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Nanowires each consisting of a magnetostrictive Co core and a PbZr5,Tip4305 or BiFeOs
ferroelectric oxide shell exhibit a magnetic field-tunable piezoelectric response and ferroelectric
coercivity owing to magneto-elastic coupling through the interfacial core-shell boundary. The
observed magneto-elastic tuning of the ferroelectric switching is analyzed using a renormalized
Landau-Ginzburg stiffness in which a magnetic field-tunable stress concentration is incorporated.
These results provide insight into the design of integrated functional devices and magnetoelectric
sensors. © 2011 American Institute of Physics. [doi:10.1063/1.3657152]

Understanding of the strength and size scalability of
coupling of physical properties in composite solids, namely
those associated with correlated magnetic and dipolar order
and the roles of shape and arrangement of the constituent
phases, is central to realizing high-performance magneto-
electrics (MEs) and their applications. A wealth of evolving
knowledge of the effects of chemistry, of magnetic and dipo-
lar order, of microstructure, and of sample size and geometry
on intrinsic and extrinsic ME properties of solids informs the
materials selection and design of ME devices.'™ In the
design of extrinsic multiferroics, however, the potential
benefit of maximizing interfacial area using nanostructured
constituent ferromagnetic (FM) and ferroelectric (FE) com-
ponents on ME properties is typically offset by a suppression
of ferroic and piezoelectric properties in nanostructured
solids.

The introduction of extreme curvature in an ultra-thin
FE film® enables an enhanced electrostrictive coupling of
non-uniform stress with FE polarization, permitting a finite
curvature-enhanced increase in the FE properties compared
with planar films of identical composition and thickness.’
We report here on a highly tunable ME coupling within indi-
vidual multiferroic nanowires (NWs) measured by the direct
ME effect. Core-shell NWs each comprising a FM metal
core surrounded by a FE oxide shell exhibit an enhanced and
tunable coupling of static magnetic-field with piezoelectric
response and FE switching properties. The tunable electro-
mechanical response, which is due to magneto-elastic modi-
fication of the interfacial mechanical boundary condition, is
enhanced by the large surface-to-volume ratio in the co-axial
NWs, by the extreme curvature of the FE shell and by the
magnetic shape anisotropy within the NW core.

NWs of 200 nm in diameter each consisting of a ~180-
nm diameter FM metal (Co) core and a ~10-nm thick FE ox-
ide (either PbZrg 5, Tip 43TiO3 (PZT) or BiFeOs3) shell were
produced using a template assisted core-shell growth
method.® Briefly, sol-gel precursors comprising Bi(NO3);
- 5H,O and Fe(NOs); - 9H,O with a 1:1 molar ratio are
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mixed with 100 ml ethylene glycol and stirred at 80 °C for
1 h. The precursor is then dispensed onto anodic Al,O5 tem-
plates possessing (~200-nm diameter pores), and the tem-
plates were subjected to an annealing sequence in
atmosphere: 1h @ 100°C, 2h @400°C, and finally 4h
@650 °C, forming perovskite oxide cylindrical shells. This
was followed by a potentiostatic (5 V, working-to-Pt counter
electrode) cathodic reduction of CoSO, - 7H,0O mixed with
B(OH); producing Co NWs (Ref. 8) within the oxide perov-
skite shells. Templates were dissolved using 6 M NaOH. X-
ray powder diffraction of identically prepared and annealed
nanotubes in templates was collected to validate that the
product is pure-phase BiFeO5; and PbZrO_SZTi0,4gO3.6

NWs were dispersed onto Si(100) substrates possessing
a 200-nm thermally grown SiO, film. Following electron
beam lithographic patterning to define areas for electrical
contact in a region near the end of each NW, the oxide shells
were selectively wet-etched for 3 min using a solution con-
sisting of 75ml H,O, 40ml 10% NH4Cl, 6 ml HCI, 6 ml
HNO;3;, 6 ml CH;COOH, 1ml of 6:1 buffered HF (8 g NH4F
and 20ml H,0), and 2g EDTA stirred at 300rpm for
15 min.’ Thermal evaporation of Cr(5nm)/Au(200nm) was
used to electrically contact the metal core of each core-shell
NW (Fig. 1). For comparison with a planar bi-layer thin film,
a ~100-nm thick Co film was deposited using electron-beam
evaporation on a platinized Si(100) substrate, followed by
deposition of a ~300-nm thick layer of BiFeO; film using
the sol-gel route described above.

Ferroelectric switching and piezoelectric responses were
measured using an experimental configuration described
elsewhere.” In addition, a static magnetic field (0<H <2
kOe) was applied perpendicular and alternately, parallel, to
the axis of each NW studied and within the plane of the bi-
layer thin-film substrate. For H =0, the BiFeO; and PZT
shells exhibit FE switching, with coercive field comparable
to values reported for PZT nanotubes.®’ However, the appli-
cation of an H-field perpendicular to the axis of the NW dur-
ing collection of the variation of piezoresponse amplitude
(n) with voltage results in an approximate doubling in d3;3
(=dn/o6V) over the range 0 <H <2 kOe (Figs. 2(a) and
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FIG. 1. (Color online) Schematic illustration of the magnetoelectric core-
shell NW, electrode configuration, and probing geometry. H is applied along
the axis of the NW (z) and alternately H |z and in the plane of the substrate
while a waveform comprising switching (V) and probing (V,,) components
is applied directly to the electrically contacted Co core. Inset: scanning elec-
tron micrograph of an electrically contacted Co-core BiFeO3-shell NW.

2(b)), in stark contrast to the decrease over the same range
for the thin-film Co/BiFeO; multilayer structure (Fig. 2(c)).
A summary of the data for the variation in ds; with H for
each case is shown in Fig. 3(a). The application of H is also
seen to alter the FE switching properties; the hysteresis loop
width AV (defined here as the voltage difference between the
two minima in the piezoresponse amplitude, identified for
each value of H) increases from ~0.4V to ~1.1V for
0 < H <2 kOe (Fig. 2(d)). Notably, no systematic variation
in the piezoelectric response with magnetic field was
observed in NWs consisting of non-FM (Au) metal NW
cores, indicating the key role of the FM cores. In addition,
application of the H field parallel to the long axis (z) of a
PZT NW also resulted in no discernable systematic variation
in the piezoelectric response (Fig. 3(a)).

Ferromagnetic NWs possessing a diameter comparable
to magnetic thin-film thickness and nanoparticle diameter
feature an aspect ratio-dependent magnetic shape anisotropy
in which preferred orientation of magnetization aligns along
the long axis of the wire.*'*!" We propose that the magnetic
shape anisotropy causes the magnetization to lie preferen-
tially along z so that application of H.Llz results in a
re-orientation of the magnetic moments, resulting in a large
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magnetostriction owing to the re-orientation.'® Magnetostric-
tive coupling contributes a H-field dependent stress at the
interface of the Co-core and FE oxide shell. While a direct
analysis of the coupling of local magnetic and dipolar orien-
tation with structure is not feasible due to the nanocrystalline
structure of the core and shell,® an altered (interfacial) me-
chanical boundary condition can account for the field-
dependent piezoelectric response and FE coercivity.

Following this line of argument, we contend that applica-
tion of H || z leaves the orientation of a majority of the mag-
netic moments unchanged and principally along z. However,
the variation in the amplitude of electromechanical response
from the BiFeOs; and PZT shells for H 1z is seen to scale as
~H>. Fitting the measured response with ds3 (H)=co+ cH?
yields ¢ pireo, = 20.926.4pm/V, c¢opzr=28.5=* 1.16 pm/
V, and Cpipeo; = 5.67 x 1076£2.55 x 10 °pm V~10e 2,
and cpyr=7.62%x107°+4.65%x 107" pm vV '10e7?, respec-
tively. This quadratic dependence is understood in terms of
fundamental domain wall motion theory stating that in the
low-field limit the magnetostriction is ~H?.'° Further, dds3/
0H >0 at H=2 kQe, the maximum controllable field in our
experimental apparatus; we expect saturation at sufficiently
larger values of H. Differences in fitted values of ¢ are not
large when considering the experimental scatter in the mea-
surement of ds3 for each value of H and the error in fitting c,
suggesting that the quadratic coupling of H with piezoelectric
response, even in the intrinsic multiferroic BiFeOs, is domi-
nated by the magneto-elastic coupling of the two-component
ME nanostructure.

Application of H Lz is also seen to modify the FE switch-
ing in Co-BiFeO; NWs. We note that FE hysteresis loop
width AV varies much more strongly at larger H (~1.5-2.0
kOe), particularly given the small scatter (Fig. 3(b)); a similar
effect was also observed for Co-PZT NWs (not shown). Fit-
ting the data shown in the Fig. 3(b) using a power law pro-
duces much better agreement with data as compared with a
quadratic: AV = AVy+ kH*, with AVy=0.407 = 0.027 V and
%=35.09+0.011 (k=1x10""7).

This tuning of FE coercivity can be understood in terms
of a magnetoelastic modulation of the compressive radial
stress g, at the interface of the magnetostrictive core and FE
shell. Following Ref. 7, we apply the Landau-Ginzburg (LG)
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FIG. 2. (Color online) Piezoresponse
amplitude, plotted as functions of volt-
age applied across the BiFeO; shell, at
selected values of applied magnetic field
H, as denoted in the legend, for (a) a Co-
core, BiFeOs-shell NW for H1z; (b) a
Co-core, PbZr 5,Tip 4303 NW, also for
H1z; and (c) a planar Co/BiFeO; thin
film heterostructure with H parallel to
the film plane. Traces are offset verti-
cally for clarity.
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FIG. 3. (Color online) (a) Measured variation in d;; with H as obtained
from data shown in Fig. 2 and (b) variation in hysteresis loop width with H;
inset: calculated variation in stress intensity ratio R(=u,/p,) with H based
on magnetoelastic tuning of ferroelectric coercivity.

free energy formalism to obtain stress-dependence of the
FE coercivity, using the renormalized Landau stiffness
A(r) =A—20110,+(r) — 2012044 and other Landau coeffi-
cients,'> with Q; and Q;, denoting the electrostriction pa-
rameters for BiFeO;.'? Defining p, and pu, as surface
tensions at the inner and outer surfaces of the shell of inner
and outer radii a and b, respectively, and shell boundary con-
ditions o,,, = /b (tensile) and —a,, , = p,/a (compressive)
we identify, using nonlinear regression, a set of mechanical
boundary condition values ¢,,, that satisfy our observed rel-
ative changes in AV with H (inset, Fig. 3(b)). Specifically,
loop widths were calculated for BiFeO3; and PZT by itera-
tively solving the LG equation with an increasing electric
field term starting with positive and negative initial states;
the loop width was taken as the value of the electric field
term where both the solution was independent of the sign of
the initial solution. The loop width was then calculated as a
function of the stress at the internal surface of the shell. The
electric field units were treated as arbitrary: the calculated
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loop widths are normalized to the equilibrium case (same
stress on inner and outer surfaces). Within this simple model,
this analysis permits us to map H to FE coercivity. Here, we
express the strength of the variation of magnetoelastic stress
at the core-shell interface with H in the form of a magnitude
of stress ratio R(H)(=u./uy,) (Fig. 3(b)): within this model,
the change in FE coercivity at 2 kOe can be related to a
stress intensification (R) of ~7 (~2) times that of the field-
free case for the Co/PZT (Co/BFO) NW.

Despite consisting of components having characteristic
sizes (diameter, shell thickness) smaller than magnetic and
dipolar correlation lengths, these results demonstrate how a
composite nanostructure can be arranged in a form to pro-
duce a significant ME response as evinced by a magnetic
field-induced coupling to the converse piezoelectric coeffi-
cient. This magneto-elastic response for this FM-FE nano-
structure is aided by extreme curvature of the FE shell, the
geometric dominance of the interface as a fraction of the
total volume of the NW, and magnetic shape anisotropy of
the FM nanowire core. In addition to its utility as a nano-
structured sensor of magnetic field and its relevance for
broadening the selection of ferroelectrics to include Pb-free
materials, we anticipate that these results will generate inter-
est in seeking further understanding of ME coupling in nano-
scale materials.
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