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Abstract

The recent development of freestanding oxide thin films opens up exciting opportu-

nities for the design of novel heterostructures with enhanced functionalities. Here, we
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explore the fabrication of membranes consisting of dense arrays of ultrathin CoxNi1−x

nanowires epitaxially embedded in a SrTiO3 matrix. Through combined x-ray absorp-

tion spectroscopy, x-ray resonant magnetic scattering, x-ray diffraction and magneto-

optical experiments, we show how a SrVO3-mediated lift-off process can be used to

create and transfer these membranes while simultaneously preserving the structural

and chemical integrity of the self-assembled, metallic CoxNi1−x nanopillars. With this

approach, the large axial deformation of the embedded nanostructures is kept intact

and, as a direct consequence, the magnetic properties of the nano-composite thin films

remain largely unaltered after substrate removal. Our findings thus highlight a novel

route for the synthesis of freestanding, strain-engineered vertically aligned heterostruc-

tures and pave the way for their future integration into spintronic and optomagnetic

devices.

keywords: nanocomposite . membrane . epitaxy . strain-engineering . magnetic anisotropy

Functional oxide membranes have emerged as a novel class of materials that has at-

tracted increasing interest.1–4 These single-crystal layers with thicknesses ranging from a

few unit cells5 to hundreds of nm can be obtained by delamination of thin films grown by

pulsed laser deposition (PLD) using soluble sacrifical layers.6–8 After lift-off, they are readily

transferred to other types of substrates and can be incorporated in complex hybrid or even

flexible systems.9–14 While a broad variety of thin films were already successfully removed

from substrates, freestanding heterostructured layers, consisting of different phases that are

epitaxially coupled to each other, have received less attention so far.15

Within this context, self-assembled vertically aligned nanostructures (VAN) – where nm-

sized columns are coherently embedded in a surrounding matrix – are particularly appeal-

ing.16–18 Because of their unique nanoarchitecture, VAN might be employed for catalysis,19,20

used in the fields of plasmonics and optical metamaterials,22,23 or as building blocks for mag-

netoelectric24,25 and resistive switching devices.26 A salient feature in many epitaxial VAN

is their strain state governed by the lattice mismatch between the involved phases and re-
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laxation effects at vertical heterointerfaces.18,21 In these systems, the deformations imposed

by the matrix upon the wires can be used for accurate strain-mediated control of physical

properties – statically and dynamically – as was demonstrated in earlier work.27–29

While the fabrication of VAN membranes appears as an attractive route to increase the

portfolio of materials that can be used in novel heterostructures, to the best of our knowledge,

only few reports dealing with the synthesis of freestanding composites have been published

so far. This especially holds when it comes to VAN that combine metallic and oxide phases.

Huang et al. explored the use of Sr3Al2O6 (SAO) sacrifical layers to obtain flexible Au-TiN

VAN thin film membranes and analyzed their optical properties.30 Tsai et al. grew Au-

BaTiO3 VAN31 and successfully removed the membranes from the substrate. However, in

these studies, the use of a noble metal reduced the risk of chemical modifications induced by

the lift-off process. In composites that combine magnetic, metallic materials and an oxide

matrix, the embedded nanowires consist of Fe, Co, Ni and their alloys32–41 that can oxidize,

potentially modifying their magnetic properties. In addition, the conservation (or loss) of

vertical dilation – one of the key parameters used to control the magnetic properties in VAN

– has not been analyzed in freestanding films.

In this letter, we address this issue and report on the synthesis of magnetic metal-oxide

VAN membranes where the peculiar strain state of the embedded magnetic pillars is pre-

served. This opens up perspectives for the design of heterostructures that cannot be obtained

by conventional planar epitaxy methods.

In previous studies on CoxNi1−x-SrTiO3 VAN, it was shown that magnetic CoxNi1−x

nanopillars, with diameters below 5 nm and aligned along the growth direction, could be

obtained via pulsed laser deposition (PLD).40 In these composites, the metallic phase grows

epitaxially within the SrTiO3 (STO) matrix with a cube-on-cube epitaxy. Furthermore, it

was demonstrated that the metallic alloy is highly dilated along the out-of-plane direction,

with tensile strains reaching several percents and giving rise to strong magnetoelastic ef-

fects.40 We have thus chosen this system in order to explore the issue of metal-oxide VAN
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delamination.

The fabrication process is illustrated in Figure 1. Prior to deposition of the CoxNi1−x-

SrTiO3 VAN, a thin 5 nm sacrificial layer of strontium vanadate SrVO3 (SVO) is deposited on

the STO(001) substrate.7 Due to the structural compatibility (aristotype Pm3̄m perovskite,

lattice parameter 3.843 Å42) with the STO substrate and the low lattice mismatch, this layer

grows fully strained and with a cube-on-cube epitaxy, preserving the properties necessary

for the subsequent deposition of a fully epitaxial VAN. On top of the SVO layer, a thin ∼10

nm cube-on-cube epitaxial and fully strained STO capping layer is grown which efficiently

protects the sacrificial film, and allows us to perform a transfer under ambient conditions

into a second PLD chamber, where the nanocomposite thin film was eventually deposited.

The latter was grown using a sequential scheme34 employing SrTiO3, CoO and NiO

targets as described in detail previously.40 This leads to the self-assembly of nanopillars

embedded in STO and aligned along the growth direction, as shown in the transmission

electron microscopy images in Figure 1c, see Supporting Information (SI) for a more

detailed description of the transmission electron microscopy results.

After PLD growth of the sample, the latter is placed on a glass slide, immersed in a

pre-heated deionized (DI) water solution at 50◦C and kept at this temperature during the

etching of the SVO. The sacrificial layer is completely removed in less than 24 hours (Figure

1d); this results in the release of the VAN from its substrate. After this selective etching step,

the VAN (now a free-standing membrane) remains weakly bonded to the STO substrate. To

remove it, the sample is carefully taken out of the DI water solution. Then, thermal release

tape (TRT) is attached to the membrane, which allows us to pull it off from the STO, as

shown in Figure 1e. After 24 hours of drying in ambient air, the released membrane on

TRT is transferred onto a Si3N4 (SN) grid (Silson multielement windows with sizes of 50µm

× 50µm, 100µm × 100µm and 200µm × 200µm, respectively). Subsequent annealing at

70◦C for 4 minutes, and at 90◦C for 2 minutes ensures that the VAN membrane is completely

dry and adheres to the grid. In a last step, the temperature is increased to detach the TRT,
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Figure 1: Growth and delamination of Co0.5Ni0.5-SrTiO3 VAN membranes. (a) First growth
step: pulsed laser deposition of homoepitaxial SrVO3 and SrTiO3 thin films on SrTiO3(001)
substrate. (b) Second growth step: sequential pulsed laser deposition of Co0.5Ni0.5-SrTiO3

VAN on SrTiO3/SrVO3/SrTiO3(001). (c) Cross-section transmission electron microscopy im-
age of a Co0.5Ni0.5-SrTiO3 VAN grown on SrTiO3(001): the formation of Co0.5Ni0.5 nanopil-
lars is evidenced by Moiré patterns. (d) Dissolution of the SrVO3 sacrificial layer. (e)
Removal of the substrate using a thermal release tape (TRT). (f) Transfer on Si3N4/Si mem-
branes.
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completing the transfer of the VAN membrane, as shown in Figure 1f. In this work, 3 different

types of freestanding VAN membranes with distinct composition of the magnetic nanopillars

were eventually grown and analyzed in detail: Co0.2Ni0.8, Co0.5Ni0.5 and Co0.8Ni0.2.
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Figure 2: Delaminated membranes. (a) Optical microscopy image of a partially covered
Si3N4 membrane window. (b) Optical microscopy image of a fully covered Si3N4 membrane
window. (c) AFM topography scan (30 µm × 30 µm) over the edge of a flake (a profile is
shown in the inset) and (d) topography scan on top of a flake (5 µm × 5 µm).

Optical microscopy images of two SN membranes are shown in Figures 2a,b. In these

images, the transferred VAN can clearly be identified. As can be seen, due to the fragility of

the free-standing film, transferring large membrane parts is technically challenging. More-

over, the film may present cracks, as seen in Figure 2a. Despite this, large micrometer-sized

flakes such as the one shown in Figure 2b, which can cover entire (50×50)µm2 SN membrane

windows, were obtained for every sample. Note that the freestanding membrane thickness

determined from atomic force microscopy (AFM) measurements (Figure 2c) is found to be in

excellent agreement with the nominal thickness of our deposited films (50 nm). This eventu-

ally hints at the full removal of the sacrificial layer and no adhering residues after the lift-off.

As can be seen in Figure 2d, on a local, micrometer scale, the surface of the membrane is

free of cracks and voids and essentially flat, presenting no wrinkles and exhibiting a RMS
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roughness of ≈ 1 nm.

Having demonstrated the possibility of transferring large flakes of delaminated VAN, the

next question that arises is the preservation of the integrity of the nanoarchitecture and

chemical composition of the wires upon delamination. While the structural properties of

the delaminated composites can be probed using conventional x-ray diffraction (as will be

demonstrated in a later part of this paper), retrieving the full chemical and magnetic in-

formation is challenging, given the small diameter and large areal density of the embedded

nanostructures (see the in-plane transmission electron micrograph in SI). To assess the prop-

erties of the wires after removal of the membrane from the substrate, we used a combination

of x-ray absorption spectroscopy (XAS) and x-ray resonant magnetic scattering (XRMS)

experiments. The experiments were performed at the SEXTANTS beamline of SOLEIL

synchrotron, on the COMET endstation, where we took advantage of the large CCD de-

tector (6144 px × 6144 px, 11µm pixel size), allowing us to access sufficiently large q-values

in reciprocal space, corresponding to typical inter-wire distances,43 as will be shown in the

following.

Prior to measurements on VAN membranes, the beamline energy was calibrated by using

the L2,3 edge spectra of metallic Co and Ni reference foils (using a point-like photodiode

detector). The corresponding XAS spectra are shown in Figures 3a,b. In a second step,

the same spectra were acquired for the membranes, see Figures 3a,b. Both the Co and

Ni spectra clearly exhibit a metallic character, being nearly identical to the reference foil.

No multiplet structure nor peak shift or broadening could be observed, which highlights

the chemical integrity of the samples, i.e., the absence of oxide or hydroxide phases that

might be induced in the nanowires by the dissolution process. Note that, in contrast to

previous x-ray magnetic circular dichroism studies performed on CoNi VAN thin films on a

substrate,40 the spectra shown here are acquired in transmission, and not in total electron

yield mode. The data are thus representative of the entire sample thickness. At the Co edge,

two additional peaks are observed in the spectrum of the VAN, highlighted by red asterisks.
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These correspond to the X-ray absorption of Ba at the M4,5 edges. This signal stems from

minute amounts of Ba impurities in the STO matrix, which can be traced back to the PLD

target used in our study.40
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Figure 3: (a-b) X-ray absorption spectrum at the Ni (a) and Co (b) L2,3 edges acquired in
transmission for the reference metallic foils (black) and for the delaminated VAN sample
(red). Red asterisks in the Co absorption spectrum highlight the contribution from minute
Ba impurities. (c) Experimental configuration for XRMS measurements on delaminated
VAN samples. (d-g) XRMS data gathered at the Ni L3 edge with µ0Happ=+200 mT :
(d) scattering pattern acquired with circular left polarization and with (e) circular right
polarization, (f) charge signal Ic, (g) magnetic signal Im. (h-k) XRMS data obtained by
tuning the x-ray energy to the Ni L3 edge with µ0Happ=−200 mT: (h) scattering pattern
acquired with circular left polarization, (i) same with a circular right polarization, (j) charge
signal Ic, (k) magnetic signal Im. Scale bars in (d-k): intensity (arbitrary units).

Scattering patterns were then acquired for the membranes using the CCD camera with

x-rays tuned either to the Co or Ni L3 edges. Data were gathered using consecutive measure-

ments with opposite circular polarizations at a given magnetic field, applied in the direction

perpendicular to the plane of the membrane, along the axis of the magnetic nanopillars,
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as illustrated in Figure 3c. The intensity patterns are denoted I+, I− for positive and

negative helicities respectively. From these measurements, two quantities are computed,

following Rackham et al.:44 the average Ic = (I+ + I−)/2, which, to a good approximation,

corresponds to the electron-density (charge) contribution, and the (squared) magnetic ratio

Im = R2
m = (I+ − I−)

2/(I+ + I−) = I2d/(I+ + I−), which yields information about the mag-

netic structure of our sample. Note that while the charge scattering intensities shown in the

following correspond to Ic, the plots of the magnetic signal correspond to sign(Id)Im, which

allows to highlight a possible sign switching upon reversal of the magnetization.

Exemplary scattering patterns of a Co50Ni50 membrane sample at the Ni L3 resonance

peak, acquired under a magnetic field of 200 mT (sufficiently large to saturate this specific

sample) are shown in Figures 3d-f (see SI for a description of the procedure used to map the

detector data into reciprocal space). The same measurements, performed with an applied

field of −200 mT are shown in Figures 3h-j. Note that, as expected, the obtained annular

charge patterns Ic(q) do not change when modifying the applied field (data not shown). From

these data, information on the (in-plane) spatial distribution of embedded nano-objects can

readily be extracted: the wires are randomly located and do not form any measurable pattern.

They are however separated by a characteristic distance ⟨d⟩, which can be computed by fitting

the intensity profiles Ic(q) (obtained after azimuthal integration). This allows us to determine

the position of the maximum qmax, from which ⟨d⟩ is calculated using ⟨d⟩ = 2π/qmax. When

analysing the two transition metals separately (see Supporting Information for a full

description of the scattering patterns obtained at the Co edge), we observe almost identical

characteristic distances resulting from the charge scattering profile Ic(q). On the Co50Ni50

sample for example, we get 12.52±0.04 nm at the Co edge, while at the Ni edge, we calculate

12.65±0.03 nm. The agreement with the periodicity value of 12.7±0.6 nm obtained from

the in-plane pair-correlation function measurements by transmission electron microscopy is

excellent. Identical correlation lengths for Ni and Co also indicate that the two chemical

species are distributed at random in the nanowires, which is in good agreement with our
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earlier studies.34,40

In order to confirm that the magnetic properties of the nanopillars are preserved upon

delamination and transfer of the membranes, we performed a similar analysis using Im(q). In

contrast to the charge signal, the magnetic patterns exhibit a strong field dependence (data

not shown), highlighting complex field-dependent interactions between the wires, giving rise

to ordering and frustration effects (these data will be published in a follow-up paper). Here,

we exclusively focus on the magnetically saturated sample. Figures 3g and k show the

magnetic intensity Im obtained at the Ni edge for +200 mT and at −200 mT. As mentioned

earlier, Im(q) displays a sign reversal upon saturation in the opposite field direction. However,

the location of the peak qmax is identical for both field directions and very similar at both

edges: we find 12.48 ± 0.05 nm using the Im(q) profile for Co and 12.59 ± 0.04 nm for Ni,

respectively. This is in perfect agreement with the aforementioned results gathered from the

charge scattering analysis and the TEM data. At saturation, all nanowires contribute to the

magnetic scattering signal. This is additional evidence that allows us to rule out oxidation

effects that would lead to ”magnetically dead” wires (or parts of the wires), as this would

have a strong impact on the magnetic correlation length. Overall, the XAS and XRMS

measurements thus point towards a full preservation of the chemical and magnetic state of

the nanopillars in the delamination process.

The spectroscopic analysis described in the last paragraphs was eventually complemented

with MOKE measurements, performed before and after releasing the membranes from the

substrate. In our nanocomposite system, the magnetic anisotropy is uniaxial and dominated

by shape and magneto-elastic effects, respectively: Ku = KMS +Kme. The trend observed

in Figures 4a-c, with increasing squareness of the hysteresis cycle and coercive field indicates

an increase of the anisotropy when the cobalt content increases. Despite small changes upon

removal from the substrate, this trend persists in the freestanding films. Interestingly, for

the Co0.2Ni0.8-SrTiO3 VAN, µ0Hc does not vary upon delamination (see Supporting In-

formation for a full comparison of the hysteresis cycles prior to and after delamination).
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As shown in earlier studies, the magnetoelastic contribution vanishes for this specific com-

position,48 suggesting that magnetoelastic effects, i.e., a modification of the strain state, is

responsible for the observed coercivity changes.
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Figure 4: (a-c) Magneto-optical Kerr effect measurements of CoxNi1−x-SrTiO3 VAN mem-
branes at room temperature, with the magnetic field µ0H applied out-of-plane, parallel to
the axis of the nanopillars. (d) Coercive field as a function of the composition x of CoxNi1−x

nanopillars. Squares: values before delamination, triangles: values after delamination.

To quantify the modification of the strain state of the membranes, i.e., the dilation of

the matrix and the nanowires before and after delamination, we conducted extensive x-ray

diffraction measurements. In what follows, the lattice parameter along the growth axis

(parallel to the axis of the nanowires) will be labeled c while a denotes the in-plane lattice

parameters. Figure 5 gives a summary of our x-ray diffraction measurements performed on

the CoNi-STO membranes (see Supporting Information for a full description of the out-

of-plane and in-plane XRD scans). Figures 5a-b show the 002 and 200 Bragg reflections of

the SrTiO3 matrix while Figures 5c-d show the corresponding 002 and 200 Bragg reflections

of the metallic alloy (Co0.5Ni0.5). These measurements were performed for the 3 compositions

studied here, which allowed us to extract the c/a ratio before and after lift-off (Figure 5e).
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While the STO matrix is slightly tetragonal with c/a=1.010 before delamination (which is

mainly due to the oxygen-defficient growth conditions that favor the formation of vacan-

cies45–47), the metallic nanopillars exhibit a pronounced tetragonality with c/a ∼1.04. This

is less than what can be achieved in ultrathin epitaxial transition metal thin films.49 How-

ever, we emphasize that the advantage of the present composite system is that the dilation

can be sustained over large distances along the wire backbone. This contrasts with planar

thin films, that present a strong tendency to relax strain via defect creation once a certain

critical thickness is reached.
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Figure 5: X-ray diffraction measurements before and after delamination and transfer of
Co0.5Ni0.5-SrTiO3 VAN on Si3N4 membranes. Data were collected on a laboratory 5-circle
diffractometer (Rigaku SmartLab) with Cu Kα radiation (wavelength of 1.54056 Å). (a-b)
SrTiO3 matrix: out-of-plane 002 and in-plane 200 Bragg reflections after delamination. (c-d)
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tion. (e) c/a ratios of the matrix (green) and nanopillars (red) before (open symbols) and
after (plain symbols) delamination, as determined by analysis of the XRD measurements.
(f-g) Schematic illustrations of the VAN strain state before (f) and after (g) delamination.

How does the strain in the nanocomposites evolve after delamination? Upon removal of

the substrate, one would expect the elastic energy stored in the VAN layer to be released,

possibly resulting in a largely distinct strain state. In the present case, we indeed observe

a relaxation of the matrix. After lift-off, the tetragonality is almost completely lost, i.e.,
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we obtain an essentially cubic STO lattice. In contrast, the tetragonality of the metallic

alloy, governed by the constraints at the vertical heterointerfaces, is largely preserved with

c/a ∼1.03, irrespective of the concentration. The drop in c/a of the nanowires thus follows

the loss of tetragonality of the matrix, as illustrated in Figures 5 f,g. This large remanent

out-of-plane dilation of the metallic CoxNi1−x nanostructures is one of the main findings of

the present study. It demonstrates that unusual strain states can be preserved in a VAN

freed from the material used for epitaxial growth. In contrast to planar systems, where the

substrate removal goes along with a loss of the constraints, the delaminated nanocomposites

thus remain appealing systems for strain-engineering of physical properties. In the present

case, the axial strain within the ferromagnetic nanopillar is a powerful lever to act on the

magnetic anisotropy, as demonstrated previously.40

In conclusion, our results demonstrate that thin metal-oxide nanocomposite films com-

posed of vertically aligned, matrix-embedded nanowires can be fabricated via self-assembly

with the help of sacrificial SrVO3 layers, using intermediate ex-situ transfer steps. Even

after substrate removal, their metallic state as well as their large out-of-plane dilation are

preserved. This is promising for a broad range of fundamental investigations as well as for

future applications: by putting VAN onto flexible, bendable supports, one obtains a versa-

tile platform for 3D nanoscale flexomagnetism studies;50 using VAN transferred onto X-ray

transparent substrates (such as the SN membranes used in the present work) allows one to

use the full spectroscopy and scattering toolkit available at fourth generation light sources

to investigate the properties of granular nanomagnets on ultrasmall length- and ultrafast

timescales.51–53 Finally, after further optimization of the lift-off process, one might also envi-

sion a large scale transfer of VAN membranes for integration in spintronic or optomagnetic

stacks. In such heterostructures, one could harness the peculiar magnetic and transport

properties of VAN, which would eventually allow to design novel types of devices that have

remained out of reach so far due to the limitations imposed by top-down lithography and

classical planar 2D epitaxy.
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Supporting Information

Transmission electron microscopy

High resolution transmission electron microscopy (HR-TEM) data were acquired using a

JEOL JEM 2100F equipped with a field-emission gun operated at 200 kV.

Figure S1: High-resolution transmission electron microscopy study of a Co0.5Ni0.5-STO VAN.
(a) High-resolution, plan-view micrograph along the [001] zone axis (inset: fast Fourier
transform of the micrograph. The full white (resp. red) circle indicates the STO 100 (resp.
CoNi 11̄0) feature, and the dashed white (resp. red) circle highlights the STO 010 (resp. CoNi
110) feature). (b) Cross-sectional micrograph slightly tilted from the [010] zone axis. (c)
Low-magnification plan-view micrograph. Inset: Fast Fourier transform of the micrograph.
(d) Pair correlation function g(r) of the micrograph in panel (c).
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XRMS measurements: q-space mapping and Co L2,3 edge data

To retrieve meaningful quantitative information from the scattering patterns gathered on

the CCD camera, the detector data has been mapped into reciprocal space using:

q =
4π

λ
sin

(1
2
arctan

(ar
D

))

Here, λ denotes the wavelength of the x-rays, a = 11µm the size of a pixel, r the radial

distance expressed in pixels and D = 20 cm the camera sample distance.

X-ray resonant magnetic scattering patterns were also obtained by tuning the x-ray beam

energy to the L3 absorption edge of Co. All data were gathered in a transmission geometry

with the k⃗-vector of the incident x-rays perpendicular to the sample surface (oriented along

the nanowire axis).

Figure S2: XRMS data obtained at the Co edge on a Co50Ni50 sample. (a-d) The applied field
was set to µ0Happ=+200 mT : (a) scattering pattern acquired with circular left polarization,
(b) same with circular right polarization, (c) charge signal Ic, (d) magnetic signal Im. (e-h)
XRMS data at the Co edge with µ0Happ=-200 mT: (e) scattering pattern acquired with
circular left polarization, (f) circular right polarization, (g) charge signal Ic, (h) magnetic
signal Im (intensity given in arbitrary units).
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Hysteresis loops M(H) before and after delamination

Magneto-optical Kerr effect measurements (P-MOKE) were performed before and after de-

lamination on samples with composition Co0.2Ni0.8, Co0.5Ni0.5 and Co0.8Ni0.2.

Figure S3: Normalized Kerr-rotation signal. Measurements performed before removing the
membrane on (a) a Co0.2Ni0.8, (b) a Co0.5Ni0.5, and (c) a Co0.8Ni0.2 nanocomposite. (d-f)
The same measurements were repeated on the delaminated VAN sample.
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In-plane and out-of-plane XRD scans

X-ray diffraction data gathered on a Co50Ni50 VAN sample deposited on STO and after

delamination and transfer to a Silson multimembrane (Si3N4).

Figure S4: X-ray diffraction measurements. X-ray crystallography of a CoNi-STO VAN
prior to and after delamination. (a) θ–2θ pattern (out-of-plane measurement) before (black)
and after transfer (blue). (b) In-plane 2θχ–Φ scans along the [100]STO and the [110]STO
directions, before (black) and after transfer (blue). Red triangles: STO substrate peaks, Red
stars: STO matrix peaks, red squares: CoNi peaks. (Smaller triangles correspond to W Lα1,
W Lα2 and Cu Kβ radiation, since no monochromator was used for IP measurements.)
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