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ABSTRACT

In the search of multiferroic materials with enhanced magnetoelectric response,
the BiFeO;-BiyTi;01; composite system has been proposed as a promising
candidate. However, in order to ensure an effective coupling between the
antiferromagnetic and the ferroelectric-order parameters, a high structural
quality of the oxide heterostructure (well-matched interface) must be attained.
This implies the absence of any inter-diffusion process across the interface
during the consolidation of the composite assembly. In this contribution, we
have analysed the different diffusion scenarios that could be established in this
nominal BiFeO;-BisTizO;, system as a function of the specific reactivity of the
involved compounds. The obtained results clearly identify how and when that
diffusion is produced, so now it can be controlled to ensure the maximum
exploitation of the potential multiferroic properties of this candidate system.
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presence of magnetism and ferroelectricity typically
lead to low critical temperatures in those single-

Introduction

A case system in the search for novel materials with
enhanced functionality is that of multiferroic oxides,
in particular those showing magnetoelectric effect.
Magnetoelectric multiferroics are compounds dis-
playing concurrent and coupled magnetic polar
order, and in the best scenario these orders are fer-
romagnetism and ferroelectricity [1, 2]. Nowadays,
single-phase oxide systems can be prepared in which
an intrinsic multiple ferroic order is allowed based on
symmetry arguments [3-6]. However, constraint
considerations associated with the simultaneous
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phase structures, making their multiferroic response
unpractical. Such limitations have redirected efforts
to a more realistic approach, which is the fabrication
of heterogeneous composite systems [7-11]. In the
composite arrangement, the different order parame-
ters need not coexist in the same phase, while the
symmetry rupture ensued from the different sym-
metries of the heterostructure would originate an
extrinsic coupling at the interface; particularly,
nanostructured composites with large surface area
such as concentric core-shell particulates or
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multilayer film arrays can result especially effective
[12-15]. In this search, different composite formula-
tions have been considered and one especially
promising is that constituted by the BiFeO3;-BisTizO12
binary system. BiFeO; (BFO) is itself a multiferroic
single-phase material which shows ferroelectric
ordering with high Curie temperature Tc = 1103 K
and G-type antiferromagnetic ordering with a rela-
tively high Néel temperature Ty = 634 K [3, 16];
however it exhibits a small polarization (much smaller
than the one theoretically predicted) and this is
attributed to a high leakage current. BiyTi3O;, (BiT) on
the other hand is a well-known ferroelectric material,
although with strong anisotropic electric properties
[17, 18]. Despite these individual drawbacks, the
combination of both oxides into a selected and prop-
erly doped configuration is expected to yield a com-
posite material in which the coexistence of
antiferromagnetic and ferroelectric-order parameters
can be attained with a substantially reduction of the
leakage current [19-21]. Furthermore, leaning on the
similitudes of the involved crystal structures (both
oxides comprising perovskite-like constituent units), a
well-matched interface could be also presumed, hence
enabling an effective coupling between the electric and
magnetic properties [22-25]. However before going
into a detailed analysis of the specific processing con-
ditions and/or the potential multiferroic properties of
the BiFeO;-BisTizO;, composite system, there is one
critical issue which shall be considered: in order to
ensure a high structural quality (i.e. a well-matched
interface) of the oxide heterostructure, no diffusion
processes between the two involved phases should be
produced and, if produced, they should be controlled
and/or blocked. Usually the energy provided during
the consolidation stage of the composite configuration
induces the establishment of diffusion paths across the
interface; from the point of view of the multiferroic
response, this can result to be very detrimental: an
excessive or uncontrolled diffusion not only spoils the
functional properties of each particular phase but it
could also transform the interface (e.g. by forming a
new phase), eventually ruining the extrinsic coupling
between the two ferroic phases. Accordingly, a
detailed analysis of the solid state reactivity and the
diffusion trends of the BiFeO;-BisTizO1, composite
system could be very helpful to ensure the maximum
exploitation of its multiferroic potential. In this view,
the research here presented pursues to identify all the
possible diffusion scenarios that could be found when
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preparing/building the composite assembly (what-
ever it may be). This implies different configurations
and also starting scenarios of different reactivities
because, eventually, the magnitude of the diffusion
processes will be as well defined by the specific reac-
tivity of the starting powders. Particularly, we have
achieved this goal by using the well-known technique
of the diffusion couples. This technique has been
proved quite successful for studying the interaction
between different binary, ternary and multiphase
ceramic systems [26-28]. On using it, we are taking into
account that when reactants are not in direct contact,
the reaction is entirely dependent on the diffusion of
reactants [29, 30].

Materials and methods

As introduced, the solid state reactivity of the BFO-
BiT composite system was analysed using the diffu-
sion couples methodology. This technique consists in
bringing together two pellets, one of each particular
material, to then follow the structural and composi-
tional evolution across the outlined interface as a
function of temperature. Such evolution is monitored
in terms of dissimilar cations diffusing into the
opposite pellets, either forming solid solutions or
new phases; in this work, this means titanium species
diffusing into the BFO pellet and iron species dif-
fusing into the BiT counterpart. To run all these
analyses, three different sets of experiments were
indeed performed. They mainly differed on the
specific composition and reactivity of the green
powders constituting the pellets of the couple. In a
first set of experiments, powders of already synthe-
sized BiFeO; and Bi;Ti;O1, nominal compounds were
employed; both were prepared following a conven-
tional solid state procedure, involving an ultimate
thermal treatment at 800 °C/2 h for the BiFeO;
powder [31] and 800 °C/4 h for the BisTizO;, one
[32]. Once synthesized, these two powders were
attrition-milled (2 h in ethanol media) prior to the
formation of the couples; in both cases, a monomodal
particle size distribution was obtained as measured
on a laser diffraction particle size analyser (Malvern
Mastersizer), with a D(v,0.5) of 3.0 um for the BiFeO;
powder and 1.5 um for the BiyTizO;, powder. In the
second group of experiments the pellets were com-
posed by the stoichiometric mixture of the corre-
sponding raw oxide precursors: Bi;O3 and Fe,O3 for
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the BFO pellet and Bi,O5; and TiO, for the BiT coun-
terpart. In this case, the raw oxide powders were
simply attrition-milled (2 h in ethanol media) so to
provide a similar particle size that facilitates an inti-
mate mixture. The corresponding D(v, 0.5) were
1.2 pm for the BiO3; 4+ Fe,O3 mixture and 1.6 um for
the BiO; + TiO, mixture, both again exhibiting a
monomodal distribution. Finally, a third series of
couples was evaluated in which the starting powders
composing the pellets were obtained via co-precipi-
tation. On one hand, Bi(NO3);-5H,O and Fe(NO3);
-‘9H,0 were used as precursors of the nominal BFO-
precipitated composition. Both nitrates were dis-
solved in concentrated nitric acid and a solid pre-
cipitate was produced after dripping an aqueous
solution of NH,OH (50 vol%) [28]. The as-obtained
precipitate was filtrated, calcined at 300 °C for 30 min
and finally attrition-milled to yield a homogenous
powder with an average particle size around 100 nm,
as measured on the SEM microscope (FESEM Hitachi
5-4700). On the other hand, the BiT nominal precip-
itate was obtained from mixing the Bi*" solution
(Bi(NO3)5-5H,0 dissolved in HNOs) and titanium(IV)
tert-butoxide, Ti[OC(CHj3)3]4 in ethanol media, again
using ammonium hydroxide to generate the solid
powder [32]. This precipitate was filtrated and cal-
cined at 300 °C for 30 min, and after the corre-
sponding milling step a homogenous powder was
again obtained this time averaging a particle size of
50 nm. Table 1 summarizes the differences between
the three couples series used to analyse the diffusion
trends of the BFO-BiT composite system (reagent-
grade raw materials from Sigma-Aldrich were used
for all experiments).

The couples were all prepared following a typical
procedure as described elsewhere [33]: a 20-mm
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diameter base of the BFO powder composition was
first pressed at 50 MPa. Subsequently, a 6-mm
diameter pellet of the BiT powder previously pressed
at 200 MPa was placed over this base, and the die
was then filled with more BFO powder until the BiT
pellet is plenty covered. Eventually the whole
ensemble was pressed at 250 MPa. Figure 1 illus-
trates a scheme of the prepared couples; notice that
the selection of BiT as the inside pellet is arbitrary.
The as-prepared couples were heated at temperatures
ranging from 650 to 750 °C, applying in all cases a
prolonged dwell time of 20 h that may allow a
widespread diffusion (when produced). Three sam-
ples were fired at each temperature. Thermal treat-
ments below 650 °C generally seemed too low to
provoke diffusion. On the other hand, 750 °C repre-
sented a kind of upper limit, since higher tempera-
tures would be excessively close to the melting point
of some of the implied Bi-rich phases. In this contri-
bution, only the experiments showing the most sig-
nificant results will be disclosed.

Sintered couple:
(cross section)

previously
pressed
(200 Mpa)

BFO

pellet BiT

pellet
Figure 1 Preparation of the nominal BiT-BFO diffusion couples.

Upon heating, the sample is embedded in resin and cut on its half
for the subsequent characterization (image on the right).

Table 1 Nominal composition of the starting powders used to prepare the three sets of diffusion couples analysed in this work

Nominal composition of the starting powders

BFO counterpart pellet

BiT counterpart pellet

Couples series 1 BiFeO;
Solid state synthesized
compounds

Couples series 2
Mixed oxides

Couples series 3

Co-precipitated precursors

Bi203 + F6203

precursors

Solid precipitated from Bi(Ill) and Fe(I1)

Bi4Ti3012

Bi,0; + TiO,

Solid precipitated from Bi(IIl) and Ti(IV)
precursors
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Figure 2 XRD patterns of a BiFeO3 and b BisTizO,, as-prepared
compounds that were used in the first couples series. Filled square
BiFeOs, asterisk BiysFeOso, open circle BiyFe,Oo, open square
BisTi3012, filled circle Bij>TiOy.
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Particle size characterization was done by X-ray
diffraction (XRD) and field emission scanning elec-
tron microscopy equipped with energy dispersive
X-ray spectroscopy analysis (FESEM-EDS). For the
XRD, characterization step-scanned patterns were
collected using CuKal radiation on a Bruker AXS D8
Advance diffractometer with a LynxEye 1-D linear
detector and a secondary monochromator (Karlsruhe,
Germany). As it will be described throughout the
article, XRD is mainly used to investigate the com-
position of the different starting powders constituting
the couples; notice that in these samples polishing is
to be avoided so to keep the local composition unal-
tered, and this eventually restrains the use of XRD to
characterize the interfaces. The FESEM-EDS analyses
were performed on Cold FESEM Hitachi 5-4700
microscope (Tokyo, Japan); in all cases, up to 15

Figure 3 FESEM-EDS analyses corresponding to one sample of the first couples series heated at 750 °C/20 h. No sign of titanium is ever
detected inside the BFO pellet, and equally no trace of iron seems to diffuse into the BiT counterpart.
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different EDS spectra were collected in equivalent
locations/distances in order to attain representative
results.

Results and discussion

The first series of diffusion couples comprised the use
of already synthesized BiFeO; and BisTi;O;, nominal
compounds as the constituent powders of the pellets.
Figure 2 shows the corresponding XRD patterns for
such powders obtained via a conventional solid state
procedure. As expected, rhombohedric BiFeO5; (ICDD
file no. 071-2494) and tetragonal Bi,Ti;O;, (ICDD file
no. 035-0795) are the major phases in the respective
compositions, but the presence of secondary phases is
also evidenced in both materials. The obtaining of
single-phase compounds is not an easy task (partic-
ularly in the case of BiFeOj; [28]), so we continued the
analyses assuming also that the minority presence of
the secondary phases does not significantly affect the
overall diffusion trends.

Figure 3 shows different FESEM images of the
couple after the thermal treatment at 750 °C/20 h, the
interface between both pellets being highlighted to
facilitate comprehension. EDS analyses evidenced no
diffusion in both directions, neither of titanium into
the BFO pellet nor of iron into the BiT counterpart.
Figure 3 also shows some selected EDS measure-
ments which illustrate the lack of diffusion at both
sides of the couple. Essentially these first results
indicate that once the two oxides are constituted, no
further inter-diffusion processes may spoil the for-
mation of the specific composite configuration (i.e.
core-shell units or layered films).

In a second set of experiments, the couples were
raised starting not from the already formed double
oxides but from the corresponding mixture of raw
oxide precursors, i.e. from Bi,O; + Fe,O; for the BFO
pellet and from BiO; + TiO, for the BiT pellet
(Table 1). In a sense, this represents not only a more
realistic scenario for a solid state conventional pro-
cessing but it also implies a change in reactivity, an
increase actually, which may affect the diffusion
charts. With this in mind, the corresponding couples
were prepared, but initially no clear results could be
obtained for any of the thermal treatments that were
tested. As a matter of fact, the presence of one same
reactant in the two pellets of the couple, i.e. Bi,Os,
largely hampers the formation of a well-defined

@ Springer

J Mater Sci (2017) 52:4042-4051

5 min L4
X
° .
24 26 28 30 32 34

26

Figure 4 XRD patterns of the BiT inside pellets used in the
second couples series after being subjected to 5, 15 and 30 min of
pre-curing treatment at 700 °C. Open square BiyTizOy», filled
circle BiTiOy, cross Bi,O3, open triangle TiO,.
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Figure 5 FESEM-EDS analyses corresponding to the couple of
the second series prepared with the 5 min-cured BiT pellet and
heated at 750 °C/20 h. Again no trace diffusion can be detected at
both sides of the interface.
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interface region below 10-15 microns and, eventually,
this makes unreliable the diffusion analyses by EDS.
To overcome this problem, we operated as follows:
prior to the conformation of the couple, the inside
pellet was subjected to a fast-firing curing process,
introducing the pellet on a previously heated furnace
for a few minutes and rapidly quenching it to room
temperature. In doing so, the two confronted pellets
preserve certain individuality in the couple, up to a
very thin interface, but at the same time an inter-dif-
fusion process between them could be still produced.
Specifically, the inside BiT pellets were subjected to 5,
15 and 30 min of curing treatment at 700 °C. These
precise conditions were initially settled not to produce
a very large amount of crystallized BiyTi;O;, at the
surface of the pellet, otherwise we may have a similar
scenario to that already analysed in the first couple
series. Figure 4 depicts the corresponding XRD pat-
terns as taken from the surface of the cured pellets.
Notice that for the aim of comparison, the collected
diffractograms were all normalized to the peak of
maximum intensity. As can be seen, the 5 min firing at
700 °C is enough to produce the first traces of BisTis
O;2 plus a notorious amount of the intermediate
Bi;,TiOy sillenite phase, although a certain volume of
unreacted Bi,O; and TiO; is still detected; when the
pellet is cured for 15 min or longer the presence of
these two reactants gradually vanishes (to the XRD
eye) at the expense of more BisTizO1,, the amount of
sillenite also diminishing proportionally.

With these cured pellets new couples were
assembled and fired, and now in all cases a well-
defined interface was perceived which allowed the
corresponding diffusion analyses. Figure 5 shows the
FESEM-EDS measurements performed on the couple
produced with the 5 min-cured BiT pellet, and
heated at 750 °C for 20 h. No titanium was ever
detected inside the BFO pellet and similarly no trace
of iron could be ever identified inside the BiT coun-
terpart. Necessarily this same result applies for the
experiments conducted with the BiT pellets cured for
longer times (not shown here) and suggests that from
the point of view of solid state diffusion both TiO,
and Fe,O3 also behave as inert specimens: the two
oxides just react at certain temperature with sur-
rounding Bi,O; to form the corresponding BiT and
BFO compounds, respectively, but during the whole
heating stage no titanium or iron species are neatly
released from the respective anatase and corundum
structures to freely diffuse through the couple.
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Indeed such poor disposition of Fe,O; to diffuse from
the BFO structure was already reported [28]; now the
same lack of reactivity for TiO, is observed.

As indicated in the experimental section, a third
series of couples was attempted in which the starting
powders were obtained via co-precipitation. This is
certainly a much more reactive setup and, for exam-
ple, it resembles that of a multilayer composite con-
figuration processed by a standard sol-gel
methodology. The XRD patterns of these two pre-
cipitated powders are shown in Fig. 6; in both cases,
the sizeable width of the spotted peaks together with
a low signal-to-noise ratio shall be taken as an evi-
dence of increased reactivity. Following our previous
routine, the BiT inside pellet was again subjected to a
fast-firing step of 5, 15 and 30 min prior to the con-
figuration of the couple. Moreover, anticipating a
higher diffusivity in these couples, one BiT pellet was
also pre-cured for 60 min. The resultant XRD patterns
are all depicted in Fig. 7 and as observed, the pres-
ence of the BisTi;Oq, phase is now prominent in all
these fired samples (strong difference with the BiT
pre-cured pellets prepared from the raw oxides, see
Fig. 4). The couples were subsequently prepared
using these pre-cured pellets and Fig. 8 specifically
shows the characterization performed on the samples
heated at 700 °C/20 h (the higher reactivity of the
powders yielded best results at lower temperatures).
As depicted, no movement of Ti species across the
interface is again detected, but this time a short-range
diffusion of Fe into the opposed BiT pellet is
observed. Furthermore, this iron flow is barely

15 25 35 45 55 65
20

Figure 6 XRD patterns of nominal 2 BFO and b BiT co-
precipitated (and 300 °C calcined) powders, that were used in
the third couples series. Filled square BiFeO;, plus Bi(OH)s,
inverted open triangle beta-Bi,Os.
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Figure 7 XRD patterns of the BiT inside pellets used in the third
couples series after being subjected to 5, 15, 30 and 60 min of pre-
curing treatment at 700 °C (open square BisTizO12).

attenuated even after curing the BiT pellet for 1 h.
Clearly, this different behaviour must be attributed
higher reactivity of the starting BFO

to the
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precipitate. By higher reactivity, we want to denote
that the starting powder needs a smaller amount of
energy to activate all the solid state diffusion and
mass transport processes in the system. As a matter
of fact, diffusion is one of many processes that are
characterized by an energy barrier between the ini-
tial and final states [34] and, for given conditions of
pressure and temperature, the chemical reactivity of
the starting powders can become a determining
factor. Likewise, for good chemical reactivity a fine
particle size is desirable; in this sense, we can con-
sider that the nanometric size of the precipitated
BFO particles make them more reactive than, for
example, the solid state pre-formed BiFeO; powder
in couple series 1. This higher reactivity also
accounts for faster diffusion rates, eventually
allowing the diffusion of iron into the BiT pellet to a
point that not even the formation of a well-crystal-
lized BisTi30;2 can impede it and/or stop it. On the
contrary the titanium species, now trapped in such

Fe Fe Fe
A Fe pts Fe pt5 N Fe pts
Fe Fe Fe
A Fe pr Fe  pg A
i ; Ti
Ti X Fe Ti 5
T . Fe pt3 T Fe pt3 AN Fe e
Ti Ti LU F
. Ti Fe pt2 L Fe pt2 N T.' e e
Ti Fe pt1 Ti Fe pt1 i pt1
_N_L N~ sl &
4 5 6 7 8 4 5 7 8 4 5 6 7 8
keV keV

Figure 8 FESEM-EDS analyses of the third couples series:
samples prepared with BiT pellets previously cured during 5 min
(left), 30 min (middle) and 1 h (right) and heated at 700 °C/20 h.
Now a short-range diffusion is initially observed in both sides of
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the interface. In the case of Ti, the process seems to be stopped
after curing the BiT pellet for 30 min or longer, whereas the
diffusion of Fe is barely attenuated even after 1 h of curing
treatment.
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Figure 9 XRD patterns of the BFO pre-cured pellets used in the
inverse configuration of the third couples series. Filled square
BiFeO;, asterisk BiysFeOso, open circle BiFe,Oo.

BisTizOq, Aurivillius pre-formed structure, still
remain inactive to diffusion.

Following these results, a last set of experiments
was conducted to complete our diffusion analyses.
As we stated in the experimental section, the specific
configuration of the couples with the BiT pellets
always placed inside was initially arbitrary. How-
ever, considering the pre-curing step required to
(partially) disengage the involved interfaces, this may
not be irrelevant. Accordingly, working with these
last co-precipitated powders we prepared some “in-
verted couples”, placing BFO pre-cured pellets inside
and leaving the BiT pellets outside. Figure 9 first
shows the XRD patterns of the BFO-precipitated
pellets after the corresponding 5, 15, 30 and 60 min of
fast-firing at 700 °C; as depicted the pre-curing
treatment is enough to produce a major amount of
BiFeO; phase in all cases. Figure 10 then shows the
FESEM characterization performed on the couple
prepared with the BFO pellet pre-cured for 15 min.
We chose this one as representative but the fact is that
all the “inverted couples” led to the same clear result:
no diffusion is detected in any direction, neither of Ti
into the BFO pellet nor of Fe into the BiT counterpart.
These results should be interpreted as follows: on one
hand Titanium ions would now diffuse from a much
more reactive situation, the as-precipitated precursor;
however, this increased reactivity better leads to a
quick formation of the BiyTi30;, compound and this
eventually impedes any free titanium to diffuse into
the other side of the couple. On the other hand, the
absence of Fe diffusion is consistent with what we
observed in the first series of couples: once the BiFeO3
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Figure 10 FESEM-EDS analyses of one couple of the third series
prepared with the inverse configuration, i.e. with BFO placed as
the inside (and previously cured) pellet. As observed after curing
this BFO pellet for just 15 min, no diffusion of Ti and Fe into the
respective BFO and BiT pellets is anymore produced.

structure is formed no iron species can be released to
freely diffuse across the interface. As a matter of fact,
this last finding shall be considered as an effective
strategy to avoid any unwanted diffusion at the
composite interface; moreover, it may be particularly
useful for a multilayer-type assembly that typically
involves the use of highly reactive powders (e.g. sol-
gel precipitates): by flash annealing the BFO film
prior to the deposition of the BiT layer, no further
inter-diffusion processes would be expected between
the two nominal components, so eventually the
potential multiferroic properties of the system would
not be conditioned by any unwanted solid state dif-
fusion process.
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Conclusions

The diffusion trends in the nominal BiyTizO;,—BiFeO;
composite system have been analysed as a function of
the specific reactivity of the starting powders con-
figuring the composite. The obtained results indicate
that no diffusion is ever produced from the pre-
formed Bi TizO;» and BiFeO; double oxides. Simi-
larly no significant diffusion is observed when deal-
ing with the respective raw oxide precursors, both
TiO, and Fe,O; exhibiting the same poor inertia to
diffuse. However, when starting from a more reactive
condition like that of a precipitated powder, although
no diffusion of titanium is still detected, a short-range
diffusion of iron into the confronted BisTizO;, pellet
is produced. Certainly, this diffusion could be a
serious obstacle for an optimum magnetoelectric
coupling at the composite interface and should be
taken into account when conceiving/building the
specific composite array. For example, in the case of a
multilayer configuration our results also demonstrate
that a fast annealing of the BiFeO; nominal layer
before depositing the BiyTizO;, layer can prevent
such movement of iron towards the BiT side, so the
potential multiferroic properties of the system would
not be conditioned by any unwanted solid state dif-
fusion process.
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