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Correlation of embedded nanowires probed by x-ray off-Bragg
scattering of the host matrix

Thomas Tran,® Xiaorong Weng,2" Marcel Hennes,® Dominique Demaille,® Alessan-dro Coati,® Alina Vlad,” Yves
Garreau,” Michéle Sauvage-Simkin,? Maurizio Sacchi, Franck Vidal® and Yunlin Zheng?

We show that information on the spatial correlation of nano-objects embedded in a crystalline matrix can be retrieved by
analyzing the x-ray scattering around Bragg reflections of the host ma-trix. We report data for vertically aligned Ni and CoNi-alloy
nanowires (NWSs) in a SrTiOs matrix. When the Bragg condition is fulfilled for the matrix and not for the NWs, the latter can be
approxi-mated by voids and the scattering around the matrix reflections contains information on the NWs self-correlation (i.e., on
their diameter d) and on the correlation between NWs (interdistance D). Non-destructive synchrotron x-ray diffraction data provide
information on these values averaged over large areas, complementing local transmission electron microscopy observations. Our
mea-surements show that the off-Bragg scattering around the matrix reflections can be exploited to study a wide range of
embedded nano-objects, with no constraint on their crystallinity, strain or presenceof defects.

1 Introduction

Nanostructured composites open up many perspectives, such as
obtaining arti cial multiferroic or multifunctional materials by
coupling properties of their components (Chen & Jia, 2021; Chen
et al., 2019; Sun et al., 2019). Vertically aligned nanocompos-
ites are particularly interesting in this context (Hennes et al.,
2021; Huang et al., 2021), given a large interface of interac-
tion between the components on the one hand and the possi-
bility of stacking nanostructured layers on the other hand (Kim
et al., 2014). Examples of complex structures include, for in-
stance, vertically aligned ZnO nanowires (NWs) capped by Au
nanoparticles embedded in a piezoelectric BaTiQ matrix for op-
tical property tuning (Misra et al., 2020) and Ag nanorods on top
of Co particles and capped by Co nanoclusters in a Ti@ matrix
for photo-catalysis (Watanabe et al., 2014). Further axial struc-
turation along NWs can be envisaged, for instance in the perspec-
tive of ultrafast photo-assisted magnetization switching in ferro-
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magnetic NWs capped by plasmonic nanoclusters (Ikemiyzet al.,
2014; Xu et al., 2015; Pancaldiet al., 2019).

The complexication of multicomponent matrix/inclusions
structures leads to an increasing need for investigation tools that
complement local observation means, which are often destruc-
tive. No versatile and non-destructive analysis method exists for
probing the morphology of nano-objects buried in a layer. Small
angle x-ray scattering (SAXS) is a powerful technique to analyze
nano-objects on or in a soft matter layer, for instance membrane-
supported nanoparticles (Li et al., 2016). When a conventional
substrate is involved, the SAXS transmission geometry requires
delicate and non-damaging techniques to remove the substrate
rst (Wong et al., 1998; Bourlier et al., 2020; Takahashi, R. &
Lippmaa, 2020), in order to obtain a free-standing ultrathin Im
containing the nano-objects. Grazing incidence SAXS (GISAXS)
is a versatile tool for nano-objects on a surface (Renaudet al.,
2009). Buried objects contribute an extremely weak GISAXS sig-
nal with respect to the strong scattering from the surface and from
the embedding layer. Therefore, its analysis is complex (Lazzari,
2002) and almost impossible, e.g. when the objects and the layer
have similar mass densities or when the layer of interest is capped
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re ection being sensitive only to the matrix layer of interest and
to analyze the scattering induced by objects buried into it, a gen-
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matrix is crystalline.



2 Experimental details

Ni and CoNi-alloy NWs were embedded in a SrTiQ (STO) matrix
on STO(001) substrates by sequential pulsed laser deposition, us-
ing procedures already described in previous works (Bonillaet al.,
2013; Schuler et al., 2016; Henneset al., 2018). A quadrupled
Nd:YAG laser (wavelength 266 nm) operating at 10 Hz with a u-
ence in the 1-3 J.cm 2 range was used. The pressure during the
growth was of the order of 10 ® mbar and the temperature of the
substrate was 650 C. The growth procedure consists in repeating
a basic sequence of laser shots, alternately on STO, NiO and CoO
targets. Each sequence deposited about 0.1 nm of STO matrix
and 0.01 nm of Ni or Co. The ratio of the numbers of shots on
the STO target and on the NiO-CoO targets in the basic sequence
determines the NW diameter and their volume fraction in the epi-
layer. In the case of CoNi-alloy NWs, the Co content in the NWs
is varied by changing the ratio of the shots on the CoO and NiO
targets.

The structure of the samples was studied by transmission elec-
tron microscopy (TEM) and x-ray diffraction (XRD). TEM images
were recorded using a JEOL JEM 2100F microscope equipped
with a eld-emission gun operated at 200 kV and a Gatan GIF
spectrometer. The alloy composition was measured by x-ray
energy dispersive spectroscopy. Laboratory XRD measurements
were made on a 5-circle diffractometer (Rigaku SmartLab) using
a channel-cut 2 Ge(220) monochromator to select the Cu Ky1
radiation from a rotating anode. Synchrotron XRD and grazing
incidence XRD (GIXRD) measurements were carried out at the
SixS beamline of the SOLEIL synchrotron, using either 15.6 keV
or 18.4 keV photon energies. Data were acquired in a continu-
ous mode with a 2D detector (XPAD), to ef ciently scan a wide
volume of reciprocal space (Liet al., 2020). Except for specu-
lar re ections, reciprocal space maps of all other re ections were
collected at 0.3 grazing incidence (GIXRD). Data were processed
using the Binocularssoftware (Roobol et al., 2015). In the follow-
ing, all reciprocal coordinates are expressed in the reciprocal lat-
tice units (r.l.u.) of bulk STO with the lattice parameter of 0.3905
nm.

3 Results and analysis

3.1 Samples

The three samples of Ni and CoNi NWs analyzed are listed in
Table[1. The NWs were grown with a high aspect ratio length /
diameter (t=d) for shaping their magnetic properties. Sample C
is composed of CoNi NWs (= 59 nm) which are capped by a 5
nm thick Au:STO layer with a Au volume fraction of 10%. NW
typical sizes and densities are shown in TEM plan-view images
of samples A and B (Fid.]). The inset in Figure[ 1(b) displays a
TEM cross-section view of sample B where the presence of NWs is
revealed by moiré fringes due to the superposition of NWs and the
matrix along the electron path. NWs have a roughly round shape
without visible facets. Mean diameters of NWs are in the range
of 3.2-5.7 nm, with a relative standard deviation of about 10%.
Previous studies on Ni NWs (Wenget al., 2018) and on CoNi NWs
(Weng et al., 2020) established that NWs are epitaxied cube-on-
cube in the matrix. The NW diffraction spots have a complex and

widespread structure that re ects locally varying strain and tilt
along the NWs. Under these conditions, the extension of the NW
spots does not match the NW form factor.

Table 1 Sample list and mean characteristics. aJ'®, matrix out-of-plane
lattice parameter determined by XRD; t, Im thickness measured by XRD
and observation in TEM cross-section; n and d, NW number density and
diameter respectively, determined from a statistic over tens to hundreds
of NWs in TEM plan-view.

NWtype al®(m) t(m) n(m %) d(nm)
A Ni 0.3942 51 4110 11 5.7
B Ni 0.3931 231 18 10 4.1
C CaqgNig»  0.3957 59 1310 11 3.2

Fig. 1 TEM plan-view of samples A (a) and B (b). Inset in (b): cross-
section view of sample B where the yellow dashed line indicates the in-
terface between the epilayer and the substrate.

The matrix is epitaxial on the substrate, with an in-plane (IP)
lattice parameter close to the STO bulk one and an out-of-plane
(OP) lattice expansion of 0.7-1.3% (Tab@). The matrix lattice ex-
pansion is due to the oxygen-free condition used during growth,
which is needed to preserve the metallic character of NWs. In all
the samples, a laboratory XRDg/2q scan displayed a well-de ned
002 Bragg peak of the matrix and associated oscillations. The
peak full-width at half maximum (FWHM) and the oscillation pe-
riod correspond to the inverse of the matrix thickness measured
by TEM, indicating a full vertical coherency of the matrix. The
rocking curves of the matrix 002 re ection in all samples contain
a diffuse part extending to several degrees. If the extension of the
rocking curves was interpreted as the IP coherency of the matrix,
the coherent length would drop to a few nm only, which would
be intriguing and problematic for a single crystalline matrix. We
will address in detail this last point by synchrotron XRD measure-
ments.

3.2 XRD measurements

Figure[2] sketches the arrangement of diffraction spots of the sub-
strate, the matrix and NWs. The spots of epitaxial fcc Ni and
CoNi NWs are localized near the strong re ections of STO, which
are called here fcc-compatibleand involve in their structure fac-
tors the constructive contribution of Sr and O atomic diffusion
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Fig. 2 Reciprocal space sketch. The STO re ections are classi ed into

three types and symbolized by different spot sizes. An OP map of a
re ection (black rectangles) corresponds to a vertical and IP radial cut.
An IP map (red rectangles) is a horizontal cut at the matrix spot position.

at least: Fy = fgr fj + 3fo (+ or - for even or odd hkl, re-
spectively). Medium strength re ections, such as 112, concern
an in-phase contribution of Sr and Ti with an anti-phase one
of O (Fhw = fsr+ fi fo), while weak re ections involve an
anti-phase contribution of Ti and O with respect to that of Sr

(Fow = fsr i fo).

Fig. 3 002 maps and pro les. (a) OP map of sample A. The inclined
diffuse line is due to the substrate. The map intensity is displayed on a
logarithmic scale. (b) IP map of sample A. (c) IP pro les of samples A
and B along 110 (black) and 100 (red) directions, with the beam footprint
correction made for the curves of sample B. g coordinates are relative
to the spot center. The blue arrows outline the position of the scattering
ring. The pro le intensity is on a logarithmic scale. (d) Decomposition of
the 110 corrected pro le (black) of sample B into one central (magenta)
and two secondary (blue) peaks, as well as their sum (red). The prole
intensity is on a linear scale.

In all samples, the 002 specular re ection of the matrix is be-
neath that of the substrate, as a consequence of the matrix OP lat-
tice expansion (Fig[3(a)). The spot degenerates into a horizontal
diffuse line in the OP map, re ecting the existence of vertical ob-
jects inside the matrix. By examining the IP structure of the spot,
a scattering ring was evidenced (FigB(b)). A decreasing intensity
slope is observed in the maps from negative to positiveh coordi-

nates, due to the irradiated area that changes during a specular
scan. The normalization of the intensity by the incident beam
footprint on the sample corrects the slope (Fig[3(c-d)). The ra-
dius of the scattering ring gz is equal to 0.023 and 0.051 r.l.u. for
samples A and B corresponding to a length of 17.0 and 7.7 nm,
respectively. These values do not correspond to the NW diameter
d, but could be related to NWs' interdistance D. If a hexagonal
arrangement of the NWs is assumed, an estimate of their mean
interdistrace can be made from the NW density determined by
TEM (Tab[Z): DT®M = 16.8 and 8.0 nm for samples A and B, re-
spectively. One notices that beyond the ring, the intensity does
not drop to noise, indicating additional information contained in
the diffuse signal.

Fig. 4 111 maps and pro les. (a) OP map of sample B. (b) IP map of
sample B. (c) IP proles of samples A and B along 110, 100 and 110
directions. The blue arrows outline the position of the rst scattering ring
and the magenta ones the position of the second ring.

Non-specular measurements were made in GIXRD mode under
a constant grazing incidence of 0.3 , approximately twice the STO
critical angle. This ensures a constant and large irradiated area of
the samples during the scans, and increases the relative epilayer-
to-substrate sensitivity. Once again, scattering from the matrix
occurs in the horizontal plane (Fig/) with a ring similar to that
observed around the 002 specular spot. An intensity asymmetry
is observed along the radial 110 direction, shifting slightly the
apparent ring radial positions with respect to the transverse ones
along the 110 direction. As the same shape is observed in differ-
ent re ections, the scattering ring does not re ect a texture of the
matrix, but rather constitutes a satellite of the Bragg spot, result-
ing from a convolution in reciprocal space as for a form factor.
Interestingly, a faint second ring was also observed. Along the ra-
dial direction, it is overlapped by the broad spot of the NWs. The
radius g, of the second ring is around 0.109 and 0.135 r.l.u., or
the inverse of 3.6 and 2.9 nm, for samples A and B respectively.
These lengths do not correspond directly to the expected NWs'
diameter or interdistance. In addition, the second ring cannot be



understood as a harmonic of the rst one, since their radius ratio,

4.7 and 2.6 respectively for samples A and B, does not follow the
harmonicity in a cylindrical symmetry problem often associated

to Bessel functions.

Fig. 5 112 maps and pro les (sample C). (a) OP map. (b) IP map. (c) IP
pro les along 110, 010, 010 and 110 directions. The blue arrows outline
the position of the rst scattering ring and the magenta ones the position
of the second ring.

The use of the medium strength STO 112 re ection, forbidden
for fcc, removed the contribution of NWs and enhanced the dif-
fuse signal of the matrix, as illustrated by the maps of sample C
(Figf). The radius of the rstring is 0.040 r.l.u., or the inverse of
9.8 nm, and could be linked to the NW interdistance of 9.4 nmin
sample C evaluated by TEM. The second ring is 4.9 times larger
than the rst one and has not a direct interpretation yet. A sim-
ilar radial asymmetry in intensity of the rings is persistent. Data
for the other medium strength re ection 301 con rmed that the
asymmetry is always radial and not related in particular to the
110 direction involved in 111 and 112 re ections.

3.3 Analysis

When nano-objects have a crystal lattice different from that of the
host matrix, they do not contribute to a Bragg re ection of the
matrix and can be considered as voids or holes. XRD measure-
ments are thus comparable to those of porous materials (Buttard
et al., 2002; Punegovet al., 2007). A general form function of
holes f(r) is de ned as 1 inside the holes and 0 elsewhere. The
electronic density of the matrix r (r) can be seen as that of a vir-
tual continuous Im r '™ (r) multiplied by 1 f(r). The Fourier
transform (FT) of r (r) isthen: r(q)=r '™ (q) r M(q) f(q),
where  represents the convolution and g a scattering vector in
the vicinity of a Bragg one gg. For a narrow Im Bragg re ec-
tion, the scattering intensity 1(gq 6=gg) is only due to the form and
proportional to jr '™ (gg)i? j f(q gg)j2. This means that the
scattering is equivalent to that from virtual nano-objects made of
matrix matter instead of holes, i.e. as for the negative pattern of
a porous matrix.

The intensity due to the general form of holes j f(q)j2 accounts
for the squared modulus of the form factors of all the holes

and the interference terms. This is simpli ed in the ideal case
of homogeneous holes and the form function becomesf(r) =
fn(r)  fp(r), where fy(r) is the form function of one hole and
fp(r) the hole positions. It follows that the scattering intensity is
given by a product of the squared modulus of one hole form factor
ifn(0)j2, i.e. Airy pattern here, and the FT of the self-correlation
of hole positions jfp(q)jz. The self-correlation of hole positions
fo(r)  fp(r) can be normalized and expressed in terms of the hole
positional pair function p(r) as:d(r)+ n p(r), where nis the hole
density. The associated intensity,Ip(q) = jfp(q)jz, is linked to the
pair function p(r) by: Ip(q) u 1+ n  p(q).

Pair functions are widely used to describe a short, mean or
long-range order in matter, from gas and liquid to solid-state
phases (Hosemann & Bagchi, 1952; Guinier, 1963). Following
the concept of paracrystal developed by Hosemann and Bagchi
(1962), a short-order 1D or 2D system can be described by the
nearest-neighbor distanceD and its variance s 2, the variance be-
ing increasing and cumulative for next neighbors. The scattering
intensity in the 1D case is then:

Ip(a)=fl G*g)g=fl 2 cos@D) G(a)+G*a)g (1)

where G(g) = exp( o?s 2=2)is the FT of the Gaussian distribution
of the rst neighbors.

Fig. 6 Scattering pro les, calculated with D =8, s =2 and d = 4 nm,
showing the intensity due to the form I, (blue), that due to the position
correlation I, (red) and the total intensity | (black). The blue and ma-
genta arrows outline the rst and second scattering rings, respectively.
(a) Pro les calculated according to the paracrystal order of neighbors.
(b) Pro les calculated using asymmetric distributions of neighbors. Inset:
the resulting pair function (black) and the contributions of the three rst
neighbors as well as that of all other neighbors (orange).

For our vertically aligned NWs, we analyze the horizontal scat-
tering as a function of Dg, the scattering vector IP deviation from
a Bragg position: Dg, = q qg or 2pg with gin rl.u.. The gen-
eralization of Equation E]to the 2D case (Eads & Millane, 2001),
together with the hole form factor of diameter d, allows us to
reproduce qualitatively the positions of the scattering rings mea-
sured in our samples (Fig[§(a)). A more realistic picture should
include a cut-off at short distances (<d) in the distribution of rst
neighbors. We implemented this by considering a hexagonal ar-
rangement of non-overlapping holes disordered by a log-normal
distribution of the rst neighbors and by an increasing disorder
for next neighbors. The results obtained using the parameters of



Table 2 NW mean separation and diameter determined by the scattering
rings. g1 and G;: measured radius and standard deviation of the rst
ring; g2: measured radius of the second ring; D and s: calculated NW
interdistance and its deviation; d, calculated NW diameter.

01 G 92 D S d

(rlu) (rlu) (rlu) (hm) (nm) (nm)
A 0.023 0.008 0.109 16.2 5.9 5.9
B 0.051 0.010 0.135 7.5 1.8 4.7
C 0.040 0.012 0.194 9.7 3.0 3.3

Table[Z are shown in Figure[§(b)). The rst ring radius is related

to the NW separation. The derived D value is slightly different
from the inverse of g;, since the ring is on the slope due to the
form, i.e. the Airy disc, and the 2D problem is concerned here.
The relative deviation of the rst neighbors s =D was evaluated
to be around 30%. Interestingly, a second ring is detected that
can be understood as the rst ring of the form factor, i.e. the rst

secondary maximum of the Airy pattern, with g 1:635=d The
deduced values of the NW diameterd (Tab.2) are in agreement
with those determined by TEM (Tab[I). It should be noted that
GIXRD probes an area of several m/f, averaging d over more
than 1010 Nws.

3.4 Discussion

We discuss and examine the measurement ef ciency and the cal-
culation relevance, providing complementary elements that have
not addressed before. In grazinghkO re ections (200, 400, 220,
110 and 100), the matrix and substrate spots are superposed due
to the IP pseudomorphism in the homoepitaxy and the weak dif-
fuse signal was not observed. The 002 specular re ection al-
lowed to resolve the rst scattering ring. The use of the har-
monic, 004 re ection, did not improve the signal. The grazing in-
cidence for non-specular re ections, 111, 202 and 113, decreased
the substrate in uence and increased the ring visibility. Further-
more, 112 and 301 fcc forbidden re ections removed contribu-
tions from the NWs and enhanced the signal contrast. A radial
asymmetry in scattering is observed for non-specular re ections.
No intrinsic reason was found for this effect. Although we have no
sound explanation yet, this effect can reasonably be ascribed to
the presence of strong re ections from the substrate, which in our
systems are always in close proximity. It is to be noticed that in a
coherent XRD experiment on a single free-standing GaAs nanorod
grown on GaAs substrate (Biermannset al., 2009), the symmetri-
cal form pattern of the nanorod also seems perturbed by the close
substrate spot. To elucidate the question on the radial asymmetry
in non-specular re ections, it would be instructive and interest-
ing to investigate a case where the matrix lattice is suf ciently
different from that of the substrate.

In order to be able to single out the hole contribution to the
scattering and to model it as a separate form factor, the matrix
Bragg re ections must be narrow compared to the rings gener-
ated by the embedded nanostructures. This condition is ful lled

in our case since the IP width of the matrix Bragg peaks is at least
ten times smaller than the widths of the scattering rings associ-
ated with the NWs. Also, the assumption of homogeneous holes
allows one to simplify the description. In a heterogeneous assem-
bly of holes, large numerical simulation would be required. In our
case, a standard deviation of about 10% in NW diameter has little
effect on the slope of the form factor and then the rst scattering
ring. The position and the width of the second ring are deter-
mined mainly by the NW mean diameter. A diameter dispersion
should increase the width and reduce the intensity of the second
ring, and impact even more drastically the form factor rings of
higher order.

The present study concerned close packed NWs of short-range
order. Additional scattering rings related to the position correla-
tion are expected in a more diluted (D=d 1) and ordered sys-
tem. This would provide information on the self-assembly mech-
anisms of nano-objects and on the order-disorder state of their
organization.

4 Conclusions

Nano-objects embedded in a matrix can be considered as holes
for a matrix Bragg re ection. Off-Bragg scattering is equivalent
to that from virtual nano-objects made of matrix matter alone.
The rst scattering ring results from the position correlation of
nano-objects and from their form. The position and the width
of the ring provide the interdistance of nano-objects and its vari-
ance. For a short-range order system, only the form factor inter-
venes further and the second scattering ring corresponds to the
rst ring of the form factor. This study points out the selectiv-
ity and sensitivity of XRD for probing nano-objects by scattering
around a Bragg re ection of the host matrix. This calls for the use
of off-Bragg scattering to study nano-objects inside a particular
crystalline structure through nanocomposites and stacked nanos-
tructures, in a non-destructive way.
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