O-i-Pr), was
added. The mixture was then stirred overnight, resulting in the
formation of a gelled precipitate. This mixture was then transferred to
a 45 mL Teflon liner of an acid digestion bomb (Parr) under an argon
atmosphere and heated in an oven at 200 °C for 48 h.

For the synthesis of larger-sized NCs, a slightly different procedure
was applied. The gelled suspension/precipitate mentioned above was
centrifuged, and the supernatant was substituted with degassed ethanol
or deionized water. After mixing the precipitate with the new solvent,
the total volume was adjusted to be ca. 20 mL. Finally, this suspension
was sealed in the Parr acid-digestion bomb and heated under the same
conditions as described above.
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Synthesis and Surface Treatment of Cr3*:BaTiO; NCs.
Cr**:BaTiO, NCs were prepared using the same procedure described
for the synthesis of pure BaTiO; NCs in different solvents, except that
various amounts of Cr(acac); were added to the reaction mixture
along with metallic Ba. The starting molar ratio of Cr(acac); to Ti(O-i-
Pr), was varied from 0.05 to 0.2. Considering a relatively low solubility
of Cr(acac); in water, a slightly altered methodology was also
performed for water-synthesized samples to enhance the Cr** doping
concentration: upon the formation of a gelled precipitate in the
synthesis of pure BaTiO; NCs, different amounts of CrCl;-6H,0O were
dissolved in the water that was used to replace the benzyl alcohol
supernatant.

After the digestion bomb was cooled to room temperature, the NCs
were collected by centrifugation and washed three times with ethanol.
To remove any surface-bound dopant ions and impurities, both pure
and doped samples were suspended in melted TOPO, heated at 150
°C for 1 h, and then precipitated with ethanol.>* This TOPO cleaning
and precipitation procedure was repeated three times, yielding TOPO-
capped Cr**:BaTiO; NCs. Benzyl alcohol- and ethanol-synthesized
TOPO-capped NCs could be readily dispersed in toluene, but those
prepared in water were less stable because of their larger size. To
obtain colloidal suspensions of water-synthesized NCs, various
dispersants such as polyelectrolytes, phosphate esters, and fatty acids
were employed.>® Among them, oleic acid proved to be the most
effective. The surface-cleaned TOPO-capped NCs were heated in oleic
acid at 100 °C for 30 min and then precipitated and washed with
ethanol. Oleic acid-capped NCs were suspended relatively well in
hexane or toluene.

Characterization and Measurements. Powder X-ray diffraction
(XRD) patterns were collected using an INEL diffractometer with a
position-sensitive detector, and monochromatic Cu Ka radiation. The
morphology and structure of the NCs were studied by scanning
electron microscopy (SEM) with a LEO FESEM 1530 microscope
operating at S kV and by transmission electron microscopy (TEM)
with a JEOL-2010F microscope operating at 200 kV. Gatan
DigitalMicrograph software was used to analyze the TEM images.
The doping concentrations were determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and X-ray photo-
electron spectroscopy (XPS) and are expressed as a percentage of
substituted Ti** ions. Raman spectra were recorded at room
temperature with a Renishaw 1000 spectrometer using a He—Ne
laser with the excitation wavelength of 632.8 nm. The measurements
were performed at ca. 10% of the maximum laser output power (40
mW). The spectrometer was calibrated using a silicon standard. The
optical absorption spectra of colloidal NCs were collected in standard
1 cm path length quartz cuvettes with a Varian Cary 5000
spectrophotometer. For low-temperature absorption and MCD
measurements, the colloidal suspensions were deposited on high-
quality quartz disks and mounted in the appropriate cryostats. Low-
temperature absorption spectra were measured using a liquid helium
optical cryostat (Optistat CF, Oxford). MCD measurements were
performed with a Jasco J-81S5 spectropolarimeter using a high-field
superconducting magneto-optical cryostat (SM4000-8, Oxford) with a
variable-temperature (1.5-300 K) and variable-magnetic-field (0—8
T) compartment positioned in the Faraday configuration. The
magnetization was measured with a Physical Property Measurement
System (PPMS, Quantum Design) in ACMS mode. For measure-
ments of free-standing NCs, the NC powders were precipitated with
ethanol, air-dried, and loaded as powders into measurement capsules.
For measurements of nanocrystalline films, the colloidal NCs were
spin-coated multiple times on clean, accurately weighed sapphire
substrates with mild annealing at 300 °C for 1 min between
consecutive coatings. The final nanocrystalline films were weighed
again on an analytical balance to determine the magnetization per unit
mass of the samples. All samples were handled identically under
carefully controlled magnetic-contamination-free conditions. X-ray
MCD (XMCD) measurements were performed in scanning trans-
mission X-ray microscopy (STXM) configuration at the SM beamline
(10ID-1) of the Canadian Light Source (CLS). For XMCD
measurements, a ferromagnetic sample was transferred from the
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nanocrystalline film to a sample holder window by dry pressing. The
sample holder was mounted on a magnetic ring (ca. 0.1 T), allowing
for a parallel orientation of the magnetic field and X-ray beam
propagation directions. Image stacks were collected at ca. 300 K by
imaging a selected area of the sample with different energies at the Cr
L,; edge from 565.0 to 595.0 eV using both left-circularly polarized
(LCP, p7) and right-circularly polarized (RCP, p*) photons. The
analysis of the images and spectra was performed using Axis 2000
software after the images were aligned using Jacobson Analysis
software. The aligned image stack containing the information about
the transmitted intensities for each photon energy and helicity was
then converted into optical density (OD) values using the relation
In(I/1,), where I is the signal transmitted through a desired sample
area and I, is the signal from the image area without the sample. The
Cr L,s;-edge XMCD spectrum was derived as the difference in
absorbance between left- and right-circularly polarized X-rays.

B RESULTS AND DISCUSSION
Synthesis and Size Control of BaTiO; NCs. The

proposed reaction mechanism for the synthesis method applied
in this work involves the formation of a C—C bond between the
isopropoxy ligand of Ti(O-i-Pr), and benzyl alcohol,
accompanied by the release of the hydroxyl group from benzyl
alcohol.®" The Ti—OH group generated in the process
undergoes further condensation along with the formation of
4-phenyl-2-butanol. Dissolving barium in benzyl alcohol before
the addition of the metal alkoxide allows for the generation of
benzyl alcoholate as a plausible base activator of the
nucleophilic attack of a S-carbon atom of the isopropoxide
on the benzylic carbon atom and also for the formation of the
Ba—O-Ti bond.*" The obtained bimetallic alkoxide precursor
containing both Ba and Ti decomposes during the heating
procedure, resulting in BaTiO; NCs.*** In the solvothermal
preparation of BaTiO; NCs, the choice of the solvent is critical
for the determination of the NC size.”"*>73*

Figure 2 shows electron microscopy images of BaTiO; NCs
prepared in (a) water, (b) ethanol, and (c) benzyl alcohol. The
nanocrystals synthesized in water have a quasi-spherical shape
and sizes of 100—200 nm (Figure 2a and Figure S2), with a
number-average diameter of 166 + 65 nm. The NCs prepared
in ethanol (Figure 2b) and benzyl alcohol (Figure 2c) have a
sheetlike morphology (thin-layered nanostructures) with
average sizes of 6.7 + 1.7 and 4.6 + 1.3 nm, respectively.
The NC sizes of these samples were consistently measured for
the longest particle dimension, and the average size was
determined as an ordinary arithmetic mean (number average).
The size of NCs prepared in different solvents is determined by
the rate of NC nucleation and growth.>' Generally speaking,
small NCs tend to dissolve rather quickly, and the solvated ions
are more stable in polar solvents than in nonpolar ones. In
nonpolar solvents with a low dielectric constant, the saturation
of ions in solution is reached rapidly, accelerating the
nucleation rate and leading to the stabilization of small
NCs* In contrast, the high solubility of ions in high-
dielectric-constant solvents leads to the formation of fewer
nuclei in the initial stage of the NC growth, resulting in the
formation of larger NCs. The room-temperature dielectric
constants of the three solvents used in this work are 80.1
(water), 24.3 (ethanol), and 13.0 (benzyl alcohol). As expected,
the sample preparation in water produced larger NCs in
comparison to that in ethanol or benzyl alcohol. Moreover, the
employed solvents also acted as capping ligands by adsorbing to
NC surfaces, thus limiting their growth.”” The bulky molecules
on the NC surfaces could prevent further reaction, suppressing
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Figure 2. TEM images of BaTiO; NCs synthesized in (a) water, (b)
ethanol, and (c) benzyl alcohol. Insets: lattice-resolved images of
typical NCs showing measured d spacings.

the NC attachment and growth. The geometry of the solvent
molecules could therefore also be an important factor in
controlling the NC size. The effect of steric hindrance decreases
in the order phenylmethanolate > ethanolate > hydroxide.
Accordingly, capping NCs with phenylmethanolate or
ethanolate could effectively passivate the NC surfaces, leading
to the formation of smaller NCs relative to those synthesized in
water. Lattice-resolved TEM images of isolated NCs (shown in
the corresponding insets in Figure 2) indicate that nano-
particles in all three samples are single-crystalline. The
measured d spacings range from 2.83 to 2.87 A. Because the
crystal structures of cubic and tetragonal BaTiOj; are closely
related, the d spacing of the two phases is very similar. The d
spacing of the (110) plane is 2.85 A for the cubic phase and
2.825 A for the tetragonal phase. Although the measured d
spacings would indicate mostly tetragonal phase for NCs
prepared in water and mostly cubic phase for those prepared in
ethanol and benzyl alcohol, given the uncertainly in these
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measurements it is difficult to assign the d spacings
unambiguously to either of these two phases. Similarly,
Kolen’ko et al.>> performed selected-area electron diffraction
(SAED) measurements to identify the structure of BaTiO;
nanoparticles, but the weakly resolved rings did not allow for
conclusive identification. Therefore, further characterization is
needed for the crystal structure determination.

In comparison with the synthesis of NCs in the presence of
surfactants, the solvent-controlled methods offer several other
advantages important for this study, including high purity of the
product and reduced toxicity. Furthermore, the synthesis
temperature is significantly lower than typical temperatures
applied in traditional solid-state methodologies, which
decreases the likelihood of secondary phase formation,
especially when a dopant is introduced into the reaction
mixture. This low-temperature solvent-controlled synthesis
offers a promising cost-effective approach for producing
doped BaTiO; NCs with high purity and adjustable size.

Structure and Phase Transformation of BaTiO; NCs.
XRD patterns of typical BaTiO; NC samples synthesized in
water, ethanol, and benzyl alcohol are shown in Figure 3a.
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Figure 3. (a) XRD patterns of BaTiO; NCs synthesized in different
solvents, as indicated in the graph. Vertical red (bottom) and black
(top) lines represent the XRD patterns of bulk cubic (JCPDS no. 31-
0174) and tetragonal (JCPDS no. 05-0626) BaTiOs, respectively. (b)
Narrow-range, high-resolution XRD patterns of the same samples
indicating the position of the cubic-phase (200) reflection (red line)
and tetragonal-phase (200) and (002) reflections (black lines).

Commercial bulk powder was also studied for comparison. The
XRD patterns of all samples are consistent with the cubic or
tetragonal BaTiOj; structure. Only a small amount of BaCO,
byproduct was detected in the ethanol-synthesized sample
(marked with asterisk); BaCOj, is a very common impurity in
the synthesis of BaTiO; and can usually be removed by washing
with an acid.*® From the Debye—Scherrer analysis of the (100),
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(110), and (111) diffraction peaks, the average grain sizes were
estimated to be 4 and 7.5 nm for the benzyl alcohol- and
ethanol-synthesized NCs, respectively, in good agreement with
the average NC sizes determined from the TEM images. The
instrumental line width, however, limited the determination of
the sizes of NCs synthesized in water. The 26 range between
40° and 50° is commonly used to distinguish the cubic and
tetragonal phases, where the single (200) peak characteristic of
the cubic structure splits into the two tetragonal peaks, (200)
and (002).>* However, it is still difficult to assign the crystal
structure of small NCs using conventional X-ray diffractometers
because of the significant line broadening caused by a short
coherence length. Despite these difficulties, closer inspection of
this range still reveals some interesting findings. Bulk BaTiO;
powder exhibits an apparent splitting of the (200) peak, as
expected for the tetragonal phase at room temperature (Figure
3b, black trace). The splitting is less distinct for NCs prepared
in this work, indicating a gradual change of the average NC
structure from tetragonal to cubic as the grain size decreases at
the nanoscale. For water-synthesized NCs, the peak position
still matches the tetragonal (200) reflection. This peak also has
an asymmetric shape, indicating the existence of another feature
at lower 260 values caused by either the tetragonal structure
itself [i.e., the (002) peak] or the coexistence of tetragonal and
cubic phases. This tetragonal structure might partly be a
consequence of averaging (111) displacements of octahedral
Ti** (local rhomboherdal structure),*® although these dis-
tortions cannot be conclusively identified from the present
results. The presence of the cubic phase becomes more
apparent for NCs synthesized in ethanol and benzyl alcohol, for
which the peak shift to lower 26 values is evident, despite
significant broadening. Importantly, even for NCs synthesized
in benzyl alcohol, this XRD feature still shows a manifest
asymmetry and splitting, suggesting some contribution of the
tetragonal phase for NCs having an average size of ca. 4.6 nm.
The observed shift of the tetragonal (200) peak to lower angles
in benzyl alcohol-synthesized NCs might also be partly
associated with the crystal lattice expansion. An increase in
the unit cell volume with decreasing grain size has been shown
for several metal oxides.”"*"** Tsunekawa et al.* demonstrated
that the lattice constant a increases anomalously in both
tetragonal and cubic BaTiO; nanoparticles as a result of
changes in the bonding character of Ti*" ions. The elongation
of the lattice constant a was determined to be greater than 2.5%
in 15 nm NCs.* A possible explanation of this phenomenon is
that the competition between the long-range Coulombic
attractive interactions and the short-range repulsive interactions
in ionic NCs creates an effective negative pressure, leading to a
volume expansion in small oxide particles.**

In addition to XRD analysis, which gives an average and
static symmetry, the local and dynamic symmetry of hydro-
thermally and solvothermally produced BaTiO; NCs was
monitored by Raman spectroscopy.ls’45 Raman scattering is a
highly sensitive spectroscopic probe of the local structure of
atoms and can be used to analyze the structure of BaTiO,
samples. According to the selection rules, BaTiO; with ideal
cubic symmetry should be Raman-inactive.””*** In the cubic-
phase O, symmetry, the four optical modes transform as one
T,, and three T, irreducible representations. The T,, mode is
silent, and the threefold-degenerate T}, modes are only IR-
active. High-temperature Raman spectra, however, still show
the existence of two broad bands at ca. 260 and 530 cm™),
which has been attributed to the local Ti*" ion disorder.'®*® For
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the tetragonal C,, point-group symmetry, T}, and T,, split into
Ay, E, and B; modes. Long-range electrostatic forces induce the
splitting of the A; and E modes into transverse (TO) and
longitudinal (LO) phonons, giving a total of 10 Raman-active
modes.

Figure 4 shows Raman spectra of commercial BaTiO;
powder and the NC samples prepared in water, ethanol, and
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Figure 4. Raman spectra of BaTiO; NCs prepared in different
solvents, as indicated in the graph. The assignments of the Raman
modes are indicated at the top of the graph. Inset: enlarged spectrum
in the E(TO + LO), B, region (ca. 306 cm™) for NCs synthesized in
ethanol (blue) and benzyl alcohol (red).

benzyl alcohol. The assignments of the tetragonal BaTiOj;
peaks (shown in the graph) are based on those previously
reported in the literature.”"***” All of the spectra exhibit broad
features associated with disorder of the Ti** ions within
individual unit cells. As evident from Figure 4, the Raman
spectrum of a commercial BaTiO; powder is in excellent
agreement with that expected for the tetragonal phase. It is
widely accepted that the tetragonal-to-cubic phase transition
can be identified by the disappearance of the E(TO + LO), B,
peak at ca. 306 cm™ and the A;(LO), E(LO) peak at ca. 717
cm™!, which are specific to the tetragonal phase.'®** For NCs
prepared in different solvents, all phonon modes become
weaker and broader. The water-synthesized NCs reveal only
minor weakening and broadening of the characteristic peaks
centered at 306 and 717 cm™?, a clear evidence of a high degree
of tetragonality in 100—200 nm NCs. The intensities of these
two bands decrease rapidly for the NCs synthesized in ethanol
and benzyl alcohol, which are smaller than 10 nm, but their
frequencies remain essentially unchanged. Although the spectra
of ethanol- and benzyl alcohol-synthesized BaTiO; NCs appear
similar, careful inspection of the 200—350 cm™" range (Figure 4
inset) shows a notable difference. A distinct peak at ca. 306
cm™, which is observed for ethanol-synthesized NCs, is absent
for NCs synthesized in benzyl alcohol. This feature, along with
a broad peak centered at ca. 717 cm™!, indicates the presence of
the tetragonal crystal structure in ca. 6.7 nm NCs synthesized in
ethanol, at least as microscopic domains in pseudocubic
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BaTiO; NCs. The increased line width of this transition
indicates a structural decoherence, or a lower extent to which
this tetragonality expands by long-range ordering. Taken
together, the XRD and Raman spectroscopy results indicate
some retention of the extended tetragonal structure in ethanol-
synthesized BaTiO; NCs. While the signature of average
tetragonality has been observed for NCs ranging from 20 to 30
nm in size,”"***>** our observation pushes this size limit to ca.
7 nm. Although a sharp feature at 306 cm™' completely
vanishes for the smallest NCs prepared in benzyl alcohol, it is
worth noting that Raman scattering peaks can still be observed
at ca. 297, 520, and 720 cm™, which is not expected for ideal
cubic symmetry. Shiratori et al.>* attributed this to a mixture of
the dominant cubic phase and traces of local tetragonality.
Similarly, recent neutron scattering measurements have also
revealed a strong local tetragonal distortion (off-centering of
the central Ti** ion) in metrically cubic ca. 5 nm diameter
BaTiO; NCs.** 1t is therefore likely that NCs prepared in
benzyl alcohol have a cubic crystal structure with tetragonal
distortions at the local or unit cell level. Another interesting
observation associated with the properties of BaTiO; is a
spectral feature at ca. 180 cm™ that is transformed from a
spectral dip for the bulk powder to a peak for the NC samples.
It has been suggested that this dip is characteristic of
depolarized single crystals and polycrystalline samples and
results from anharmonic coupling among the three A;(TO)
phonons.***” The positive peak in the same spectral range has
been observed for nanocrystalline powders prepared by
hydrothermal and sol—gel methods'* and is related to damping
of A;(TO) modes caused bZ lattice defects or internal pressure
in nanometer-sized grains.’

Effect of the Cr3* Dopant on the BaTiO; NC
Structure. Cr’* dopants in the BaTiO, lattice preferentially
substitute for Ti*" ions because of the similarity of their ionic
radii in octahedral coordination [r(Cr*") = 0.62 A, r(Ti*) =
0.61 A], creating in the process oxygen vacancies to allow for
charge compensation. ® XRD patterns of Cr**:BaTiO; NCs
prepared in water and having different Cr** doping
concentrations are compared with XRD patterns of undoped
NCs and bulk powder in Figure Sa. Similarly to undoped NCs,
the long-averaged XRD patterns of the Cr**-doped samples
reveal highly crystalline BaTiO; without any byproducts or
secondary phases, even at high doping concentrations. The
sizes of doped BaTiO; NCs remain similar to those of undoped
NCs, as evidenced from the unchanged XRD peak broadening.
The peaks, however, experience a gradual shift to lower 260
values with increasing doping concentration.

The influence of Cr’" incorporation on the structure of
BaTiO; NCs can be studied by examining the (200) XRD
region (20 = 44—46.5°), similarly to undoped NCs (Figure Sb).
With increasing doping concentration, the tetragonal (200) and
(002) peaks merge into a single peak, suggesting the tetragonal-
to-cubic phase transformation. The XRD pattern of the most
highly doped NCs (ca. 10.5%) indicates the dominant cubic
phase. Similar results were obtained for Cr**:BaTiO; NCs
synthesized in other solvents, although traces of BaCO;
impurity were occasionally observed as the NCs decreased in
size (Figure S3). Typical (200) XRD patterns of Cr’*:BaTiO;
NCs synthesized in ethanol and benzyl alcohol are shown in
Figure Sc,d, respectively. The peak shift to lower angles along
with its narrowing and a decrease in asymmetry are suggestive
of a transformation from the tetragonal phase to the cubic
phase with increasing doping concentration (black to red
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Figure S. (a) Overview XRD patterns of water-synthesized
Cr**":BaTiO; NCs having different doping concentrations, as indicated
in the graph. Vertical red and black lines represent the XRD patterns
of bulk cubic (JCPDS no. 31-0174) and tetragonal (JCPDS no. 0S-
0626) BaTiOs, respectively. (b—d) Narrow-range, high-resolution
XRD patterns of Cr’*:BaTiO; NCs synthesized in (b) water, (c)
ethanol, and (d) benzyl alcohol indicating the positions of the cubic-
phase (200) reflection (red line) and tetragonal-phase (200) and
(002) reflections (black lines). The doping concentrations corre-
sponding to the XRD patterns are indicated in the graphs. The doping
concentrations in (b) are the same as those in (a).

traces). These changes are more subtle than in the case of
water-synthesized NCs because of the smaller grain sizes (more
extensive XRD broadening).

The interplay between NC tetragonality, size, and doping
concentration of Cr**:BaTiO; NCs was further investigated by
Raman spectroscopy. Figure 6 shows Raman spectra of
Cr**:BaTiO; NCs synthesized in water. Consistent with the
XRD results, the tetragonal structure is gradually suppressed
with increasing doping concentration, as judged by the reduced
peak intensities and enhanced peak broadenings. Importantly,
the tetragonal phase is locally retained even in highly doped
NCs, as evidenced by the presence of a peak at 305 cm™
(Figure 6 inset) assigned to the E(LO + TO), B; mode.
Comparison with the XRD results, which are consistent with
predominantly cubic structure (Figure Sb), indicates that the
phase transition in doped NCs is also a complex interplay
between order—disorder and displacive mechanisms.

As expected, the tetragonality and phase coherence also
decreased in ethanol- and benzyl alcohol-synthesized
Cr’*:BaTiO; NCs. Figure 7a shows Raman spectra of
ethanol-synthesized Cr**:BaTiO; NCs with different doping
concentrations. The peak intensities gradually decrease,
although even at doping concentration of ca. 5% the
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Figure 6. Raman spectra of water-synthesized Cr**:BaTiO; NCs
having different doping concentrations, as indicated in the graph.
Inset: enlarged spectra in the E(TO + LO), B, region (ca. 306 cm™)
for high Cr** dopant concentrations.
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Figure 7. Raman spectra of Cr**-doped BaTiO; NCs synthesized in
(a) ethanol and (b) benzyl alcohol and having different doping
concentrations, as shown in the graph. The positions of the maxima of
the observed peaks are indicated in the graphs.

characteristic peak at 305 cm™" can still be clearly observed,

confirming the coexistence of the ferroelectric phase. The
Raman spectra of Cr’*:BaTiO; NCs synthesized in benzyl
alcohol show much less pronounced tetragonal peaks (Figure
7b). The band shapes and intensities of these spectra are
consistent with highly localized displacement of Ti*" ions in the
cubic lattice. It is also evident that the formation of additional
non-chromium-based impurity modes becomes more likely
with decreasing NC size. The peak at 800—850 cm™ is an
indication of hydroxyl defects.'”** The 404 and 616 cm™
modes may arise from BaCOj, anatase TiO,, or rhombohedral
BaTiO;.>" Direct comparison of the two effects that control
phase stabilization in doped BaTiO; NCs at room temper-
ature—size and doping concentration—is critical for the
rational design of multiferroic nanostructures. Among all of
the prepared samples, pure BaTiO; NCs prepared in water
exhibit the highest tetragonality. The comparison between
undoped ethanol-synthesized BaTiO; NCs and 10.5%
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Cr**:BaTiO; NCs synthesized in water reveals that ca. 6.7
nm undoped NCs prepared in ethanol are significantly more
tetragonal despite being an order of magnitude smaller in size
(Figure S4). This comparison implies that the doping
concentration has a dominant effect on the phase stabilization
and suggests that a possible approach for introducing long-
range magnetic ordering in ferroelectric tetragonal-phase
BaTiO; NCs should rely on using NCs with as low a doping
concentration as necessary to support ferromagnetic exchange
interactions.

Ligand-Field Electronic Absorption Spectroscopy of
Cr**:BaTiO; NCs. The electronic absorption spectroscopy of
six-coordinate Cr’* ion has been extensively studied in the past
and played a historically important place in the development of
ligand-field theory.*® A typical electronic absorption spectrum
of colloidal TOPO-treated Cr’*:BaTiO; NCs synthesized in
benzyl alcohol are shown in Figure SS. Two characteristic
ligand-field bands at ca. 15850 and ca. 23200 cm™" can be
identified and assigned to *A, — *T,(F) and *A, — *T,(F) d—
d transitions, respectively, of pseudo-octahedral Cr**. The *A,
— *T,(F) transition is only weakly observed as a broad
shoulder because of tailing of the solvent (toluene) and
possibly charge transfer absorption into the visible region. To
demonstrate internal Cr’* doping of BaTiO; NCs, we
compared the ligand-field absorption spectra after one and
three TOPO treatments (Figure S6).>> A subtle shift of the “A,
— *T,(F) transition upon TOPO treatment is associated with a
removal of the surface-bound dopant ions. Additional TOPO
treatments do not lead to the spectral change, indicating
quantitative removal of the surface-bound dopant ions. Similar
observations have been reported for Cr**-doped SnO, and
In,0; NCs.***3?

Investigation of the Cr’* ligand-field transitions can also
provide deeper understanding of the phase stabilization of
doped BaTiO; NCs with respect to the NC size and doping
concentration. The *A,—*T,(F) absorption band for ethanol-
and benzyl alcohol-synthesized NCs with different dopmg
concentrations are displayed in Figure 8a,b, respectively.”> For
both solvents, the peak center of gravity shifts to lower energy
with increasing doping concentration. This d—d absorption
transition is sensitive to the ligand-field strength of the Cr—O
bonds and therefore should depend on the lattice symmetry.
The observed shifts are consistent with a decrease in the ligand-
field strength as the tetragonality is diminished with increasing
doping concentration. It has been shown that the decline in
tetragonality due to decreasing NC size is accompanied by
expansion of the unit cell volume in BaTiO,;>"* Although
experimental results on the interionic dlstances in doped
BaTiO; NCs are lacking in the literature, previous reports have
demonstrated that the Ti—O, Ba—0O, and Ba—Ti distances in
pure BaTiO; increase with decreasing particle size and
increasing electrostatic repulsion.43 Our spectroscopic results
suggest that the unit cell volume and the average Cr—O
distance also increase with increasing doping concentration
because of the loss of tetragonality.

The size contribution to the ligand-field strength in doped
BaTiO; NCs can be inferred by considering the ligand-field
spectra of ethanol- and benzyl alcohol-synthesized NCs having
similar doping concentrations. The spectra of Cr’":BaTiO,
NCs prepared in ethanol (2.5% Cr’*) and benzyl alcohol
(3.0% Cr**) are shown in Figure 8c. A red shift of ca. 700 cm™"
for the benzyl alcohol-synthesized sample relative to the
ethanol-synthesized one suggests a significant structural change
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Figure 8. (a, b) Cr** [*A, — *T,(F)] 300 K ligand-field spectra of
Cr**:BaTiO; NCs synthesized in (a) ethanol and (b) benzyl alcohol
and having different doping concentrations, as indicated in the graphs.
(c) Comparison of the Cr** [*A,—*T,(F)] spectrum for 2.5%
Cr**:BaTiO; NCs prepared in ethanol (orange trace) and 3.0%
Cr**:BaTiO, NCs prepared in benzyl alcohol (green trace).

in the crystal lattice. As concluded previously, 4.6 nm NCs
synthesized in benzyl alcohol possess a larger degree of cubic
symmetry and a larger unit cell volume than those synthesized
in ethanol. These data demonstrate the possibility of tuning the
electronic structure and interactions of transition-metal dopants
in BaTiO3; NCs by adjusting the doping concentration and NC
size via changes in the synthesis conditions.

Magnetic and Magneto-optical Properties of
Cr**:BaTiO; NCs. Figure 9b shows 4.5 K MCD spectra of
colloidal 0.4% Cr’*:BaTiO; NCs prepared in ethanol. The
spectra were collected in a variable magnetic field of 1-7 T.
Figure 9a presents a typical 300 K absorption spectrum. A
broad “A, — *T,(F) transition in the absorption spectrum
centered at 16 500 cm™" shows well-resolved MCD structure.
In particular, a relatively narrow asymmetric and structured
feature at ca. 14400 cm™ overlaps with the *A, — *T,(F)
transition on the low-energy side. This peak can be readily
assigned to the formally spin-forbidden 4A2g - ’E, T,
transitions. Pronounced intensity of these doublets in MCD
spectra indicates a high sensitivity of MCD to transition-metal-
based transitions.” Furthermore, the intensity and splitting of
all Cr’* transitions are significantly more pronounced for
ethanol-synthesized than for benzyl alcohol-synthesized
Cr**:BaTiO; NCs having cubic crystal structure (Figure S7),
which is consistent with relaxation of the Laporte selection rule
due to the reduction of Cr’* symmetry in tetragonal BaTiO;. A
barely observed *A, — *T,(F) shoulder in the absorption
spectrum appears as a strong negative transition centered at 24
200 cm™". It is likely that this transition is mixed with a charge-
transfer transition involving the NC host lattice, on the basis of
the tailing absorption spectrum and magnetization dependence
(see below). In addition to elucidating the electronic structure
of Cr** dopant ions, MCD allows for molecular-level detection
of the magnetization properties. The Figure 9b inset shows a
plot of the monochromatic intensities of Cr** transitions as a
function of the applied magnetic field. With the g value of 1.975
for Cr** in BaTiO3,54 the intensities at 14 390, 16 585, and 20
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Figure 9. (a) Electronic absorption spectrum at 300 K of 0.4%
Cr**:BaTiO; NCs synthesized in ethanol. The same spectrum is
shown multiplied by a factor of 15 for clarity. An essentially identical
spectrum was obtained at 5 K. (b) MCD spectra at 4.5 K of the same
Cr**:BaTiO; NCs collected at magnetic fields of 1—7 T in increments
of 1 T. Inset: MCD intensities at different spectral positions plotted as
a function of the applied magnetic field. The spectral positions are
labeled with the corresponding symbols in the graph. The black lines
are fits to the Brillouin function (eq 1), as described in the text.

120 cm™ were well-fit to the spin-only Brillouin function for
the spin state S = */, (eq 1):

H
M = %ngB @S + 1) coth[(ZS + 1)(&”

2kpT
H
- coth( lat: )

2ksT

(1)

where N, g, and k are the total number of dopants per unit
volume, the Bohr magneton, and the Boltzmann constant,
respectively; T is the temperature; and H is the magnitude of
the magnetic field. A close fit to the spin-only Brillouin function
suggests the presence of isolated paramagnetic Cr’" ions in
BaTiO; NCs. The fit to the Brillouin function slightly deviates
for higher-energy spectral positions (i.e., 31 000 cm™" in Figure
9), indicating the contributions from the charge-transfer
transitions involving the BaTiO; NC host lattice. Typical
magnetic susceptibility data for free-standing ethanol-synthe-
sized 04% Cr’*:BaTiO; NCs were also readily fit to the
Brillouin expression (Figure S8), supporting the conclusion
that Cr*" ions exist as isolated paramagnetic species within the
NCs.

Motivated by the successes in using paramagnetic transition-
metal-doped transparent conducting oxide (TCO) NCs for the
preparation of transparent magnetic semiconductor films,”” >’
we applied the same approach in this study. This method could
enable the use of doped ferroelectric NCs as building blocks for
multiferroic materials. The long-range ordering in nanocrystal-
line transition-metal-doped TCO films prepared from colloidal
NCs has been associated with the existence of extended
structural (grain boundary) defects at the NC interfaces, which
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have a role in mediating the magnetic ordering of dopant
ions.>”**3¢ The networking of NCs in these films also causes
an increase in the size of the magnetic domains that helps
stabilize the ferromagnetic phase. This phenomenon has been
observed for different dopants in different TCO NCs,
suggesting the generality of this interfacial defect-induced
dilute magnetic ordering mechanism.””****>% Since BaTiOj is
also a complex oxide material that should exhibit surface
chemistry similar to that of TCOs, it is reasonable to expect
that defect formation in Cr**:BaTiO; NC films may also result
in long-range magnetic ordering by the same defect-related
mechanism. Figure 10 shows 300 K magnetic hysteresis loops
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Figure 10. Magnetization data at 300 K for Cr**:BaTiO; nanocrystal-
line films prepared from (a) 0.4% Cr**-doped NCs synthesized in
benzyl alcohol and (b) 0.4% Cr**-doped NCs synthesized ethanol.
Insets: Saturation magnetization as a function of temperature. Black
lines are linear fits indicating the absence of a magnetic phase
transition below room temperature.

of nanocrystalline films prepared from 0.4% Cr’":BaTiO; NCs
synthesized in benzyl alcohol (Figure 10a) and ethanol (Figure
10b). The hysteresis loops show robust ferromagnetic behavior,
with saturation magnetic moments of 1.95 and 0.53 u/Cr'**,
respectively. The temperature dependence of the saturation
magnetization (Figure 10 insets) confirms that the magnetic
phase transition temperature (T) for both samples is above
room temperature. Control experiments on BaTiO; films
prepared in the identical way from undoped NCs revealed only
diamagnetic interactions. Similarly, the magnetization data for
free-standing Cr**:BaTiO; NCs confirmed their paramagnetic
nature (Figure S9).

For the development of the rational approach to fabrication
of nanostructured multiferroic materials, it is instructive to
compare the magnetization properties of the two films studied
in Figure 10. The saturation magnetization of benzyl alcohol-
synthesized Cr**:BaTiO; NCs is significantly larger than that of
NCs synthesized in ethanol. This observation can be explained
by the larger surface-to-volume ratio of nanocrystalline films
fabricated from the smaller NCs synthesized in benzyl alcohol.
The larger surface area allows for a higher concentration of
interfacial defects. Furthermore, smaller NCs are likely to form
more fractile networks that lead to smaller domain sizes and/or
discontinuing domains, narrowing the hysteresis loop. Although
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the net magnetic moment is larger in films prepared from
benzyl alcohol-synthesized NCs, the retention of the tetragonal
phase domains renders 0.4% Cr’*:BaTiO; NCs synthesized in
ethanol favorable building blocks for multiferroic structures and
devices. The films prepared from water-synthesized NCs with
similar doping concentrations did not show a detectable
magnetic moment.

To confirm that the observed ferromagnetism arises from
ordering of the dopant spins, we performed Cr L,;-edge
XMCD measurements on the 0.4% Cr**:BaTiO; nanocrystal-
line film from Figure 10b, and the results are shown in Figure
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Figure 11. (top) Cr L,;-edge X-ray absorption spectra of a 0.4%
Cr**:BaTiO; nanocrystalline film prepared from ethanol-synthesized
NCs. The spectra were collected at 300 K using LCP (blue trace) and
RCP (red trace) photons. (bottom) Cr Li-edge XMCD spectrum
obtained as the difference between the LCP and RCP spectra in the
top part of the figure. Inset: STXM image of the sample corresponding
to the absorption and XMCD spectra. The image was obtained using
598.2 eV photons, and the analyzed area is shown in green.

11. XMCD is defined as the difference in absorption of LCP
(p7) and RCP (p*) photons in an external magnetic field.>’
The net magnetic moment of Cr’* ions causes an imbalance of
the spin-up and spin-down states in partially populated d
orbitals that can be probed by the excitation of 2p core
electrons to unfilled 3d states (L-edge absorption) using p* and
p~ photons. XMCD therefore allows for element-specific
detection of magnetic exchange interactions. STXM imagin§
enables XMCD measurements with high spatial resolution.’

Figure 11 (top) shows Cr L, ;-edge X-ray absorption spectra>”
collected at 300 K using LCP (blue trace) and RCP (red trace)
X-ray beams. The sample area corresponding to the spectra is
shown in the inset. Similar spectra were obtained from other
parts of the sample, indicating a uniform distribution of Cr**
dopants throughout the film. The LCP and RCP spectra are
distinctly different in the L, region (ie., peaks at 577.2 and
578.5 eV and shoulders at 579.4 and 581 eV), suggesting room-
temperature magnetic exchange interactions of Cr’* dopant
ions.®” The magnitude of the observed difference between the
p~ and p* spectra in a small subsaturation magnetic field
strongly suggests that the magnetic interactions involve long-
range magnetic ordering,”" consistent with the magnetization
results in Figure 10b. The resulting XMCD spectrum is shown
in Figure 11 (bottom). While a detailed analysis of this
spectrum is beyond the scope of this work because of the small
separation between the L; and L, edges caused by significant
quantum-mechanical j—j mixing in the case of light transition

dx.doi.org/10.1021/ja2091678 | J. Am. Chem.Soc. 2012, 134, 11361146



Journal of the American Chemical Society

metals such as chromium,* this kind of spectral and spatial
resolution will allow for future studies of the magnetic domain
formation and quantitative determination of the magnetic
interactions between the dopant ions and the BaTiO; NC host
lattice.

B CONCLUSIONS

We have demonstrated the solvent-controlled synthesis of
Cr**:BaTiO; NCs having variable sizes and doping concen-
trations. A decrease in NC size and an increase in doping
concentration favor the stabilization of paraelectric cubic
BaTiO;, with doping concentration being the dominant factor.
Although the incorporation of dopant ions and a decrease in
the NC size lead to a significant reduction of tetragonality, the
Raman spectroscopy data indicate the retention of the local
tetragonal phase in NCs that are ca. 7 nm in size and have a
doping concentration of ca. 5%. The change of the host lattice
symmetry by dopant incorporation or NC size significantly
influences the electronic structure of the Cr** dopant ions,
allowing for modulation of the functional properties of
Cr**:BaTiO; NCs. Using NCs as precursors or building blocks
for nanocrystalline films allows for the formation of the
extended structural defects at the NC interfaces, which can
mediate long-range magnetic ordering of Cr’" ions substituted
for Ti*" sites. This approach, which was first applied to TCO
NCs, has here been shown also to be applicable to dielectric
oxides. The defect formation is correlated with a decrease in
NC size due to an increase in surface-to-volume ratio. This
trend is the opposite of that for the influence of NC size on the
stabilization of the tetragonal ferroelectric phase, requiring an
optimal balance between NC size and doping concentration to
enable simultaneous retention of the ferroelectric phase and
generation of the magnetic ordering. While the primary goal of
this work was to establish the correlation between the NC size,
structure, and interactions and the electronic structure and
magnetic properties of Crt dopant ions, the measurements of
the electric polarization and the coupling between the electric
dipole and magnetic moments remain an exciting topic for
future studies. The main conclusion of this article is that a
judicious choice of the synthesis conditions enables the simple
preparation of complex perovskite-type NCs that can be used
for the bottom-up formation of multiferroic or other multi-
functional materials and devices.
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