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ABSTRACT (Chemical methods offer the possibility to synthesize a large panel of
nanostructures of various materials with promising properties. One of the main

Co nanowires

limitations to a mass market development of nanostructure based devices is the
integration at a moderate cost of nano-objects into smart architectures. Here we

develop a general approach by adapting the seed-mediated solution phase synthesis of

nanocrystals in order to directly grow them on crystalline thin films. Using a Co  6-fold symmetry surfaces 4-fold symmetry surfaces
precursor, single-crystalline Co nanowires are directly grown on metallic films and
present different spatial orientations depending on the crystalline symmetry of the

film used as a 2D seed for Co nucleation. Using films exposing 6-fold symmetry surfaces

such as Pt(111), Au(111), and Co(0001), the Co heterogeneous nucleation and epitaxial

Fe nanostructures

growth leads to vertical nanowires self-organized in dense and large scale arrays. On

the other hand, using films presenting 4-fold symmetry surfaces such as Pt(001) and Cu(001), the Co growth leads to slanted wires in discrete directions.
The generality of the concept is demonstrated with the use of a Fe precursor which results in Fe nanostructures on metallic films with different growth
orientations which depend on the 6-fold/4-fold symmetry of the film. This approach of solution epitaxial growth combines the advantages of chemistry in
solution in producing shape-controlled and monodisperse metallic nanocrystals, and of seeded growth on an ad hoc metallic film that efficiently controls

orientation through epitaxy. It opens attractive opportunities for the integration of nanocrystals in planar devices.
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olution phase synthesis of nanoparti-

cles can produce size, shape and com-

position controlled nanocrystals of
almost all kind of materials (semiconduct-
ing, metallic,c metal oxides), possessing re-
markable properties (optical, sensing, cataly-
tic, magnetic, etc.). Despite these promising
properties, nanocrystal implementation in
real applications faces several problems.
Indeed, a great number of targeted nano-
structure-based devices, especially in the
domain of microelectronics, require the
exact positioning and orientation of nano-
scale building blocks locally, or over ex-
tended areas." The organized integration
of these nano-objects produced by chemi-
cal methods into future functional devices

LIAKAKOS ET AL.

that will exploit their specific properties is in
the center of a very active area of research. >
In comparison to top-down approaches,
bottom-up processes are expected to orga-
nize nanostructures over large scales with a
reduced number of technological steps.®®
Self-assembly of colloidal nanocrystals
offers a low-cost solution to large-scale
fabrication of ordered nanoscale materials.’
It is however inappropriate for controlling
nanocrystal orientation with respect to a
substrate. Moreover, the chemical and me-
chanical stability of the architecture is a
prerequisite for future applications to en-
sure reliable and stable properties over
time.'® Finally, easier rendering of an effi-
cient electrical contact between macroscopic
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components and the nano-object is of utmost impor-
tance for optoelectronic applications."’

An attractive alternative is based on the oriented
growth of nanocrystals directly on surfaces. Consider-
ing 1D nanocrystals, several bottom-up methods for
growing nanowires on surfaces have been developed,
especially the well-known vapor—liquid—solid (VLS)
technique'? and its derivatives.'® Thanks to a metallic
catalyst deposited on a surface and initiating the
growth, the VLS method leads to vertical or tilted
epitaxial growth of nanowires on substrates.'*'> How-
ever, such a process allows to produce almost exclu-
sively semiconducting nanostructures. Recently, a lot
of effort has been devoted to the development of
aqueous routes for growing Fe,03;, Mn,03, TiO,, and
ZnO nanorods (NRs)/nanowires (NWs) perpendicular
to a substrate without using any rigid template or
catalyst.'® These NRs/NWs are at the origin of intensive
research, due to their high potential for numerous
applications (photovoltaic devices, gas sensors, etc.),
and their integration into devices is an intense area of
investigation.'”” Considering 1D metallic nanocrystals,
arrays of vertical metallic nanowires can be obtained
by filling mesoporous templates such as anodized
aluminum oxide'®'® or copolymer templates® by
chemical, electrochemical or vacuum deposition
techniques.?'?? The nanowire diameter is controlled
by the pore diameter which is generally larger than
10—12 nm, even if diameters as small as 8 nm can be
attained.”® The main advantage of electrochemical
methods is their ability to deposit a wide variety of
materials depending on the plating bath used. Never-
theless, in the majority of the cases, the structure of
the resulting wires is polycrystalline, and crystallite
orientation is poorly controlled.** Nanowires or nano-
columns stabilized into crystalline matrices have also
been reported,>>™” as well as Co NWs directly grown
by chemical vapor deposition (CVD) without tem-
plates,?® but they also suffer from poor crystalline order
and low density, respectively. Until very recently, there
was no pure bottom-up approach that leads to the
oriented growth of sub-10 nm single-crystalline metallic
nanowires on surfaces without the use of templates
or matrices. The potential applications of arrays of
metallic nanowires on surfaces is however important,
for instance, in sensing and metamaterials®>*° consid-
ering noble metals, or in ultrahigh density magnetic
recording using magnetic materials.2*3' In this con-
text, colloidal chemistry is particularly attractive as it
can produce well controlled 1D nano-objects with
good crystalline order.*** Moreover, seed-mediated
growth of nanocrystals in solution has been exten-
sively studied using nanometer size seeds. This strat-
egy allows the synthesis of a variety of complex hybrid
nanostructures, among which bimetallic and multi-
component nanocrystals.>*3® Homo- or heteroepitax-
ial relationships between the seed and the growing
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material have been used in order to control the shape
of the final nanostructures.”*® However, this solution
approach has not been largely applied to macroscopic
seeds for the direct elaboration of metallic nanostruc-
tures. We recently reported the adaptation of a solu-
tion synthesis of Co nanorods, that allows to epitaxially
grow single-crystalline cobalt nanowires on a 2D non-
patterned Pt(111) metallic film.*° The nanowire growth
starts from the metallic film immersed in solutions of
compositions similar to the ones that, in the absence of
any seed film, give rise to anisotropic Co nano-
objects.***" This strategy combines the major advan-
tages of both chemical and physical methods: (i) the
possibility of decomposing metal salts, coordination
compounds, or organometallic precursors in solution
to obtain shape-controlled and monodispersed sub-
10 nm nanocrystals, and (ii) the epitaxial growth of
nanocrystals on an ad hoc crystalline film. Here we
demonstrate that this epitaxial growth of Co nanowires
is also successful on seed layers different from Pt(111),
namely, Co(0001), Au(111), Pt(001), and Cu(001). The
solution composition imposes anisotropic Co growth
on all these substrates which differ from each other,
either in chemical composition, in symmetry, or in
lattice parameters. We show by a precise crystallo-
graphic analysis that the crystalline symmetry of the
seed layer has a strong impact on the heterogeneous
nucleation of cobalt, on its crystalline growth direction,
and therefore on the nanowire orientations. Conse-
quently, by acting on the nature of the metallic film
introduced into the solution synthesis, vertical or tilted
nanowires with discrete angles with respect to the
substrate can be obtained. Furthermore, we demon-
strate the generality of this approach of solution
epitaxial growth, showing how, by decomposition of
a Fe precursor, Fe nanostructures of different orienta-
tions depending on the crystalline symmetry of the
film, can be grown on metallic films. This study estab-
lishes that the solution epitaxial growth constitutes a
novel approach for the direct growth of nanocrystals
with tunable growth orientations, shape control, and
epitaxy on planar devices.

RESULTS

Three kinds of films are compared as seed layer:
(i) films with crystalline planes of 6-fold symmetry,
Pt(111), Au(111), and Co(0001), (ii) films with planes
of 4-fold symmetry, Pt(001) and Cu(001), and (iii) com-
mercial polycrystalline Cu metal foils. Apart from the
commercial substrates, the films were grown epitaxially
by sputtering and/or thermal evaporation of the corre-
sponding metal target (i) on Al,O3(0001) or Si(001)
substrates for 6-fold symmetry crystalline surfaces, and
(i) on MgO(001) substrates for the 4-fold symmetry
substrates (see procedure description and elaboration
conditions in the Methods section and Supporting
Information Table S1, respectively). In a second step,
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the substrate is introduced into an anisole or toluene
solution of [Co{N(SiMes),},(thf)] containing lauric acid
(LA) and hexadecylamine (HDA). The solution contain-
ing the substrate supporting the metallic film is then
heated, under 3 bar of H,. It has to be noted that, as
a result of homogeneous nucleation, free Co nano-
objects are formed at 150 °C and with concentrated
solutions (50 mM in C0).***' Thus, at [Co] = 50 mM, and
when heated under H, at 150 °C, a molecular ratio of
1 Co/1.2 LA/1.2 HDA, in the absence of films gives rise
to Co nanorods,*® whereas a ratio of 1/2/2 gives rise to
multipods due to the initial nucleation of irregularly
shaped nanocrystals from where anisotropic pods
grow during the growth step.*’ Whereas the growth
of free Co nano-objects in the absence of added seeds
is preceded by a homogeneous nucleation in solution,
the exclusive Co growth on a metallic film requires the
suppression of this stage. The reaction conditions were
chosen so that the formation of free Co nano-objects in
solution is not favored. Therefore, the temperature
and/or the Co concentration have been decreased
compared to the synthesis of free Co nano-objects in
order to limit the homogeneous nucleation and favor
the heterogeneous nucleation of Co on the film. While
we have reduced the concentration and/or the reac-
tion temperature, we used Co/LA/HDA ratios that give
rise to anisotropic Co nanocrystals. Using this ap-
proach, we have previously shown that a reaction of
4.5 days at 100 °C using a Co/LA/HDA molecular ratio of
1/1.2/1.2 and with a Co concentration of about 2 mM
results in vertical Co nanorods (NRs) of 140 nm in
length, 8 nm in diameter and epitaxially grown on
Pt(111). Using the second ratio of 1/2/2, a reaction of
24 h at 150 °C and at concentrations of about 5 mM
results in vertical Co nanowires (NWs) on Pt(111) of
960 nm in length and 5—6 nm in diameter.3® The same
solution compositions under similar reaction condi-
tions lead to various configurations of NRs and NWs on
thin films of various metals and different crystalline
symmetries.

Co Nanowire Growth on 6-Fold Symmetry Metallic Films.
Figure 1 displays the scanning electron microscope
(SEM) micrographs of three different films exposing
crystalline planes of 6-fold symmetry, after indepen-
dent and identical 24 h reactions at 150 °C using a
Co/LA/HDA molecular ratio of 1/2/2. Interestingly, the
nanowires are oriented perpendicularly to the sub-
strate whatever the metallic film, Pt(111), Co(0001),
and Au(111). While tilted NWs are clearly seen at the
periphery of bundles, perpendicular NWs are densely
packed into bundles of various sizes depending of the
metallic film. Cross-sectional observations using trans-
mission electron microscopy (TEM) of Co NW arrays on
Pt(111) and Co(0001) films confirm the vertical growth
of Co nanowires (Figure 2). A TEM cross-section of Co
NWs on Au(111) is shown in Figure S1. Whatever the
seed metallic film, the NW length is estimated to be
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around 1 um (Table 1). We suppose that bending
and therefore bundle formation of NWs occurs due
to their micrometric length because shorter NRs do
not present such a bending® (see also Figure S2a).
These cross-sectional observations reveal that the
NW densities obtained for Co NWs/Pt(111) and Co
NWs/Co(0001) are not as drastically different as sug-
gested by Figure 1. Nevertheless, the differences in
bundle sizes can be due to differences in film quality
(grain size, roughness) of the Pt(111), Co(0001), and
Au(111) films (see Table S1). The NW diameters are
estimated by cross-sectional TEM micrographs to be
around 6, 8, and 9 nm for Co NWs/Pt(111), Co NWs/
Co(0001), and Co NWs/Au(111), respectively (Table 1).
The Co[0002] growth direction is also locally evidenced
in high resolution TEM micrographs of Co NWs on
Pt(111) and Co(0001) (Figure 2c—f, respectively). It
demonstrates that the Co nanowires are single crystals
with the ¢ axis of the Co bulk hcp structure along the
wire axis. In contrast to electron microscope techni-
ques that give information on limited sample areas,
X-ray diffraction (XRD) allows interrogating the sample
over large areas. Therefore, it was the method of
choice for the crystallographic characterization of the
obtained nanostructured films. The symmetric 6—26
diffractograms (Figure 3a) indicate that the Co(0002)
planes are parallel to the Pt(111), Co(0001), and
Au(111) planes, respectively (the different axes and
angles relevant to the XRD measurements are shown
in Figure S3). Combined to the TEM observations,
these data show that the wires grow vertically along
the Co[0002] direction whatever the metallic film of
6-fold symmetry. In order to precise the NW spatial
orientation, we performed XRD texture measurements
to record the pole figure of the Co{0002} reflections,
that is, the NW growing planes (Figure 3b—d, and
Methods section). Indeed, as NWs grow along the
(0001) planes in a single-crystal hcp structure, the
spatial orientation of the (0001) planes corresponds
to the NW ones. The Co{0002} pole figures recorded
on NW arrays grown on 6-fold symmetry surfaces
reveal that the Co[0002] growth direction, and conse-
quently the direction of the NW long axis, is narrowly
distributed around the substrate out-of-plane direction
(x = ¢ = 0°), even if a larger distribution is recorder
for Co NWs/Co(0001). A 3D scheme of the vertical
NWs grown on 6-fold symmetry surfaces is given in
Figure 3e.

All the above-mentioned data indicate that the
Co(0001) crystalline orientation and therefore the ver-
tical growth of Co cylindrical nanocrystals are governed
by the symmetry matching between the Co(0001)
growing plane and the different 6-fold symmetry
surfaces, whatever the associated lattice mismatches
with Co (Co/Pt = —9.5%, Co/Co = 0, Co/Au = —13.1%).
This is consistent with the hexagonal close-packed
(hcp) Co(0001) growth orientation reported in thin film
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Figure 1. Scanning electron microscopy (SEM) micrographs of the surfaces of Co nanowire arrays grown on (a) Pt(111)/
Al,03(0001), (b) Co(0001)/Al,05(0001), and (c) Au(111)/Cr/Si(001), after 24 h of reaction (Co/LA/HDA ratio: 1/2/2, [Co] = 5 mM,

24 h, 150 °C, solvent: anisole).

growth studies of Co/Pt(111)**** and Co/Au(111)*4
by physical vapor deposition techniques.

In terms of magnetic properties, magnetic mea-
surements reveal that NW arrays on 6-fold symmetry
surfaces exhibit hysteresis loops characteristic of ferro-
magnetic materials at room temperature. On Pt(111),
Co NWs/NRs present a magnetic anisotropy perpendi-
cular to the substrate: the hysteresis loops are more
square with higher remnant magnetizations and coer-
cive fields when the magnetic field is applied perpen-
dicular to the metallic film, i.e. parallel to the NRs/NWs
(Figure S4). This behavior results from the intrinsic
shape anisotropy of the NWSs/NRs, combined with
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the uniaxial magnetocrystalline anisotropy along the
Co[0001] direction, and this despite important dipolar
interactions.®® The association of a high magnetocrys-
talline anisotropy and a high density is a prerequisite
for application in magnetic recording, therefore the
hcp single-crystalline structure is highly desirable for
this application. On Co(0001), despite the similar over-
all structure to the Pt(111) which presents an out-of-
plane easy axis of the NR array, only a weak magnetic
anisotropy is measured along the substrate plane
(Figure S5). This is attributed to the in-plane contribu-
tion of the 20 nm thick Co(0001) film on which NRs
have grown. An important point concerns the absence

VOL.9 = NO.10 = 9665-9677 = 2015 A@ij )

VI N

WWww.acsnano.org

9668



a) ™ co NWs/Pt(111)
$53 'f.;;“, s‘,i‘ ”; 1

iy

Al504(0001)
C)E

O@Q(ﬁ@@»
—=(1107) X
102)

Figure 2. Cross-sectional transmission electron microscopy (TEM) micrographs of Co nanowire arrays grown on (a—c)
Pt(111)/Al,05(0001) and (d—f) Co(0001)/Al,03(0001) (Co/LA/HDA ratio: 1/2/2, [Co] = 5 mM, 24 h, 150 °C, solvent: anisole).
Images (c) and (f) are high resolution TEM micrographs of Co nanowires on Pt(111)/Al,05(0001) and Co(0001)/Al,03(0001),
respectively. Insets: fast Fourier transforms illustrating the single-crystalline structure of the nanowires with a Co[0001]

growth axis, i.e., the c-axis of the Co hcp structure.

of Co/Co oxide exchange bias in the low tempera-
ture hysteresis loops of the Co NWs/Pt(111) samples
preserved from air-exposure during transfer to the
magnetometer (Figure S4b). This demonstrates that,
as in the case of the synthesis of Co nanorods and
nanowires in homogeneous conditions, that is, without
substrates,***" the Co NW growth process intrinsically
provides oxygen free Co nano-objects. If samples are
air-exposed, a Co/Co oxide exchange bias is measured
at low temperature and the saturation magnetization
slightly decreases. We believe the CoO surface layer
passivates the nanowires that retain their metallic core
even after long air exposure as confirmed by checking
by magnetic measurements at various time intervals
(Figure S6).

Co Nanowire Growth on 4-Fold Symmetry Metallic Films.
The same Co growth conditions in the presence of
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crystalline surfaces of 4-fold symmetry results in dif-
ferent orientations of nanostructures, the growth
direction of which are dictated by the substrate.

Co Decomposition on Pt(001). Figure 4 displays the NR
array obtained on a Pt(001) film after a 3 days reaction
at 100 °C and with a Co/LA/HDA ratio of 1/1.2/1.2. The
SEM micrograph of Figure 4a shows tilted NRs with
in-plane projections of the NR directions along the
Pt (110) directions of the Pt(001) film. The TEM by
cross-section indicates that an intermediate Co layer
of around 5 nm is present between the Pt(001) film and a
layer of slanted NRs (Figure 4b). The NRs have diameters
around 8 nm and grow along the hcp Co[0001] axis.
Texture measurements by XRD were carried out in
order to identify the Co NR orientations. The resulting
pole figure of the Co{0002} reflections shown in
Figure 4c reveals four satellite spots at ¢ = 45°, 135°,
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TABLE 1. Characteristics of the Co NWs Grown on Different Substrates after a Similar Chemical Reaction (Co/LA/HDA

Ratio: 1/2/2, [Co] = 5 mM, 24 h, 150°C, Solvent: Anisole)

6-fold symmetry surfaces

4-fold symmetry surfaces polycrystalline textured surface

Pt(111) Co(0001) Au(111) Pt(001) Cu(001) Cu
NW orientation vertical vertical vertical tilted (47.3°) tilted (15.5° and 54.3°) vertical and tilted (~15° and ~54°)
NW diameter (nm) 6 8 9 8 n
NW length (nm) 1080 1000 1300 700
a) | wg@os ] b) Pt111) e ¢) Co(0001) I (ct)
Pt(111) Co(0002) pe 0
B \ 6327 160
~ 10 ; Co{0002} 12653 321
S Co(0002) {o] 18980 Co{0002 481
8 (i) \ o001 | 25306 {) ) {642
— : b =0° | 31633 R 802
Au(111) Cr(ﬂ%c;@ooz) 37960 {%5 962
M 44286 1123
' 50613 1283
40 42 44 46 48 50 52 54 56 58 Z‘ZZZZ 12‘;:
20 (deg.)
d) Au(111) (et €)  Conanowires
| By
28172
Co{0002} 42258
| 56344
£ 70431
84517
98603
112689
126775
140861

Figure 3. (a) XRD 6—20 diffractograms (Co Ka;) of Co NW arrays grown on different metallic films: (i) Pt(111), (i) Co(0001), and
(iii) Au(111) (Co/LA/HDA ratio: 1/2/2, [Co] = 5 mM, 24 h, 150 °C, solvent: anisole). The diffractogram measured on Co NWs/
Au(111) also presents the Si(004) peak of the substrate at 26 = 82.42° (not shown). Pole figures of the Co{0002} reflections
(20 = 52.17°) measured on (b) Co NWs/Pt(111), (c) Co NWs/Co(0001), and (d) Co NWs/Au(111). (e) Schematic representation of

a Co NW array on 6-fold symmetry surfaces.

225°, and 315° indicating that the NRs are oriented
along four distinct directions and form an angle of
¥ =47.3° with the normal of the film, that is, the Pt[001]
axis (precise angle measurements are shown in
Figure S7). The large spot measured in the central area
of the pole figure (at ¥ = ¢ = 0°) could be due to
parasite diffraction of the MgO(002) and Pt(002)
planes, as MgO(002) and Pt(002) diffract at angles close
to the Co(0002) one, and no Co(0002) peak appears in
the XRD 6—26 diffractogram (Figure S8). However, the
presence of a limited number of vertical Co NRs on
Pt(001) cannot be totally ruled out. The Co{0002} pole
figure also indicates that the in-plane projections of the
tilted NRs are aligned along the Pt (110) directions.
From the analysis developed above, the NR orienta-
tions on Pt(001) are summarized in Figure 4d. A reac-
tion under conditions corresponding to a nanowire
synthesis (Co/LA/HDA ratio of 1/2/2) was also per-
formed on Pt(001) and also leads to tilted NWs with
identical spatial orientations to the ones described for
NRs (Figure S9).

While rationalization of the growth orientation of
Co NRs/NWs on Pt(001) films is not straightforward, an
explanation can be given considering the presence of a
5 nm intermediate Co layer on Pt(001), in association to
the measured tilt angle of the NRs/NWs. We assume
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that during the first stages of the growth, Co island
nucleation occurs on Pt to form the intermediate Co
layer. From the measured tilt angle of the NWs, it is
proposed that Co hcp nuclei grow on Pt(001) along
Co(11—23) planes as opposed to the growth along
Co(0001) planes on 6-fold symmetry metallic films.
Upon growth, these Co(11—23) islands should exhibit
facets composed of (0001) planes in order to minimize
their surface energy because such planes are the ones
of minimum energy in bulk hcp Co.*® Since (0001) and
(11—23) planes form an angle of 47.26° in bulk hcp Co,
the (0001) facets of the islands are oriented at 47.26°
from the substrate plane (Figure S10). As already
shown, deposition of Co from the solution on Co(0001)
planes induces a vertical NW growth (Figures 1b, 2d,
and 3c). Therefore, Co deposition on (0001) facets of
Co(11—23) islands results in NW growth perpendicu-
larly to (0001) facets, that is, along directions at 47.3°
from the normal of the substrate plane, as measured
experimentally. In this description, the Co(11-23)
islands would compose the observed 5 nm thick layer
on Pt(001). Despite the fact that the Co(11—23) growth
orientation on Pt(001) has never been reported before,
whatever the deposition technique, such (11-23)
planes would reduce the lattice parameter misfits
between Co and Pt lattices (Figure S11).
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Figure 4. (a) SEM micrograph of a Co NR array grown on Pt(001)/MgO(001) (Co/LA/HDA ratio: 1/1.2/1.2, [Co] = 2.1 mM,
3.5 days, 100 °C, solvent: toluene). Inset: crystalline directions of the Pt(001) film. (b) Cross-sectional TEM micrograph of the
same sample. (c) XRD pole figure of the Co{0002} reflections, indicating four satellite spots at y = 47.3°. (d) Schematic 3D view

of the Co NR orientations on Pt(001).

In terms of magnetic properties, the peculiar Co NRs/
NWs orientations on Pt(001) induce strong differences
in comparison to vertical Co NRs/NWs on 6-fold sym-
metry surfaces. As the anisotropy is high along the NW
long axis due to the uniaxial Co hcp magnetocrystalline
anisotropy, the different NR/NW directions for NRs/
NWs grown on Pt(001) induce a dispersion of the
magnetic easy axes. Moreover, the 5 nm Co intermedi-
ate layer is expected to favor an in-plane anisotropy.
Consequently, the out-of-plane direction is a hard axis
and a weak anisotropy is observed along the substrate
plane (Figure S12). Qualitatively, micromagnetic simu-
lations illustrate the influence of the NR orientation
distribution and of the Co intermediate layer on the
magnetic behavior (Figure S13).

Co Decomposition on Cu(001). A different NW config-
uration is obtained by using a Cu(001) film as a 2D seed.
After a reaction with a Co/LA/HDA ratio of 1/2/2 during
24h at 150 °C, the SEM and TEM by cross-section
micrographs also show tilted nanowires on the whole
substrate surface (Figure 5a,b respectively). The NW
diameter is estimated by TEM to be around 11 nm.
TEM observations allow distinguishing two different
growth directions (see dashed lines on Figure 5b).
As seen in Figure 5¢, the Co{0002} pole figure is
composed of eight satellite spots, four at y = 54.3°
and four at y = 15.5° (precise angle measurements in
Figure S14a,b). As summarized on the 3D scheme given
in Figure 5d, it is concluded that there exist eight
directions of tilted NWs, with four forming an angle
of about 15.5° with the normal of the substrate (i.e., the
Cu[001] axis) and four forming an angle of about 54.3°.

LIAKAKOS ET AL.

These eight directions have projections on the substrate
plane that are aligned along the Cu (110) directions.
The origin of the tilted NW orientations on Cu(001)
can be rationalized as in the Co NWs/Pt(001) system.
Based on the measured tilt angles, it is suggested that
the Co nucleation on the Cu(001) film induces the
growth of face-centered cubic (fcc) Co islands of Co(001)
and Co(221) orientations (i.e., islands with Co(001) and
Co(221) planes parallel to Cu(001), respectively). The
fcc Co(001) growth orientation is commonly reported
in Co ultrathin films deposited on Cu(001) surfaces by
physical vapor deposition techniques.*’~*° Further-
more, the growth of fcc Co(001) on Cu(001) is con-
firmed by XRD measurements (Figure S14d). We
believe that fcc Co(001) islands expose facets com-
posed of Co(111) planes, that is, planes forming an
angle of 54.74° with respect to Co(001) planes in bulk
fcc Co. Since a fcc Co(111) plane is identical to a hcp
Co(0001) plane in terms of symmetry and interatomic
distances, a deposition of Co from the solution on these
planes would result to the anisotropic growth of Co and
consequently to Co NWs tilted at an averaged measured
angle of 54.3° from the normal of the substrate (see
fcc Co(001) island description in Figure S15a). Follow-
ing the same reasoning, fcc Co(221) islands could
nucleate on Cu(001) and exhibit facets composed of
(111) planes which form an angle of 15.79° with the
(221) planes in bulk fcc Co. Such facets could induce a
Co[0001] growth and therefore the resulting NW long
axis at defined directions from the normal of the sub-
strate plane, that is, at 15.5° as measured experimen-
tally (see fcc Co(221) island description in Figure S15b).
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Figure 5. (a) SEM micrograph of a Co NW array grown on Cu(001)/MgO(001) (Co/LA/HDA ratio: 1/2/2,[Co]l =5 mM, 24h, 150 °C,
solvent: anisole). (b) Cross-sectional TEM micrograph of the same sample (the dashed lines indicate the two tilted growth
directions). (c) XRD pole figure of the Co{0002} reflections, indicating four satellite spots at y = 15.5° and four at y = 54.3°. (d)

Schematic 3D view of the Co NW orientations on a Cu(001) film.

To the best of our knowledge, the growth of fcc Co(221)
has never been reported in Co ultrathin films deposited
on Cu(001) surfaces, whatever the deposition techni-
ques. Nevertheless, it can be shown that the lattice
parameter mismatch between fcc Co(221) and Cu(001) is
the same as between fcc Co(001) and Cu(001) (Figure S16).
A third NW orientation on Cu(001) can be deduced
from the XRD Co{0002} pole figure in Figure 5c. The
intense central spot at y = ¢ = 0° could be attributed to
vertical NWs because the XRD 6—260 diffractogram
(Figure S14d) clearly shows a hcp Co(0002) peak (or
fcc Co(111) as they diffract at the same angle) which
indicates that Co planes of 6-fold symmetry are parallel
to the substrate. These NWs may result from Co islands
of either hcp Co(0001) or fcc Co(111) growth orienta-
tion which are also present on Cu(001), however with-
out an epitaxial relationship with Cu(001) due to
symmetry mismatch. Such islands could then induce
a vertical growth of Co NWs. The presence of parasitic
Pt(111) crystallites in the Pt buffer layer introduced to
enhance the crystalline orientation of the Cu film can
moreover favor such a hcp Co(0001) or fcc Co(111)
growth orientation (Figure S14d). Contrary to the case
of Co NW/Pt(001), the presence of a Co intermediate
layer at the Co NW/Cu(001) interface has not been
clearly detected by TEM. However, it has to be noted
that the Co/Cu interface areais ill defined with disturbed
contrasts in TEM, presumably due to a preferential Cu
etching during the cross-sectional sample preparation.

Finally, the growth of Co nanowires has been
attempted on commercial thin Cu foils instead of

LIAKAKOS ET AL.

oriented crystalline films. The results show that the
Co NW growth is effective on 50 um thick Cu foils, with
tilted and vertical NWs in less well-defined orientations
than for the previous cases due to the polycrystallinity
of the substrate (Figure S17). Such behavior is consis-
tent with the above-mentioned results demonstrating
the peculiar link between the NW growth orientations
and the crystallographic orientation of the metallic
film. The Table 1 summarizes the characteristics of
the Co NW growth on different substrates.

Fe Decomposition on Pt(001) and Pt(111). In order to
demonstrate the large scope of the solution epitaxial
growth method, the same strategy has been applied for
the growth of Fe nanostructures. We previously demon-
strated that the reduction by H, of [Fe{N(SiMe3),},]
in solution in the presence of long chain amine and
long-chain acid ligands leads to Fe nanocubes and
nanostars.® Under similar experimental conditions
and in the presence of Pt(111) and Pt(001) surfaces,
Fe nanostructures were successfully grown and pre-
sent patterns which depend on the Pt crystallographic
orientation as shown in Figure 6. After 24h reaction, the
Fe nanostructures on Pt(001) consist of cubiclike struc-
tures (Figure 6b). On the other hand, the Fe structures
on Pt(111) can be viewed as triangular prisms, that is,
elongated and truncated cubes along {110} planes
(Figure 6a). The same characteristic surface features
persist after several days of reaction (Figure S18). TEM
of a cross-section for both samples after 3 days of
reaction evidence thick body-centered cubic (bcc) Fe
columnar films above the Pt layer of around 80 nm for
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Figure 6. SEM micrographs of Fe nanostructures grown on (a) Pt(111) and (b) Pt(001) films, respectively (Fe/LA/HDA:
1/2/1, [Fe] = 2.5 mM, 24 h, 150 °C, solvent: anisole). (c, d) TEM cross-section micrographs of the Fe/Pt(111) and the Fe/Pt(001)
growths, respectively (3 days reaction). (e, f) XRD 0—20 diffractograms and ¢-scan in inset (3 days reaction). (g, h) Schematic
3D views of the Fe nanostructure orientations obtained on Pt(111) and Pt(001) films respectively before coalescence takes place.

Pt(111) (Figure 6c) and 40 nm for Pt(001) (Figure 6d),
suggesting the merging of the nanostructures toward
a Fe film. The XRD 6—20 diffractograms show that Fe
grows mainly along bcc Fe(110) on Pt(111) (Figure 6e)
and along bcc Fe(001) on Pt(001) (Figure 6f), as
observed in thin films elaborated by classical vapor-
phase methods.>'** The epitaxial growth of Fe on
both substrates is illustrated by ¢-scan diagrams on
Fe reflections (insets in Figure 6e, f). Detailed informa-
tion on the structure and the epitaxial relationships are
given in Figure S19. Thus, the decomposition of Fe in
the presence of either Pt(001) or Pt(111) surfaces leads
to nanostructured epitaxial films of metallic bcc Fe,
the growth direction being dictated by the Pt exposed
surface. The schematic views of Figure 6g and h
illustrate the overall feature of Fe nanostructure orien-
tations obtained on Pt(001) and Pt(111) surfaces,

LIAKAKOS ET AL.

respectively. As expected, the Fe layers obtained after
3 days of reaction are ferromagnetic at room tem-
perature with an in-plane easy axis of magnetization
(Figure S20).

DISCUSSION

We have demonstrated that the reduction of a metal
complex in solution under mild conditions allows the
growth of Fe and Co nanostructures on crystalline
metallic films. The growth is epitaxial in both cases
and the nanostructure orientations are dictated by the
crystalline orientation of the film. Concerning Co, on
6-fold symmetry films, we observed a common vertical
NR/NW orientation independently of the lattice mis-
match. On the other hand, 4-fold symmetry films
induce nanowire growth along different orientations.
Thus, in all cases the growth process ends-up by
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forming NRs/NWs similar to those obtained in the
absence of any substrate,**' and this irrespectively
of the film characteristics. Concerning Fe, the obtained
nanostructures on Pt surfaces can be viewed as
merged cubic nanoparticles, truncated along different
directions, and with distinct orientations, which de-
pend on the symmetry of the metallic film.

These results allow proposing a general growth
mechanism. Before reduction takes place, the metal
reservoir consists of several species of different reac-
tivity due to the reaction of the metallic precursor with
the amine and acid ligands.*>*' The most unstable
species are the first to be reduced supplying the first
metallic atoms. This first step of heterogeneous nuclea-
tion on the film surface leads to nuclei with a crystalline
orientation dictated by the symmetry of the surface.
As the reaction proceeds, atoms coming from the more
stable metal species in solution start to be reduced and
add to the nuclei which start to grow. In parallel, upon
decomposition of the molecular metallic species, the
liberated organic ligands define the size and shape
of the islands formed on the surface, by preferential
coordination on their less stable facets. In the case of
the formation of free Co NRs, this effect inhibits Co
deposition on (10—10) planes which constitutes the
wire lateral planes while favoring Co growth along
(0001) ones which give rise to an anisotropic growth
along the Co[0001] direction. Indeed, free Co nanorods
grow along their long axis, that is, by Co addition to
Co(0001) facets,>??3° whereas in the case of multi-
pods, nanowires of hcp structure grow from Co(111)
facets of fcc seeds.”’ The present results demonstrate
that the same shape-directing function of the organic
ligands also acts in the presence of the substrate
and consequently leads to an assembly of NWs on
the substrate as opposed to a Co film. We suggest
that the crystalline orientation of Co nuclei on 6-fold
symmetry surfaces is hcp with Co(0001) growing
planes irrespective of the respective lattice parameter
mismatches. On 4-fold symmetry surfaces, it is as-
sumed that fcc or hcp Co islands can be stabilized
depending on their mismatch with Cu(001) or Pt(001)
metallic surfaces. Indeed, the appearance of the dif-
ferent growth orientations, that is, fcc Co(001) and
(221) on Cu(001) and hcp Co(11—23) on Pt(001), could
be rationalized in terms of minimized lattice para-
meter mismatch (Table S2). It is postulated that the
anisotropic Co growth occurs on the 6-fold symmetry
facets presented by both hcp and fcc Co islands,
that is, on Co(111) facets of fcc Co islands or Co(0001)
facets of hcp ones. This step would require a certain
island size and consequently could lead to an inter-
mediate layer of coalesced islands between the NWs
and the metallic film before NRs/NWs start to appear,
as for Co NWs/Pt(001). Once the anisotropic growth
is engaged on specific facets, it is pursued on Co(0001)
planes, and adopting the shape imposed by the solution.

LIAKAKOS ET AL

In this description, the Fe nucleation on metallic
surfaces also leads to nuclei with crystallographic
orientations dictated by the surface. In the absence
of a substrate, the growth of Fe nanocrystals in solution
leads to bcc Fe cubes or concave cubes with ligands
acting as shape-directing agents.”® In the presence of a
substrate, we postulate that the ligands play the same
directing role, as observed in solution. The growth
mode of Fe nanostructures with cubic symmetry im-
plies a Fe {100) preferential growth direction which is
not a strictly anisotropic growth direction as opposed
to Co NR/NW. As both Fe(110) and Fe(100) orientations
obtained on Pt(111) and Pt(001) respectively possess
a (100) direction along the film plane (Figure 6g,h),
the Fe initial nanostructures on Pt grow also along
the substrate plane. Consequently, as the reaction
proceeds, the Fe nanostructures continue to grow
on Pt and finally merge together to give a nanostruc-
tured film.

Despite the fact that several points remain unclear
for the moment (differences in NR/NW diameters,
different Fe film thickness at long reaction time), our
results suggest that the solution finally imposes its
natural tendency by (i) allowing a prestructuration of
the substrate film by epitaxial nucleation of islands and
(ii) selecting island facets from which the growth can
take place as dictated by its composition. This is the key
point of the present results suggesting that the growth
of shape-controlled nanocrystals, well-controlled in
solution phase syntheses, can operate on appropriate
2D seeds and proceed via self-organization of the
nano-objects on a planar device. This concept is of
fundamental interest because it means that the differ-
ent nanocrystals reported in the literature and synthe-
sized by wet chemical methods could in principle be
grown on suitable films. In the case of anisotropic
nanocrystals, such as Co NRs/NWs, this approach is
particularly attractive, illustrating the efficient coupling
between the intrinsic Co anisotropic crystal lattice and
specific organic ligand coordination leading to differ-
ent growth possibilities, tilted or not, depending on the
substrate used. Extension of the method to other
anisotropic nanocrystals synthesized by solution phase
syntheses will open interesting new bottom-up ap-
proaches for nanotechnology.

CONCLUSION

Here we report the detailed general approach of
a solution phase synthesis of purely metallic nano-
objects on various metallic surfaces of different crystalline
symmetries. The most interesting system, which ben-
efits from the Co intrinsic anisotropic growth, concerns
the Co NRs/NWs growth on surfaces by decomposition
of a Co coordination precursor in the presence of acid
and amine ligands. Indeed, the use of 6-fold symmetry
substrates of various metals yields Co NWs grown
perpendicularly to the substrate surface, without any
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exception. On the other hand, 4-fold symmetry sub-
strates give rise to nanowires that grow at well-defined,
albeit different orientations depending on the epitaxial
relationships and the lattice mismatch between the
substrate and the nucleating Co islands. The case of Fe
confirms the generality of the approach and shows
that as expected, if the nanocrystal growth is not
strictly anisotropic, the obtained nanostructures tend
to merge together upon growth, at longer reaction
times, to result in a nanostructured film instead of an
array of distinct nano-objects.

These results have no precedent using physical
deposition methods. We previously presented the
interesting magnetic properties of ultradense arrays
of NWs on Pt(111), particularly interesting in the field
of future magnetic recording, where the high dipolar
interactions experienced at ultrahigh densities can be
overcome thanks to the uniaxial magnetocrystalline
anisotropy of the single-crystalline hcp NWs, to resultin

METHODS

Thin Film Fabrication. The crystalline metallic films were grown
in a vacuum chamber (3 x 108 mbar) connected to a glovebox
in order to avoid any oxygen or water contamination when
passing from physical vapor deposition to chemical solution
growth. Before film deposition, the 10 mm x 10 mm x 1T mm
-Al,03(0001) sapphire and Mg0(001) substrates (furnished by
Neyco) were annealed at 750 °C for an hour under high vacuum,
in order to clean the surface. The 20 nm thick films were
deposited using thermal evaporation or direct current (DC)
magnetron targets at 5 x 107> mbar Ar pressure. Details about
the deposition conditions of the different epitaxial films are
listed in the Table S1 (temperature, buffer layer, etc.). X-ray
diffraction (XRD) and X-ray reflectivity (XRR) measurements
were performed in order to control the growth orientation
and epitaxy, the thickness and the roughness degree. The
10 mm x 10 mm x 50 um commercial Cu foils were purchased
from Neyco. They were conditioned in individual oxygen-
free sachets and kept in the glovebox. They were opened
immediately prior to use and immersed in the growth solution
without any further treatment.

Co Nanowire Growth. All solutions were prepared in a glove-
box, toluene was distilled, degassed by three freeze—
pump—thaw cycles and kept in the glovebox under activated
molecular sieves (Acros-Organics 4A 8-12 mesh) to remove
traces of water. Anhydrous anisole was purchased from Aldrich
(99,7%) and kept in the glovebox under activated molecular
sieves in order to remove traces of water. The metal precursor
[Co{N(SiMes),},(thf)] was furnished by NanoMePS. Hexadecy-
lamine (HDA) (Aldrich) and lauric acid (LA) (Acros) were kept in
the glovebox and used as received.

In a representative reaction resulting in the growth of
long nanowires, a solution of [Co{N(SiMes)s}, (thf)] (22.6 mg,
0.05 mmol), in 2 mL of anisole is rapidly added to a mixture of
HDA (24.2 mg, 0.10 mmol) and LA (20.0 mg, 0.10 mmol) in 8 mL
of anisole (Co/LA/HDA molecular ratio = 1/2/2, [Co] = 5 mM).
The solution is introduced in a Fischer—Porter pressure bottle.
The substrate is immersed in the solution with the metallic film
facing the bottom of the bottle. The Fischer—Porter is removed
from the glovebox, the Ar is evacuated and the bottle is charged
with H, to 3 bar. The solution containing the substrate is heated
to 150 °C for 24 h. At the end of the reaction, the solution is
cooled down and the Fischer—Porter transferred to the glove-
box. A TEM grid is prepared by drop-casting some drops of the
supernatant solution. At the end of the reaction, the solution is
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a perpendicular magnetic anisotropy.>® On the other
hand, the growth of tilted NWs on 4-fold symmetry
metallic films represents an original approach to sup-
port nonaggregated 1D catalysts on a substrate. The
use of fully conductive, ductile, and inexpensive sub-
strates such as thin Cu foil is particularly attractive.
In addition, considering the larger scope of metallic 1D
nanocrystals, by adapting the solution syntheses of
free metallic NWs reported in the literature to induce
their heterogeneous nucleation and growth on a sub-
strate, the solution epitaxial growth method could
constitute an alternative to the VLS method for the
growth of metallic NWs on surfaces. Finally, thanks to
the ability of chemical approaches to induce the epitax-
ial growth of various materials on presynthesized
nanocrystals,*® one can envisage to modify the nano-
wires of an array through subsequent deposition steps
of other materials toward more complex nanostructures
and multifunctional materials of specific properties.

cooled down with cold water and transferred into the glovebox.
The substrate is removed from the solution and washed three
times with toluene, then washed twice with a solution of HDA
in THF (tetrahydrofuran) (10 mg/mL), assisted by ultra sounds
during 1 min, and finally washed in toluene. The substrate
was then observed by SEM. The same procedure is used in all
experiments.

The same procedure is followed for the formation of nano-
rods, by adjusting the amounts of reactants so that Co/LA/HDA =
1/1.2/1.2. and [Co] = 2.1 mM, and by performing the reaction at
100 °C for longer reaction times. Toluene was used instead of
anisole for the reactions performed at 100 °C, unless otherwise
stated. The specific reaction conditions (concentrations, tem-
perature, reaction times) for each case are mentioned in the text
and/or in the corresponding Figure captions.

Iron Growth. A solution of [Fe{N(SiMes),},] furnished by
NanoMePS (9.4 mg, 0.012 mmol), in 2 mL of anisole is rapidly
added to a mixture of HDA (6.0 mg, 0.025 mmol) and LA
(10.0 mg, 0.050 mmol) in 8 mL of anisole (Fe/LA/HDA = 1/2/1,
[Fe] = 2.5 mM). The solution is introduced in a Fischer—Porter
pressure bottle. The substrate is then immersed in the solution
with the Pt layer facing the bottom of the bottle. The Fischer—
Porter is removed from the glovebox and charged with H, to
3 bars during 7 min. The reaction is heated to 150 °Cfor24 h or 3 or
4 days. At the end of the reaction, the solution is cooled down and
the Fischer—Porter transferred to the glovebox. The substrate is
washed with toluene in order to remove the organic surfactants
and observed by FEG-SEM. A TEM grid is prepared by drop-casting
some drops of the transparent supernatant solution in order to
verify whether homogeneous growth has taken place in solution.

Electron Microscopy (SEM and TEM). The FEG-SEM (field emission
gun-scanning electron microscopy) observations were carried
out on a JEOL JSM6700F instrument. Samples for cross-sectional
TEM analysis were prepared following the standard method: the
samples were first mechanically polished down to about 10 um
thickness, then the final thinning to electron transparency was
achieved by ion milling at low angle (7°) and low voltage (5 kV)
using a Precision lon Polishing System (PIPS from Gatan). The
TEM samples were investigated using a Tecnai F20 fitted with a
Cs corrector (CEOS) which point resolution is 0.12 nm.

X-ray Diffraction (XRD). The X-ray diffraction measurements
were performed on a 6-20 4-circles PANalitycal Empyrean
diffractometer using a Co tube and Ge(220) monochromator
to select Co Ko, radiation (1xe;<° = 1.78901 A). The different
axes of the diffractometer are displayed in Figure S3. Each pole
figure is recorded during approximately 60 h.
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