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Self-assembled vertically aligned Ni nanopillars in
CeO2 with anisotropic magnetic and transport
properties for energy applications†
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Self-assembled vertically aligned metal–oxide (Ni–CeO2) nanocomposite thin films with novel multifunc-

tionalities have been successfully deposited by a one-step growth method. The novel nanocomposite

structures presents high-density Ni-nanopillars vertically aligned in a CeO2 matrix. Strong and anisotropic

magnetic properties have been demonstrated, with a saturation magnetization (Ms) of ∼175 emu cm−3

and ∼135 emu cm−3 for out-of-plane and in-plane directions, respectively. Such unique vertically aligned

ferromagnetic Ni nanopillars in the CeO2 matrix have been successfully incorporated in high temperature

superconductor YBa2Cu3O7 (YBCO) coated conductors as effective magnetic flux pinning centers. The

highly anisotropic nanostructures with high density vertical interfaces between the Ni nanopillars and

CeO2 matrix also promote the mixed electrical and ionic conductivities out-of-plane and thus demon-

strate great potential as nanocomposite anode materials for solid oxide fuel cells and other potential

applications requiring anisotropic ionic transport properties.

Introduction

A multifunctional two-phase vertically aligned nanocomposite
(VAN) provides a great opportunity to achieve extraordinary
properties arising from the two phases and their highly
strained vertical heterointerfaces.1–3 The design potential of
VAN systems towards desirable properties are enormous, given
the large selection of materials and the two-phase combi-
nations. Most of the VAN demonstrations are oxide–oxide
systems with the goal of either enhanced physical properties
or combined functionalities through two-phase coupling. For
example, tunable band structures,4 vertical exchange bias,5

multiferroics,6 magnetoresistance,7,8 novel anisotropic elec-
tronic-ionic transport,9,10 and coupled extraordinary dielectric
and optical performance11,12 have been demonstrated in
various oxide–oxide VAN systems. The growth mechanisms for
different 2-phase oxide–oxide systems have also been
explored,1 which are correlated with various morphologies
observed, including nanocheckerboard structures,11,13 nano-
pillars in matrix,14,15 and 2-phase domain structures.16

Very different from oxide–oxide VAN systems, metal–oxide
VAN systems with vertically aligned metal nanopillars
embedded in an oxide matrix provide another large group of
materials (i.e., metals) and novel functionalities in the VAN
designs. For example, metal–oxide nanocomposite systems
are considered as hybrid metamaterials for novel plasmonic
and optical properties. Currently, electrochemical depo-
sition on a porous alumina template17,18 and complicated
nanofabrication approaches such as combined focus ion
beam (FIB) and electroplating,19 electron beam lithogra-
phy,20 and electron beam evaporation21 are mostly involved
in the synthesis of such metal–oxide hybrid materials. The
costly template and tedious nanofabrication methods limit
the further scale-up processing for applications; in addition,
it is challenging to obtain ultra-fine metal pillars (≤10 nm)
by these methods. To overcome these challenges, a one-step
PLD method has been demonstrated to grow self-assembled
metal–oxide VAN systems with high epitaxial quality.22,23 For
example, Co–BaZrO3 (BZO) nanocomposite thin films have
been deposited with Co nanopillars embedded in a BZO
matrix, and the pillar size can be tailored by changing the
deposition frequency.22 Some of the metal–oxide nano-
composites were also later realized by a magnetron sputter-
ing technique.24 Compared to the relatively easy growth of
oxide–oxide VANs, challenges emerge to achieve metal–oxide
VANs, due to the completely different growth kinetics for
metals and oxides, as well as different surface energies and
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wetting properties on substrates, and possible inter-
diffusion.

To overcome these challenges, careful material selection
and growth condition optimization are essential. In this study,
we selected a face-centered cubic (fcc) metal, Ni and a cubic
(fluorite) oxide, CeO2, as the two phases. The expected struc-
ture is illustrated in Fig. 1a, showing a VAN structure of Ni
nanopillars embedded in a CeO2 matrix. The interest in this
metal–oxide system is due to the anisotropic magnetic Ni
nanopillars, as well as the anisotropic ionic and electrical con-
ductivities of Ni–CeO2 nanocomposites. Taking advantage of
the anisotropic nature of the magnetic Ni nanopillars, various
applications are envisioned, such as high-density magnetic
recording media and nanoscale magnetic flux pinning centers
for high temperature superconducting thin films. For example,
in terms of magnetic flux pinning properties, the magnetic Ni
nanopillars in this case are expected to provide a magnetic
pinning effect for superconducting YBa2Cu3O1−x (YBCO) thin
films, and the CeO2 matrix can effectively encapsulate Ni and
minimize the possible inter-diffusion between the metal Ni
and YBCO layer.25–29 In this work, the Ni–CeO2 nanolayer is
introduced into YBCO as a cap layer to investigate its pinning
effect. Furthermore, by including the conducting Ni metal
pillars, the overall vertical conductivity of the film is enhanced
and thus a highly anisotropic conductor is designed and
demonstrated.

Results and discussion

The typical plan-view scanning transmission electron
microscopy (STEM) image shown in Fig. 1b well captures the
obvious Ni nanopillars with an average diameter of ∼7 nm.
Energy-dispersive X-ray spectral (EDS) mapping of a selected
area was conducted to determine the two phases, Ni (Ni
elemental mapping in Fig. 1c) and CeO2 (Ce elemental
mapping in Fig. 1d). The sharp interface between them
suggests that there is very little or no intermixing between the
metal and oxide phases in the nanocomposite film. In
addition, the volume ratio of Ni nanopillars can be estimated
to be ∼55% based on multiple plane-view STEM images. Both
Ni (002) and Ni (022) nanopillars can be identified in the
high-resolution TEM image in Fig. 1e, as Ni (a = 3.524 Å) is not
perfectly matched with the STO substrate (a = 3.905 Å) and
thus presents two possible orientations. Cross-sectional STEM
was then carried out to explore the 3-D nature of the composite
film. It is obvious that the vertically self-assembled Ni nano-
pillars were grown throughout the entire thickness of the film,
as shown in the low-magnification STEM image in Fig. 1f. The
corresponding EDS mapping in Fig. 1g shows clear Ni nano-
pillars in the CeO2 matrix with a clean out-of-plane interface.
Furthermore, the surface of the film is relatively smooth,
which can be further confirmed by the AFM image shown in
Fig. S4† with a low surface roughness of Rq = 1.33 nm. Fig. 1h

Fig. 1 Microstructure study of the Ni–CeO2 film deposited on the STO substrate. (a) 3D schematic illustration of the film; (b) plan-view STEM image
of a selected area of the film, with EDS mapping of (c) Ni and (d) Ce elements; (e) high resolution image to show the crystal structure of the pillars;
(f ) cross-sectional STEM image of a selected area of the film with the selected area electron diffraction (SAED) pattern and (g) its corresponding EDS
mapping; (h) atomic-scale high resolution STEM image of a selected area with Ni pillars.
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displays a high-resolution STEM image for a representative
area with both Ni (002) and Ni (022) nanopillars, which
further confirms the high film quality and no inter-mixing
between Ni and CeO2. It is also noted that the number of Ni
(002) nanopillars is much greater than that of Ni (022) nano-
pillars. In addition, the ratio of Ni (002) and Ni (022) can be
varied by controlling the growth conditions. A higher growth
temperature of 750 °C results in more Ni (022) pillars as
revealed in Fig. S3 in the ESI.†

To examine the crystal structure and determine the phases
in this metal–oxide composite thin film, X-ray diffraction
(XRD) analysis was conducted. CeO2 has grown preferably in
the (00l)-direction, as demonstrated by the standard θ–2θ XRD
pattern in Fig. 2a. Consistent with the above TEM/STEM ana-
lysis, Ni nanopillars grow preferably along the (002) orientation
(2θ = 51.637°) with some minor ones along the (022) orien-
tation (2θ = 76.095°), evidenced from the Ni peak intensities.
Tensile strain along (002) and (022) for Ni (002) and Ni (022)
can be determined, compared to bulk Ni from PDF #04-0850,
which might enhance the magnetic response of Ni.30 As men-
tioned, Ni presents a face-centered cubic (fcc) structure with a
lattice parameter of aNi = 3.524 Å, while the substrate STO has
a perovskite structure with a lattice constant of aSTO = 3.905 Å.
The lattice mismatch between Ni and STO is relatively high at

10.37% (calculated based on f ¼ ðaSTO � aNiÞ= aSTO þ aNi
2

� �
).

Thus, an in-plane domain matching epitaxy (DME) is applied
to satisfy the epitaxial growth of Ni on STO,31 i.e., 10 of (002)Ni
match with 9 of (002)STO. On the other hand, CeO2 (aCeO2

=
5.41134 Å) has a perfect lattice matching with STO after 45°
rotation, which allows the lattice matching epitaxial (LME)
growth. For the out-of-plane matching between CeO2 and Ni,
DME is implemented for both Ni (002) and Ni (022), because
of the large lattice mismatch in both cases. As the surface
energy of Ni (002) is lower than that of Ni (022), more Ni is
anticipated to grow along the c-direction, which is evidenced
from the stronger Ni (00l) peaks in the XRD scans.
Furthermore, the φ-scans of Ni (111), CeO2 (111) and STO
(111) are shown in Fig. 2b to explore the in-plane matching of
the film with the substrate. Interestingly, the Ni (111) scan
shows an 8-fold pattern, which suggests the presence of two
sets of structural domains inside Ni (002). Therefore, two in-
plane epitaxial relationships can be identified, Ni [100]//STO
[100], Ni [010]//STO [010], and Ni [110]//STO [100], Ni [1̄10]//
STO [010]. In addition, for the Ni (022) domains, the in-plane
matching with the substrate follows Ni [100]//STO [100] and Ni
[01̄1]//STO [010]. Furthermore, CeO2 (111) peaks exhibit an
excellent match with STO (111) peaks after a 45° rotation. Based
on the XRD results, the overall growth relationships of the
Ni–CeO2 nanocomposite film and STO substrate are determined
and illustrated by the atomic crystallographic images in Fig. 2c.

Fig. 2 (a) XRD θ–2θ pattern of the Ni–CeO2 thin film grown on STO (001); (b) φ scan of STO (111), CeO2 (111) and Ni (111) peaks; (c) crystallographic
image to show the nanocomposite film built-up.
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The epitaxial growth of the metal–oxide nanocomposite
thin film with self-assembled Ni nanopillars in the CeO2

matrix is quite interesting and thus worth further investi-
gation. Similar to the intensively studied oxide–oxide VAN
systems,1–3 the growth mechanism of this metal–ceramic
nanocomposite film follows two steps of nucleation and film
growth. The surface energy for Ni (001), Ni (022), CeO2 (001)
and STO (001) is 2.426 J m−2, 2.368 J m−2, 1.0–1.4 J m−2, and
1.26 J m−2, respectively.32–34 As a result, the higher interfacial
energy (lower wettability) between Ni and STO (γNS) leads to
the Volmer–Weber 3D island growth mode, which initiates 3D
Ni island nucleation and forms nanopillars finally. However,
for the growth of CeO2, either the 2D Frank–van der Merwe
mode or the 2D + 3D Stranski–Krastanov mode is dominant
because of its lower interfacial energy γCS (higher wettability)
with STO, which results in a layer-by-layer growth to form the
overall matrix. The corporative growth of Ni and CeO2 follow-
ing their independent growth modes allows the formation of
such a metal–oxide VAN structure with Ni nanopillars
embedded in the CeO2 matrix. This one-step PLD method can
also be applied to many other metal–oxide systems, for
example an epitaxial Ni–BaTiO3 (BTO) system has also been
successfully grown, as presented by microstructure characteriz-
ation in Fig. S1.†

Nanostructured magnetic materials are promising for
various technological applications, such as magnetic data
storage. Taking advantage of these self-assembled vertical Ni
nanopillars, it is essential to explore the magnetic properties
of these high density anisotropic nanopillars. The M–H
measurements at different temperatures were carried out for
Ni–CeO2 nanocomposite films, and the hysteresis loops are
shown in Fig. 3a for in-plane (IP: the applied magnetic field
parallel to the film surface) and in Fig. 3b for out-of-plane (OP:
the applied magnetic field perpendicular to the film surface),
respectively. The inserted figures are the enlarged area of the
orange squares, which can be used to determine its coercivity
(Hc) at different temperatures. As seen from the Hc vs. tempera-
ture plot in Fig. 3c, the Hc value decreases with increasing
temperature, along both IP and OP directions, which suggests
a thermally activated magnetization reversal process, as well as
the existence of magnetic anisotropy of the Ni–CeO2 nano-
composite film. As the temperature increases, thermal fluctu-
ations or thermal perturbations could reduce the coercivity,
which has been observed in various other magnetic
materials.35,36 The magnetic anisotropy can be clearly revealed
by the M–H curves (at 300 K) comparing the IP and OP
measurements as shown in Fig. 3d. The saturation magnetiza-
tion (Ms) is ∼175 emu cm−3 and ∼135 emu cm−3 for OP and

Fig. 3 The magnetic hysteresis loops for the Ni–CeO2 film at varying temperatures with an applied magnetic field (a) parallel or (b) perpendicular to
the film surface, and the insets are the enlargement of the marked area to identify coercivity values; (c) coercivity values as a function of the
measured temperature; (d) in-plane and out-of-plane M–H curve comparison of the sample at room temperature to show its anisotropic magnetic
performance.
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IP, respectively. It is worth noting that the entire nano-
composite volume (including both the Ni nanopillars and the
CeO2 matrix) is taken into account. When considering the
actual volume density of the magnetic Ni nanopillars in the
overall film (∼55%), the Ms value can be as high as ∼320 emu
cm−3 for OP and ∼245 emu cm−3 for IP. The Ms values are
lower than that of 420 emu cm−3 for bulk Ni,37 which is poss-
ibly due to the very fine Ni nanopillars and the orientations of
the Ni nanopillars ([001] and [022]) which are not along the
easy axis of Ni [111]. It is noted that the field applied might
not be strong enough to align all the magnetic dipoles in the
hard magnetization direction. In this case, the magnetic an-
isotropy of the Ni nanopillars can be considered to be from
the competition between magneto-crystalline anisotropy and
shape anisotropy, if the interaction between the Ni nanopillars
is ignored. As the growth directions of the Ni nanopillars are
[001] and [022] in this case, there is an angle of 54.73° and
35.27° with the magneto-crystalline easy axis of [111].
Therefore, the shape anisotropy is considered as the dominat-
ing factor for the magnetic anisotropy in Ni nanopillars. In
addition, the temperature-dependence of magnetization of Ni–
CeO2 was measured up to 380 K (due to the limitation of the
PPMS tool) with an applied magnetic field perpendicular to
the film surface, as shown in Fig. S2.† As shown, the magneti-
zation does not disappear up to 380 K, which is because the
Curie temperature of Ni is 627 K.

As mentioned above, magnetic nanostructures could
provide a magnetic flux pinning effect for high temperature
superconductors to achieve better in-field superconducting
properties (especially the in-field critical current density
Jin�field
c ). Therefore, this nanocomposite thin film with high-
density magnetic Ni nanopillars could be an ideal candidate
for the magnetic pinning effect. As a demonstration, a thin
layer of the Ni–CeO2 VAN was incorporated into YBCO for flux
pinning enhancement, as illustrated in the schematic drawing
in Fig. 4a. The magnetic Ni nanopillars act as effective mag-
netic flux pinning centers, while the CeO2 matrix effectively
encapsulates the Ni nanopillars and minimizes the inter-
diffusion between the YBCO and Ni. The microstructure study
in Fig. S5† confirms that no or very limited inter-diffusion
exists between the YBCO layer and Ni–CeO2 layer on top.
Superconducting properties (e.g., transition temperature Tc
and critical current density Jc) are measured for YBCO thin
films, with or without the Ni–CeO2 nanocomposite layer. First,
the R–T property was measured and plotted in Fig. 4b. The
inserted plot is the enlarged transition regime to determine
the Tc values. The results show that the temperature where the
resistivity goes to absolute zero (Tzero

c ) is 86.5 K for the doped
YBCO and 89 K for pure YBCO, which is comparable to pre-
vious reports.26–29,38,39 The slight Tc drop of the YBCO with the
Ni–CeO2 layer might result from the incorporation of the Ni–
CeO2 nanocomposite layer. More importantly, the Jc values
were also measured and compared at 77 K (Fig. 4c) and 65 K
(Fig. 4d), with the applied magnetic field perpendicular to the
film surface (H//c). Under a low applied field, the Jc value of
pure YBCO is higher, while the Jc–H curve becomes flatter for

Ni–CeO2 (NC) capped YBCO with increasing field. And, the
absolute value of Jc of Ni–CeO2-capped YBCO exceeds pure
YBCO at higher fields beyond 1 T and 2.5 T, for 77 K and 65 K,
respectively. This suggests that the magnetic pinning is effec-
tively introduced by the Ni–CeO2 nanocomposite in the high
field regime. The results demonstrate the effective pinning
enhancement by the Ni–CeO2 nanocomposite, especially at
high fields, which indicates the potential high field appli-
cations of YBCO with the Ni–CeO2 nanocomposite. In such a
scheme, a magnetic pinning force is generated by the inter-
action between the magnetic Ni nanopillars and the magnetic
flux in the vertices of YBCO, which accordingly requires larger
Lorentz force to move the normal cores. Therefore, magnetic
pinning is provided by the magnetic Ni nanopillars.

To explore the anisotropic transport properties of the
unique Ni–CeO2 nanocomposite thin film, AC impedance
measurement was carried out, in both IP and OP directions.
The EIS data in Fig. S6† of both OP and IP directions prove
that the incorporation of Ni metal in the CeO2 matrix greatly
reduces the resistance compared to pure CeO2. The IP data for
both Ni–CeO2 and pure CeO2 are shown in Fig. S6a,† and the
Ni–CeO2 nanocomposite presents a much smaller semicircle
than that of the pure CeO2. Both CeO2 films, with or without
Ni nanopillars, show a similar single semi-circle characteristic
instead of two semi-circles as seen in the cases of bulk
materials, which is believed to be caused by the large stray
capacitance from the substrate.38 For the OP measurement in
Fig. S6b,† the Ni–CeO2 composite shows the behavior of an
inductor because of the highly conductive nature since metal-
lic Ni is vertically aligned throughout the entire film and
becomes the preferred conduction paths. Besides, the second
component in the low frequency regime represents the elec-

Fig. 4 (a) Schematic illustration of the nanocomposite capped YBCO
film; (b) R–T plots of YBCO thin films, with or without the Ni–CeO2

nanocomposite layer, the inserted figure is the enlargement around the
transition temperature regime; the in-field critical current density
dependence of the applied magnetic field for both films at (c) 77 K and
(d) 65 K.
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trode effect.40 The incomplete semi-circle in the high fre-
quency regime is due to the limitation of the impedance analy-
ser used. Overall, the unique Ni–CeO2 vertically aligned nano-
composite film presents a highly anisotropic transport
property.

Conclusions

The self-assembled Ni–CeO2 nanocomposite thin films have
been successfully grown by a one-step PLD method, under
carefully controlled growth conditions. From the microstruc-
ture study, high density ultra-fine Ni nanopillars of ∼7 nm
embedded in the CeO2 matrix have been successfully demon-
strated. High epitaxial quality of both phases has been demon-
strated with sharp interface. The metal–oxide nanocomposite
films with anisotropic magnetic properties (i.e., the preferred
OP magnetization) have been incorporated into a supercon-
ducting YBCO thin film as a cap layer. Enhanced flux pinning
properties in the doped YBCO film have been demonstrated
compared to pure YBCO thin films, especially in the high mag-
netic field regime. Highly anisotropic electrical and ionic con-
ductivities in Ni–CeO2 nanocomposite thin films could also be
ideal for the thin film anode structure in SOFCs. This unique
anisotropic metal–oxide nanocomposite thin film could find
promising applications in high-density magnetic data storage
and magnetic tunnel junction devices.
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