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Vertically aligned nanocomposites (VANS) of metaite type have recently emerged as a
novel class of heterostructures with great sciengihd technological potential in the fields of
nanomagnetism, multiferroism and catalysis. Onethef salient features of these hybrid
materials is their huge vertical metal/oxide irded, which plays a key role in determining
the final magnetic and/or transport propertieshef ¢omposite structure. However, in contrast

to their well-studied planar counterparts, detail@@rmation on the structural features of



vertical interfaces encountered in VANs is scailcethis work, high resolution scanning
transmission electron microscopy (STEM) and electpnergy-loss spectroscopy (EELS) are
used to provide an element selective, atomic-saadysis of the interface in a composite
consisting of ultrathin, self-assembled Ni nanowjrevertically epitaxied in a
SITiOs/SrTiO3(001) matrix. Spectroscopic EELS measurements guglerather sharp
interfaces (6-7 A) with the creation of metallic-Nibonds and the absence of nickel oxide
formation is confirmed by x-ray absorption speatoys/ measurements. The presence of
these well-defined phase boundaries, combined witarge lattice mismatch between the
oxide and metallic species, gives rise to pronodmoagneto-elastic effects. Self-assembled
columnar Ni:SrTiQ composites thus appear as ideal model systemsptore vertical strain

engineering in metal/oxide nanostructures.

1. Introduction

Vertically aligned nanocomposites (VANs) form asslaof hybrid thin filmg'? that has
attracted significant interest since the discovery self-assembled vertical nanopillar
microstructures in the kaCa3Mn0::MgO systent®! Possible applications for these
heterostructured materials have been proposed @ fihlds of nanomagnetisth,
spintronics®® multiferroics!** catalysis and ionic conductdts. The versatility of VANs
results from their peculiar nanoarchitecture: tlaeg composed of an array of nanopillars
vertically embedded and epitaxially coupled to a@urding single crystal matrix, which is
depicted schematically iRigure 1 for the case of the particular combination of mate
studied in this work. While initial work on the gwth of VANs reported the successful
synthesis of vertical metallic nanostructures inoaite host (Fe:LaSrFeQ™®) most of the
attention turned to oxide/oxide VANs in the followji years, driven by the wide range of

functionalities available in oxide materials ance thood structural compatibility between



spinel and perovskite structures. In particularroelectric/ferrimagnetic VANs were
intensively studied with the aim of coupling theréec properties in an artificial multiferroic
materiall’**

Recent years however have seen the emergenceanietyvof studies on metal/oxide VANs
coupling transition or noble metals with oxide hwsatrices. The successful growth of
nanocomposites consisting of elemental Fe, Ni,ALp,Pt, Ir nanorods, as well as of Bl «
alloys, epitaxied in SITiQ(STO), BaTiQ, BaZrQs, or CeQ thin films was demonstratéd.

#I Like their oxide/oxide counterparts, metal/oxide N are of interest in many areas:
Au:BaTiO; VAN systems are appealing in the field of opticetamaterial€> Pt:STO and
Ir:STO VANs were demonstrated to exhibit enhancetvigy in photoelectrochemical water
splitting,[zzl VANSs incorporating Fe, Ni or Co transition metalsplay interesting properties
such as large perpendicular magnetic anisotropgnpiadly appealing for the development of
materials for data storadfg:?*2*

The large interface/volume ratio is a salient feataf the VAN nanoarchitecture and the
vertical interface between the pillars and the aumding matrix plays a prominent role in
determining the final functionality of the nanocowsfie. For example, the vertical interface
can provide additional conduction channels in i@munductors; the photocarrier transport can
be more efficient due to the Schottky junctions ambumetallic pillars embedded in a
semiconducting matrix; efficient magneto-elastic mloug through epitaxial strain is
intimately related to the structure of the verticaerface?’ !

The metal/oxide interface results from the immiditijpof the two phases, but grows in out-
of-equilibrium conditions. Its structure/compositimmay thus reflect the fact that the system is
stuck in a metastable state. In addition, the meatf interfacial compounds might also be
envisioned. As a consequence, the interfacial regiay not be as sharp as in oxide/oxide

systems. Despite the crucial role played by thedicadrinterface, studies addressing its



structure/composition at the atomic scale are s¢aossibly due to the difficulty to access
the interface compared to more conventional plaeserostructure’$’"

In this work, we therefore present an atomic-seadalysis of metal/oxide interfaces using
Ni:SrTiO3 VANs (Ni:STO) as a model system. Ni:STO VANs h&een extensively studied
recently, from both a theoretical and an experimgmbint of view. The initial growth stages
of this composite were simulated using a kinetic Me@arlo approach based on density
functional theory® The interfaces observed in this study were sharpthese results must
be considered with care, as the underlying coaraie€d model might not be able to grasp
the atomic details of the interface structure. iIm@e recent study, a detailed analysis of the
structure of the nanocomposite was given, unvedirifing relaxation mechanism as well as
a possible amorphization of the embedded metatiictire upon diameter reductif. No
experimental data on the chemical composition efititerface is available yet. In the present
paper, we combine scanning transmission electramrosgopy (STEM), atomic resolution
electron energy-loss spectroscopy (EELS) with x#ragnetic circular dichroism (XMCD)
and conventional magnetometry measurements to #awhe interfaces do not present any
sign of oxidation and show only very weak intend#iibn, two essential prerequisites to

eventually obtain pronounced magneto-elastic cagpifects.

2. Results and discussion

A global view of the sample, observed along thel]Ofone axis of the STO matrix, is
displayed inFigure 2(a). The High Angle Annular Dark Field (HAADF) coast reveals a set
of bright, well separated Ni nanowires of diametkrse to 2 nm in the midst of the STO
matrix, distant from each other by about 10 to 80 A number of smaller diameter, shorter
wires do not reach the surface of the cross-segtgample, such that the STO and Ni lattices

appear superimposed.he faceted nanowire visible at the center of thage is presented at



higher magnification in Figure 2(b), and was usge@ @rototypical object for the atomic-scale
spectroscopic investigations presented in the nedeai of this work. The metal/oxide
interface is structurally abrupt with no visuallgtdctable phase reaction between the two
materials. Epitaxial strain indicative of a patyiatoherent interface between the nanowire
and the matrix is visible through the deformatiortted Ni lattice planes. Atomic-resolution
elemental maps acquired on this nanowire are ptegen Figure 2(d), (e) and (f) for Ti, O
and Ni, respectively. A composite map summarizimgse results is shown in (c). Chemical
profiles extracted from these maps and obtainedhtagrating the signal in a vertical box
shown in inset are presented Figure 3. These profiles reveal a chemical width of the
interface of about 0.6 nm when integrated overtthekness of the sample. The chemical
interface is therefore larger that the apparentlyremabrupt structural interface contrast
observed on the HAADF images. A sizeable interngxs therefore clearly detected at the
interface even if one accounts for the inelastlocdization of the EELS signal caused by the
long-ranged Coulomb interaction, estimated betw@dnand 0.2 nm for edges of a few
hundreds of eV?! and which leads inevitably to a broadening of thefiles. Very
interestingly, a slight difference of 0.4 nm (i0e2 nm per interface) is observed between the
global widths of the Ti and the O profiles. Thisndicative of an increase of the Ti/O ratio at
the interface with respect to the STO matrix andstheveals a Ti-rich, or O-deficient,
interface. Note that this effect is observed atingl the interface and therefore, cannot be
attributed to a geometrical tilt of the nanowir@rad a particular direction. As shown in
Figure S1, this effect is indeed also visible on[d#]s1¢|[[110}; facets oriented at 45°.

To go beyond this elemental analysis, spectrum @wmagcorded with a higher energy
resolution ¢160 meV) have been acquired at thelB Ti-L, 3 and OK edges to monitor
the spatial variation of their fine structures la¢ hanowire/matrix interface. The results are

summarized irFigure 4, where the different regions of the spectrum insagigown in (a)



have been used to extract the spectra displayéa),iic) and (d). Beginning at the bottom of
Figure 4(c), (d), we first present reference eddesck solid lines) of bulk STO recorded in
the matrix. The Ti-, 3 edges are characteristic of*T(3d") in octahedral environmeht
where the B hole spin-orbit coupling splits the edge into adoying Lz and a higher-lying
L, components. These two edges are further split into t,; and e, components as a
consequence of the octahedral crystal-field acongthe Ti-31 unoccupied states. This
crystal-field splitting is echoed in peaksandb at the onset of the &-edge?*> which
reflects the O component of thé,y andey hybridized states dominating the bottom of the
conduction band of STO. Diffuse @orbitals further hybridize with the high-lying 8d
states leading to the formation of the double stmex at about 7-8 eV above the edge onset.
The first series of spectra extracted from regignoA a TiQ atomic plane located at one
matrix unit cell & 3.9 A) from the interface, still displays all tbkaracteristic features of the
bulk electronic structure of STO without any despd¢ Ni. On the contrary, spectra from
region B, located on the last atomic plane which sl be considered as belonging to the
matrix from the HAADF contrast, are largely modifieThe symmetry breaking induced by
the presence of the interface as well as the pracexlicovalent character of the bonding with
neighboring metal atoms contrasting with the preidamtly ionic bonding in STO, lead to a
strong broadening of the T3 edges fine structure where thg/e; splitting is barely
resolved. The fine structure of tli@K edge still exhibits the signature of an hybridzat
with Ti-3d states through the presence of a sharp peak aaabdbader structure b.
Interestingly, the missing SrO plane on the lefiesof the interface leads to a considerable
loss of spectral weight in the region of the douditecture c, primarily associated with the Sr-
4d empty states. Note that a weak Ni signal is alyedetected in this region, consistently

with the elemental profiles shown in Figure 3. Aseady discussed, although this signal



might be partly related to the delocalization irgmrto EELS, the presence of Ni in the last
atomic planes of the matrix cannot be ruled out.

Note that while the modification of the Ti-3 edges fine structure is particularly abrupt along
this [100E+o||[[100); interface, it occurs in a more gradual mannertt@r [110%ro||[110\i
facets where the Ti environment in the last atgpane of the matrix is qualitatively closer to
the bulk. Figure S2 presents a comparison of teetsp obtained for these two types of facets
in the vicinity of the interface with the nanowiamd shows that in the latter case, the crystal-
field splitting of the Ti-8 states is still clearly visible whereas it almd&appeared in the
former.

Region C corresponds to the first atomic planectitian be considered structurally as a part
of the nanowire from the HAADF contrast. Conseglygrat large increase of the Ni signal is
observed with respect to region B. A comparisomwiteference spectrum from bulkRi”
shown in Figure S3(a) reveals that, despite thatively low signal-to-noise ratio of these
spatially resolved data, a substantial broadeniribeoL; edge is clearly observed. This effect
might be attributed to fluctuations of Ni oxidatiatate and local environment within the
thickness of the specimen both in terms of geomeigy to the presence of the metal/oxide
interface and to the local disorder associated thighdiffusion of Ti and O in the first atomic
planes of the nanowire. The i3 edges in this area is also further broadened tohrea
shape which closely resembles that of theli-edges in bulk Ti or NiTi allof?® A
comparison between this T3 and a reference spectriifhrecorded in bulk Ti is presented
in Figure S3(b). The @& edge also displays broader structures when comparezgion B,
however retains its global shape without displayang particular new features.

In region D, the Nidl,; edges are essentially that of bulk Ni (see Figi8éa)), while very
weak Ti and O signals are still detectable. Finakkgions E and F are characteristic of pure

bulk Ni. The NilLs to L, ratios extracted from these data are presentddgure 4(e), the



procedure employed to obtain these values is detail Figure S4. Although the reduced
signal-to-noise ratio inherent to these spatiadgoived data limits the accuracy of the results,
no substantial deviation from the bulk Ni valueserved in this series of spectra.

In summary, no reaction phase could be detectethetmetal/oxide interface. While
structurally abrupt, spectroscopic investigationsthee atomic-scale indicate however the
presence of a weak interdiffusion occurring ovefea atomic planes only. This leads
essentially to a metallization of the last Ti@< 2) atomic plane of the matrix and to the
formation of a few atomic planes of a non-stoichetne mixed Ni-Ti oxide on the external
part of the nanowire. Despite the presence of teex O in these planes, the métat edges
closely resemble those observed in bulk Ti or Tenmtetallics. This is consistent with the O-
K edge fine structure at the interface, which doet display any characteristic features
typically found in NiO®® Unlike in the case of a previous study carriedaug Ni thin film
epitaxially grown on a STO(001) surfdt®,no evidence of the presence of a stoichiometric
NiO layer could be found at the interface here. Td®muilts rather evidence the formation of
metallic Ni-Ti bonds at the interface between theowire and the matrix. In previous work,
a phenomenon was reported whereby some structs@iogir could be detected within wires
with diameters reduced below 2 ffl.In light of the present results, we suggest that t
interdiffusion of Ti at the Ni:STO interface coutsntribute to this disordering process in
ultrathin nanowires.

While the EELS results presented so far providarckvidence for the preservation of the
metallic character of the embedded Ni nanostrusturee analysis is limited to a very small
number of nanowires, due to the intrinsic workinmgiple of STEM-EELS as a highly local
probe. To exclude any bias, Ni-STO VANs were thushier analyzed with x-ray absorption
spectroscopy at the Ni; 3 edges, providing insight into the nature of cheinbmanding of Ni

atoms on a global, sample-wide scd&ggure 5(a) shows the x-ray absorption data of a Ni-



STO VAN containing nanowires with mean diameteb nm. The spectrum is very similar to
those of earlier studies of bulk K#**! with an absence of spectral features relateddiehi
oxide formation. Note for example the presence bfaad satellite peak located 6 eV above
the L3 maximum, which has been reported in other studiemetallic Ni*? The calculated
Ni-L3 to L, ratio (ratio of the integrated intensities) is @rid matches, within error bars, the
one determined previously by EELS measurementeeoMAN with 2.4 nm diameter wires.
It is also in good agreement with values reportedhie literaturé®® This spectrum thus
confirms the EELS data and, considering the surfaesitivity of the total electron yield
(TEY) mode, also shows that an ultrathin Al@apping layer can be efficiently used to
prevent oxidation at the apex of the wires.

The results show that NiO is efficiently reducedrs TiO-terminated interface with STO,
leading to the formation of metallic Ni during tlggowth under vacuum. This can be
attributed to the higher reactivity of the Bhi@rminated surface of STO with respect to the
more stable SrO-terminated surf&¥&. This is a consequence of the fact that Sr leasds
located deeper below the Fermi level than Ti ande@els that form the valence and
conduction bands of ST&! This leads to a less reactive SrO surface withetosurface
energy. In the case of Pt growth on Srj[[M1), the SrO-terminated surface has been shown
to give rise to a weaker bonding with Pt than th®,fterminated surfacé® As NiO
reduction at Ti@terminated interface with STO is a key step in fibrenation of the VAN,
growth has to be performed under vacuum in ordefatmr this reaction. Under such
conditions, we anticipate that using a mixed NiO=2&arget or a Ni metallic target instead of
NiO would lead to Ni:STO VAN formation as well. @th possible pairs of transition
metal/oxide matrix, such as Co and CoNi alloys iifiiS3; and in BaTiQ, may lead to VAN

formation through the same mechanisms for whichatolu at TiQ interface is crucial.



We finally close this article by highlighting theportance of Ni metallicity conservation and
interface sharpness with regard to strain engiearagnetic properties in VANs. As put
forward in the introduction, nanocolumnar compasitege an ideal test bed to scrutinize
magneto-elastic effects, due to their huge hettdace. This especially holds true for
transition-metal/oxide VANs, where the pronouncaitide mismatch between the oxide and
metal species can induce large axial nanowire nsirgi, as recently demonstrated for
Ni:STO In this study, a decreasing linear relationshipveens,, and the nanowire radius
r was evidenced. Thus, in principle, the reductiom pfovides a simple strategy to achieve
large magneto-elastic effects. However, it alsalltesn an increase of the relative amount of
interfacial Ni atoms, which can have a negative aotpon the magnetic properties of the
metallic phase, via oxidation or compound formattéhSimilarly, partial interfacial mixing
between lattice mismatched phases might inducecdatpbarameter accommodation, a
detrimental effect, considering the quest for maximstrain. Efficient strain engineering in
metal/oxide composites thus requires growth strasethat preserve the metallicity of the
embedded wires and provide sharp metal/oxide exed. Both criteria are met in self-
assembled Ni:STO columnar composites, and larggegabf the axial strain can be reached,
as a consequence of the vertical epitaxy. The rageh (,;) and radial strainef) within the
5-nm-diameter Ni nanowires were determined by xddfraction measurements;~=2.4%
ande,=-0.3 %. This very large tensile strain along thees axis should give rise to strong

magneto-elastic effects, as will be examined inréimeainder of the paper.

Figure 5(b) shows magnetic hysteresis loops aadjubgemeasuring x-ray magnetic circular
dichroism (XMCD) at the NL3; edge, and by classical magnetometry. As can he de¢h
loops are almost identical, indicating that therderagnetic behavior of the nanowires in

vicinity of the surface is representative for theoke sample. Performing measurements in



TEY mode does not represent a limitation in thes@né case, and the analysis of angle-
dependent XMCD signals can be considered reprasenttor the whole sample. In the
following, we defined as the angle between the applied field and the @bthe wires. Figure
5(c) shows magnetic hysteresis loops acquired thiHield applied along the nanowires axis
(6=0°) and perpendicular to this axi8=00°). Comparison of the cycles reveals that the
remanence is larger f0=90° than fo9=0°. Furthermore, the saturation field is weakeewh
the field is applied perpendicular to the wiressaXihis indicates that the axis of the wires is
not the magnetic easy axis. This is indeed confirtmeg the results displayed in Figure 5(d),
where the variation of the remanent magnetizat®a &unction ob is given. The remanent
magnetization is a monotonous functionfolvith a minimum value fof=0. This indicates
that the axis of the nanowires is a hard magneig a

To analyze the magnetic properties of the presemiposite, two different anisotropy
contributions have to be taken into consideratiorst, there is a shape-induced term resulting
from the high aspect ratio of the wires. This tasmusually dominating in conventional
magnetic nanowire arrays, typically obtained viecgbdeposition into cylindrical nanopores,
giving rise to an easy axis magnetic direction gltre wire axi$*® In the present system, the
magnitude of this uniaxial shape anisotropy contidn is given by:

_Ho

Kms_z

M2(1 — 3P)

whereMs is the saturation magnetization aads the porosity (volume fraction occupied by
the wires) of the NWs assembf§!. Using a typical value of the porosity correspondiag

samples studied in this worR=10%, givesKn=5.3 1d J.m>. In addition, a strain induced
anisotropy contribution has to be considered. BNikhas a negative magnetostriction
coefficientkoo.*? In the case of uniaxial strain, along [001], the uniaxial magnetoelastic

contribution is given by



Kme = 5/1001(6'11 - Clz)(gzz — &)

wherec; are elastic constanté! Neglectings,, a reasonable approximation in the present
case where the axial strain is much larger than rdddal strain, the magnetoelastic

contribution becomes:

Kine = 5 A001(C11 — C12) €2,

N[ W

Because\go; is negative in Ni, the total uniaxial anisotrop§sK mstKme IS the sum of two
terms with opposite signKsis positive and favors a magnetic easy axis atbhegvire axis.
Kme IS Negative and favors a magnetic hard axis atbagwvire axis. The two terms compete
and the wires axis becomes a hard axiK<D, i.e. if Kn<|Knd. This corresponds to the

situation where,, exceeds the critical value defined by:

HoM$ (1 —3P)

6A001(C11 — €12)

Eerit =

= 0.6%

Sinceg,; exceedsy i, the system exhibits a hard axis oriented aloegvilie axis, as clearly
demonstrated by the results in Figure 5(c-d). Tthesse results confirm that the total uniaxial
anisotropy has changed sign compared to the unettaicase. This provides clear

experimental evidence for strong magneto-strucoapling in the Ni:STO VAN.

3. Conclusion

The structure and chemical composition of the vattinterface in a Ni:SrTi@VAN could be
determined by STEM and EELS measurements with atoesiolution. The obtained results
demonstrate the absence of NiO and the metallicactexr of the last external atomic planes

of the nanowires embedded in Sr§iOhe full preservation of Ni metallicity is furthe



confirmed by x-ray absorption spectroscopy, and maig measurements indicate that in
Ni:SrTiO3; VANs the axis of the Ni wires is the hard magnetits due to strong magneto-
elastic effects. This establishes Ni:Srfi@s a model system for the study of strain-

engineering of the magnetic anisotropy in VANS.

4. Experimental Section

Sample growthSamples were grown by pulsed laser depositiorDjRinder high vacuum
(base pressure 2.T0mbar) using NiO and SrT¥XSTO) targets and a quadrupled Nd:YAG
laser (wavelength 266 nm) operating at 10 Hz wiikrice in the 1-3 mJ.cfrrange. Growth
was performed on SrTg001) single crystalline substrates held at 650ACsequential
deposition scheme was adopted, as described iopseworks?*?® NiO and STO targets
are ablated sequentially, resulting in a successiosubmonolayer deposition steps. This
leads to the formation of the vertically aligned Manowires embedded in the epitaxial
SrTiOy/SrTiOz(001) matrix. The mean diameter of the nanowires lma tuned by adjusting
the ratio of laser shots on NiO and STO targetindua sequencé® After completion of the
sequential deposition steps, the samples were dapgstu with an ultrathin AlQ layer to
prevent surface oxidation upon exposure to air. §thectural properties of the samples were
characterized by x-ray diffraction and transmisstectron microscopy, in order to determine
the epitaxial relationships and dimensions of theomares. Ni is found to grow epitaxially
within the STO matrix with (004)]|(001}70 and [100y;||[[100kro. In the samples studied in
the present work, the Ni nanowires have mean diemsef 2.4 nm and 5 nm.

Sample analysisSamples were thinned using a two-step method bakk side of the sample
was first mechanically thinned until the thickndémscame less than a few tens of microns.
Then, Ar-ion milling was used in order to reach #iectron transparency. HAADF STEM

images and STEM-EELS spectrum-images were obtairs&uly a Nion Ultra-STEM MC



HERMES 100 microscope operating at 60 kV, equippgd a C5 Nion QO probe corrector,
a monochromat8f” and a Gatan Enfinium spectrometer. EELS elementais are shown
after principal component analyéf$ of a spectrum-image with dimensions 68x68x2048,
acquired with an energy resolution of 350 meV, anbecurrent of 120pA, a dwell time of
0.2s/pixel, and a dispersion of 0.37 eV/ch. Quiigaelemental profiles were obtained by
integrating EELS intensity maps across the nanowiferergy-loss near-edge structure
spectrum-images were acquired with an energy résolof 160 meV, a beam current of 55
pA, a dispersion of 0.05 eV/ch, and dwell timesO#0 s/pixel for the Tl-, 3 edges, 0.35
s/pixel for the OK edge and 0.4 s/pixel for the Ni» 3 edges. High signal to noise in images
of Figure 2(b), Figure 4(a), S1(inset), and S2(ajerobtained after alignment of a stack of 42
images, using the built-in stack-alignment pluginGatan Digital Micrograph software. The
convergence angle was32 mrad, the HAADF collection angular rarg®&5-195 mrad, and
the EELS collection semi anglest4 mrad.

X-ray absorption spectroscopy and x-ray magnetrcutar dichroism experiments were
carried out on the DEIMOS beamline of SOLEIL symtton®*~ Data were acquired in
total electron yield mode. The samples were kepeumdtrahigh vacuum at 4.2 K during
measurements. The applied magnetic field was calliteethe x-ray propagation vector. The
incidence on the sample was set through a rotafidime sample by an angde6=0° refers to
normal incidence. XAS and XMCD spectra were acquaethe NikL, ;edges by scanning the
photon energy in the 840-880 eV range. ElementiBpdu/steresis loops were acquired by
scanning the magnetic field at constant x-ray enesgt to the maximum of the XMCD
signal, for left and right circular polarizationof~the acquisition of XMCD spectra at
remanence, the following scheme was used: the sampsubmitted to a magnetic field
exceeding the saturation field in the positive cian, the field is then set to zero and

absorption spectra are recorded with left and rogtoular polarizations. The same procedure



is then applied with the saturating field in the ogige direction. The XMCD spectra at
remanence are then obtained by properly averagatg tecorded for both direction of
application of the field. Magnetic hysteresis loggse also acquired using a vibrating sample

magnetometer (VSM).

Supporting Infor mation

Additional data extracted from EELS spectrum-images provided. Figure S1 shows the
chemical profiles extracted through the nanowirengl a direction oriented at 45° with
respect to the one used in Figure 3. Figure S2 showomparison of the Ti;3 and OK
edges fine structure obtained at the [10§][100}; and the [11Q}d||[[110}; nanowire-
matrix interfaces. Figure S3 compares the_Jiand Nil, ; edges fine structure obtained in
the first atomic plane of the nanowire with bulkerences obtained respectively in metallic
Ti and Ni. Figure S4 illustrates the method emptbye extract the Ni-; to L, ratio from

atomically resolved EELS data.
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Figure 1. Schematics of a Ni:SrTiZ6rTiO3(001) epitaxial VAN structure.
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Figure 2. (a) Global HAADF top view, along [001] zone axddf,the sample showing a few
Ni nanowires in the STO matrix. The STO and Niitats appear superimposed for short
nanowires, as indicated by arrows, in which casettip or bottom surface of the thinned
sample does not intersect the nanowires. Detaiaty/sis of a typical nanowire of diameter 2
nm: (b) high-resolution HAADF image obtained afsdignment of a stack of 42 images,
showing the atomic structure of the nanowire; @nposite chemical map of the nanowire
built from the elemental Ti map shown in (d), O miage) and Ni map in (f) extracted from
the Til,3 edges {457eV), the OK edge ¢531eV) and the Nip 3 edges {855eV)
respectively. All maps are displayed after noisenaeal through principal component
analysis (PCA). Variations of the intensity witletBTO lattice periodicity is visible on the Ti
and O maps but not in the Ni nanowire due to thallemlattice spacing in the metal.
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Figure 3. Ni, Ti and O chemical profiles across the nanowx&acted from elemental maps,
obtained by integrating EELS signal in the box shaw inset. Intensities are normalized to
the same maximum height. According to the Ni pegfithe projected diameter of the
nanowire is close to 2nm. The slightly wider O geoicompared to Ti indicate a Ti-rich

interface. The points correspond to the experimeatdta while the lines are just guides for
eye.
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Figure 4. Atomic and electronic structure of the nanowiretmg100]sto||[LO0); interface.

(a) High-resolution HAADF image of the interfacetween the Ni nanowire and the SrEiO
matrix, boxes indicate the spectrum-image integnaéireas used to obtain the spectra shown
in (b) for the Nit, 3 edges, (c) for the T, ; edges and (d) for the R-edge. (e) Ni:3 to L,
ratio obtained from the spectra displayed in (d)e Points correspond to the experimental
data while the lines are just guides for eye.
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Figure 5. X-ray absorption spectroscopy and magnetic measmeEmof Ni nanowires
assembly in STO, measured at thelLblgedges. (a) X-ray absorption spectrum. (b) Magnetic
hysteresis loops acquired with the magnetic figipliad along the Ni nanowires axis as
measured by XMCD at the Ni; edge (symbols) and using a vibrating sample magmeter
(line). (c) Magnetic hysteresis loops acquired vilte magnetic field applied along the Ni
nanowires axis (thin line) and perpendicular to @es (thick line) using a vibrating sample
magnetometer. (d) Triangle: XMCD at the DNj-edge, measured at remanence, as a function
of the angléd between the nanowires axis and the applied magfieli (6=0 corresponds to

a field applied along the axis of the nanowiresgkDvalue of the normalized remanence for
0=90° deduced from vibrating sample magnetometesareaents.



