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A B S T R A C T

We report for the first time the fabrication of nanostructured ferromagnetic lanthanum

strontiummanganite La0.67Sr0.33MnO3 (LSMO) conformally coated onto bamboo-like carbon

nanotubes (BCNTs) by pulsed laser deposition. Scanning electron microscopy revealed that

one-dimensional LSMO/BCNTs with diameters ranging from 100-160 nm and lengths over

10 lm were obtained. Line-scanned energy-dispersive X-ray spectroscopy profiles, selected

area electron diffraction rings, and energy-filtered transmission electron microscopy maps

provided further insight into the hybrid nanostructures. LSMO/BCNT and BCNTwere also

investigated via in situ electrical probing in a transmission electron microscope using a

piezo-driven scanning tunneling microscopy holder. Modeling of the I–V characteristics

of individual hybrid nanotubes yielded the resistivity, bandgap, and electron density of

LSMO and BCNT. The results show that the transport properties of LSMO/BCNTare superior

to those of BCNT. This research advances the integration of oxide materials and carbon

nanotubes, bringing forth new avenues for miniaturization and fabrication of one-dimen-

sional core-multishell materials with multifunctional properties that can be used as build-

ing blocks in nanodevices.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

For decades, many efforts in electronics have been focused on

new miniaturization strategies. The use of a single-organic

molecule for electronic devices, such as a simple molecular

rectifier was first proposed in 1974 by Aviram and Ratner [1].

Since then, this powerful idea has been conceptually sharp-

ened and experimentally tested in the expectation that it

would open up new ways for achieving good electrical con-

tacts between bulk electrodes and individual molecules, a

long-standing problem that still remains unsolved in

nanoelectronics.

A single-walled carbon nanotube (SWCNT) based field-ef-

fect transistor was one of the first systems studied and it

has provided the most promising results. For instance, the

electrical resistance in these transistors is controllable by

adjusting the gate voltage and the conduction in nanotubes

is considered ballistic. Therefore, SWCNTs open up the
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possibility of manufacturing less power-consuming and fas-

ter devices [2–4], breaking barriers beyond the silicon road-

map. SWCNTs are however difficult to isolate, which

hampers their applications.

Multi-walled carbon nanotubes (MWCNTs), on the other

hand, are easier to manipulate and friendlier for the design

of devices. Several studies have recently reported that bam-

boo-like carbon nanotubes (BCNTs) present a higher edge-

to-plane ratio and abundant dangling bonds on the outer sur-

face and in the inner channel than conventional seamless

MWCNTs, rendering them more suitable for a wider range

of applications in nanoelectronics [5,6]. The periodic structure

of BCNTs encompasses walls of sp2-bonded carbon and lat-

eral borders that are sp3-bonded [7–9]. To date, BCNTs have

been overlooked as a channel material in field-effect transis-

tors and as an enabler for the integration of ferromagnetic

oxides into nanodevices.

It has been established that an electrical current can flow

through a SWCNT having two half-metallic oxides as elec-

trodes [10,11]. The contact resistance of this system is only

double the value obtained for a SWCNT/standard electrode

at room temperature (RT) [10]. This increased interfacial resis-

tance is similar to that found for contacts between manga-

nites and metals [12]. In particular, interfaces between

lanthanum strontium manganite La0.67Sr0.33MnO3 (LSMO)

and metals have shown to be similar to a tunnel barrier [12].

It is well-known that LSMO exhibits high spin polarization,

half-metallic-like transport, ferromagnetism at RT

(Tc = 360 K), a colossal magnetoresistance effect, and elec-

tronic behavior conducive to nanospintronics and nanoelec-

tronics [13–15]. To date, there are no reports on the

fabrication of LSMO nanotubes or their integration with

CNTs. Exploratory research has been reported on the synthe-

sis of micro-sized-thick tubes via the pore wetting technique

[13] and amorphous LSMO nanowires have been grown by

electrospinning [14] and template-assisted chemical [15]

routes. Some reports claim to have synthesized isolated

nanocrystals of LSMO chemically bound to CNTs, but this is

far from being a conformal coating [16,17].

The transport properties of individual LSMO conformally

coated onto CNTs would likely outperform those of CNTs

alone and would enable the facile integration of oxide mate-

rials onto CNTs, which would represent a key step in nano-

electronics. However, no accounts on the fabrication of one-

dimensional LSMO/CNTs have been reported yet, owing prin-

cipally to the notion that the growth conditions for mixed-va-

lent manganese oxides would destroy CNTs. One likely

fabrication method for these hybrids would be pulsed laser

deposition (PLD), however, the conditions to grow LSMO un-

der the harsh conditions involving high temperatures, signif-

icant oxygen partial pressures, and aggressive frontal

collision of massive oxides, have hindered this application

to date.

We report here for the first time the fabrication of nano-

structured LSMO conformally coated onto BCNTs by PLD. This

study establishes the experimental conditions necessary to

deposit LSMO on BCNT, thus solving the above-mentioned

challenge, and determines the transport properties of the

individual LSMO/BCNT hybrid material.

2. Experimental

2.1. Synthesis of LSMO/BCNTs

BCNT films were grown on 1.4 cm-diameter polished copper

disks (GoodFellow, 99.9%). Clean Cu substrates were com-

pletely covered by catalytic NiO nanoparticles (Alfa Aesar,

99%) and placed in a custom-built HF-CVD chamber [18]. A

gas mixture of CH4 (2%) diluted in H2 as carbon precursor

gas combined with a trace of H2S (500 ppm, H2S:H2) at

100 sccm was introduced into the chamber. The Re filament

(2500 "C) was kept at a distance of 8 mm from the substrate.

The substrate temperature was fixed at 700 "C while the

chamber pressure was kept at 2.7 kPa for 10 min.

The PLD target made of LSMO was prepared by a solid-

state reaction route as reported elsewhere [19] using high pur-

ity (99.9%) La2O3, SrO and MnO2 (La:Sr:Mn = 0.67:0.33:1.0) as

starting raw chemicals. Precursors were stoichiometrically

mixed in methanol and high-energy ball-milled for 10 h.

The soft mixture was next dried and ground to break up some

agglomerates. The resultant powder was first calcined at

400 "C for 3 h to remove organic by-products and then at

1200 "C for 8 h. The calcined products were ball-milled again

for 1 h and crushed to fine powder. Polyvinyl alcohol (PVA)

was added to the powder, which was then uniaxially pressed

(isostatic pressure = 8 tons) into a 25 mm-diameter and

5 mm-thick target. The target was sintered first at 400 "C for

3 h, and then at 1300 "C for 4 h in a covered crucible with alu-

mina powder.

The deposition of LSMO onto BCNT and Cu using the as-

prepared target was carried out in a PLD chamber with a

KrF excimer laser (Lambda Physik COMPex 205i, 248 nm).

The base pressure was 1.3 · 10!4 Pa before starting the abla-

tion process. The substrate-target frontal distance was kept

at 4.5 cm. Up to "70 nm of LSMO was deposited by using

"1000 pulses, 5 Hz and laser energy of 200–280 mJ. The growth

temperature and oxygen pressure were 600 "C and 1.1 kPa,

respectively. Finally, the LSMO was annealed in situ at 500–

700 "C at 42.7 kPa.

2.2. Characterization

The structural analysis of the hybrid was studied by means of

an X-ray Diffractometer (XRD), Model Siemens D5000 using

Cu Ka radiation. Raman spectra were collected using a Jo-

bin–Yvon T64000 spectrometer with Ar-ion laser excitation

(514.5 nm). The surface morphology, elemental composition

and topography were analyzed using a JEOL JSM-7500F field-

emission scanning electron microscope (FE-SEM), a Carl Zeiss

Leo 922 transmission electron microscope (TEM), and a JEOL

JEM-2200FS high-Cs probe-corrected high-resolution trans-

mission electron microscope (HR-TEM).

For in situ experiments, electrical characterization was per-

formed with a piezo-driven STM holder (Nanofactory Instru-

ments AB, STM-TEM) within the TEM chamber. BCNTs and

LSMO/BCNTs were detached from the Cu substrate using a

diamond tip, then suspended in ethanol and carefully ultr-

asonicated. The suspension was deposited on a glass surface

and once the solvent was completely evaporated, the BCNTs
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and LSMO/BCNTs were physically contacted with a 250 lm-

thick Au wire. The so-arranged sample was dried overnight

to eliminate any remaining trace of the solvent. The counter

electrode (Au STM tip) was fabricated from a 250 lm-thick

Au wire via electrochemical etching [20]. An electrolyte solu-

tion containing 20% CaCl2, Pt electrodes and an arbitrary

waveform generator (Agilent, 33220A 20 MHz Function/Arbi-

trary Waveform Generator) were employed to electrochemi-

cally etch the Au tips. An AC potential of 2.45 V with a 1 kHz

oscillating frequency and a DC offset of +2.55 V were used

to ensure reduction of the Au. This procedure produced tips

with a diameter down to 100 nm. The Au tip was then cleaned

with ethanol. The sample and tip were next mounted in the

STM-TEM specimen holder. Rough alignment of the sample

and STM tip was performed in air prior to insertion into the

TEM chamber using an optical microscope. The tip was

brought in contact with the selected BCNT and LSMO/BCNT

by Z-height and sample position adjustment via a piezo-dri-

ven stage. In our electrical transport studies, conditioning

testing was first executed by applying a high bias until the

current readout was stable. LSMO/BCNT showed an improved

electrical signal under ±1 V with a smoother hysteresis, lower

noise level and smaller deviation. Several BCNTs and LSMO/

BCNTs were individually tested over fifteen times each at dif-

ferent longitudinal positions in order to obtain the aggregated

I–V curves that represent the characteristic electrical behavior

of both types of nanotubes. Only semiconducting BCNTs were

considered in this investigation.

3. Results and discussion

The XRD patterns of LSMO, BCNTs and LSMO/BCNTs films are

shown in Fig. 1a, wherein the diffractogram of copper is in-

cluded as reference. The diffraction planes (121), (110),

(112), (022), (220), (312), (041), (400) found for 70 nm-thick

LSMO can be indexed to its orthorhombic (Pnma) perovskite

structure [14]. No secondary phases were seen indicating

the high quality of the sample. Only one diffraction plane

(002) was observed for 1 lm-thick BCNTs which is ascribed

to the graphitic nature of nanotubes. It was also found that

LSMO crystallized rather well in its orthorhombic perovskite

structure (see well-defined XRD peaks in Fig. 1a) when depos-

ited onto BCNTs/Cu just as on Cu substrates. LSMO/BCNTs

also exhibit a weak signal of graphitic carbon corresponding

to BCNTs supporting that both phases co-exist in the hybrid.

The lattice parameters of LSMO were a = 5.397 Å, b = 7.345 Å,

c = 5.601 Å. The broadening of the LSMO/BCNT diffraction

peaks is attributed to the nanocrystalline nature of the sam-

ple. The calculated average crystallite size was estimated by

means of Scherrer’s formula, yielding "9 nm.

Raman scattering spectra of LSMO, BCNTs and LSMO/

BCNTs are shown in Fig. 1b. A broad band centered at

630.9 cm!1 characteristic of orthorhombic LSMO was found.

This band, denoted by B2g [21], is associated to the stretching

and bending of MnO6 octahedra, and is slightly red-shifted

when compared to bulk LSMO, due to the internal tensile-

strain between the substrate and the thin film developed

during the growth process. Additionally, two low-frequency

(298 cm!1, 344.1 cm!1) and one asymmetric second-order

(1120 cm!1) Raman-active modes were observed, and corre-

late to LSMO, with a slight blue-shift as compared to the basic

matrix, LaMnO3, owing to the increased Sr content. Two dis-

tinctive bands peaking at 1351.1 cm!1 and 1583.7 cm!1 can

be ascribed to the disorder-induced characteristic of graphitic

carbon (D band) and to the graphite structure due to the bond

stretching of all pairs of sp2 carbon (G band), respectively [22].

These two high-frequency bands along with an IG/ID ratio <1

constitute the fingerprint of BCNTs. There is no radial breath-

ing as expected for BCNTs. Raman-active modes of both

LSMO and BCNTs were observed in LSMO/BCNT hybrids dem-

onstrating that orthorhombic perovskite LSMO was success-

fully crystallized onto BCNTs without any deterioration.

Note that a high degree of structural quality was achieved de-

spite the high deposition temperature of LSMO. This fact cor-

relates quite well with the long-range order of LSMO found in

the XRD analysis. Additionally, there is both a drop in Raman

intensity and decrease in bandwidth of the D and G bands for

LSMO/BCNT that is likely attributed to the more pronounced

stress existing in the hybrid material [23]. The G and D bands

of BCNTs and LSMO/BCNTs were simulated using the damped

harmonic oscillator phonon model (DHOPM) [24], showing

that the phonon frequency remained almost constant but

the bandwidth decreased by "9 cm!1, as shown in Fig. 1b,

providing further evidence that BCNTs endure the LSMO

Fig. 1 – XRD patterns (a) and micro-Raman spectra (b) of as-grown LSMO, BCNTs and LSMO/BCNTs films. Solid lines in (b)

correspond to the DHOPM fit.
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deposition without deteriorating their microstructural

quality.

The FE-SEM images of BCNTs before and after LSMO depo-

sition are depicted in Fig. 2 at different magnifications.

Smooth BCNTs randomly distributed across the substrate

with diameters varying from 80 to 100 nm and lengths

>10 lm were observed as shown in Fig. 2a–c. No sign of the

catalytic material was found located on the ends of these con-

centrically rolled sp2-carbon sheets indicating that they grow

with the catalyst at the base (i.e., base-growth model). BCNTs

uniformly coated with LSMO are shown in Fig. 2d–f. This con-

formal coating is the result of the homogeneous LSMO-based

plasma that is produced within the PLD reactor [23–26] and

the separation among individual BCNTs that is bigger than

the nanocrystallites stemming from the PLD target. As a re-

sult, the outer BCNTs have a thicker LSMO coating than the

inner ones.

The length of BCNTs was retained after LSMO deposition,

albeit the outer diameter was raised to 120–180 nm as a result

of the LSMO coating deposited. Due to their geometry and

outer edges (see Fig. 2f), these LSMO/BCNTs heterostructures

are expected to pave inroads for additional surface

functionalization.

The TEM micrograph of BCNT along with the HR-TEM

micrographs, line-scanned energy-dispersive X-ray spectros-

copy (EDS) profile, selected area electron diffraction (SAED)

rings and energy-filtered TEM (EF-TEM) image of LSMO/BCNTs

are depicted in Fig. 3. The morphology and quality of BCNTs

are shown in Fig. 3a, wherein characteristic empty internal

regions with nano-cavities surrounded by closed walls con-

sisting of a number of layers are observed. After deposition,

the thickness of LSMO in LSMO/BCNT was found to be

"20 nm for inner BCNTs and "40 nm for outer BCNTs (see

Fig. 3b), consistent with the thickness of around 70 nm for

LSMO deposited on Cu substrate which was determined by

taking SEM cross-sections. The LSMO coating appears to be

composed of near-spherical nanocrystals of 5–10 nm, which

correlates with the average crystallite size found through

the XRD analysis.

The LSMO thickness was confirmed by the elemental com-

position EDS profile scanned across the LSMO/BCNT, where

the BCNT core and LSMO shell are clearly distinguished (see

Fig. 3c). The HR-TEM lattice fringes correspond to LSMO

planes, such as the {112} and {220} planes with d-spacings

of 2.737 and 1.901 Å, respectively. This is also supported by

the SAED rings, which are indexed to the orthorhombic

perovskite structure of polycrystalline LSMO in agreement

with the X-ray diffractograms and Raman spectra (see

Fig. 3d–e). These results are consistent with the conformal

coating of LSMO on the outer surface of BCNTs as further re-

vealed in the EF-TEM elemental mapping of LSMO (see Fig. 3f).

This mapping allows us to distinguish the presence of LSMO

crystallites all around the BCNTs, comprising a conformal

coating. At the interface of LSMO/BCNT, it is reasonable to

propose that the oxygen-terminated MnO6 edges of nano-

sized LSMO crystals are linked to carbon atoms, which prefer-

entially forms a stable metal carbonyl, during the vaporiza-

tion of the LSMO target (plasma plume). Such ‘‘back-

Fig. 2 – FE-SEM images of BCNTs before (a–c) and after (d–f) the pulsed-laser deposition of LSMO. Isolated BCNT and LSMO/

BCNT show uniformity and conformal coating, respectively. A colour version of this figure can be viewed online.
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bonding’’ is known to form in a reducing atmosphere at rela-

tively low pressure [27], similar to the conditions employed

here in the synthesis process.

We have conducted RT electrical transport measurements

on both individual LSMO/BCNT and BCNT via in situ electrical

probing in order to explore the effect of LSMO on the electrical

response of BCNT. The setup employed (see Fig. 4a), was

placed inside the TEM chamber. Fig. 4b shows the TEM image

of an individual LSMO/BCNT structure mounted on this setup,

connected to a stationary Au metal wire and subsequently to

a movable Au STM tip. An almost symmetric I–V curve was

obtained for both LSMO/BCNT and BCNT (see Fig. 4c–d), prob-

ably due to the effective contact area and the proper barrier

heights [28]. A more-pronounced zero-current gap in the

low bias regime was observed for BCNT which is attributed

to its semiconducting nature. Both curves exhibit a power-

law character (solid lines), I " (Vbias)
n, with n between 1 and

9; such values of n correspond to semiconducting CNTs [3].

It was also found that the current in LSMO/BCNT increased

by one order of magnitude when compared to BCNT.

Although such semiconducting features of LSMO/BCNT

depend strongly on the contacts and nanotube geometry,

these contact effects can be effectively decoupled from the

experimental data. Further intrinsic electrical parameters of

LSMO/BCNT can be extracted. To do this, the metal-semicon-

ductor-metal (MSM) model is elicited [28–31]. The validity of

this model lies in the fact that the transport can be consid-

ered to be mainly diffusive and that the use of depletion ap-

proach as a first approximation is applicable. To ensure the

diffusive regime, LSMO/BCNT and BCNT of "1 lm in length

were employed. In practice, this model relies on the similari-

ties of both the forward and reversed-biased slopes of the cor-

responding I–V curves. The actual difference in forward and

reversed-biased slopes is <1% for LSMO/BCNT and <3% for

BCNT, which validates the use of this model. Moreover, the

transport in semiconducting CNTs is remarkably described

by MSM (independent of the gate voltage), which involves

two contacts connected in series to a resistor (nanotube) in

between and dominated by the reverse-biased Schottky bar-

rier at low bias and by the semiconducting CNT at large bias

[28–31]. We assume throughout the calculations that the con-

tacts formed at the nanotube terminals are Schottky-like.

Accordingly, the resistances can be determined assuming

that the current at high bias regime (700–1000 mV) is totally

distributed across the LSMO/BCNT approaching to a straight

line with a slope given by the resistance, R # dV/dI. The resis-

tances of LSMO/BCNT and BCNTobtained through this proce-

dure yield 0.28 and 1.09 MX, respectively, as shown in the

lower insets of Fig. 4c–d. The resistivities were determined

to be 0.43 and 0.69 XÆcm for LSMO/BCNT ("1 lm in length

and 140 nm in diameter) and BCNT ("1 lm in length and

90 nm in diameter), respectively. The value of resistivity for

LSMO/BCNT is comparable to that reported for thin films of

LSMO [32] and an order of magnitude lower than that of LSMO

particles of 40–80 nm [33]. This result indicates that the trans-

port in the LSMO coating is not dominated by intergranular

resistivity, which could be ascribed to thinner inter-grain sep-

aration produced by PLD that in turn facilitates electron hop-

ping. The resistivity in BCNT is two orders of magnitude

greater than that of typical MWCNTs [34] due to the fact that

BCNTs are not structurally perfect (e.g., significant curvature

and pentagonal or heptagonal defects), the annular cross-sec-

tion area is not considered for calculations, the individual

shells behave as metallic, semiconducting or insulating

Fig. 3 – TEM image (a) of individual BCNT before deposition. HR-TEM images (b, e), line-scanned EDS profile (c), SAED rings (d)

and EF-TEM map (f) of individual LSMO/BCNT.
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indistinctly, and the defects increase the resistivity through

electron scattering [34]. In fact, BCNTs structural characteris-

tics are distinct to those of MWCNTs and their shells manifest

different helicity. As shown in our HRTEM analysis, BCNTs

present a high density of defects (i.e., bamboo defects), which

arise both from the interruption and separation of inner

shells by fullerenic semi-spheres and from the continuity of

outer shells [35]. These structural features therefore cause a

substantial increase in the resistivity and a decrease in the

axial conduction of BCNT. Nonetheless, according to the

experimental data, an enhancement of the electrical current

was achieved by depositing conformally-coated LSMO on

the outer layer of BCNTs. This may be due to that a significant

amount of defects of BCNTs are depleted by the LSMO coating

and that extra hot carriers are injected into the circuit from

LSMO to BCNTs. The current across LSMO/BCNT turned out

to be two orders of magnitude greater than the 120 nm-thick

LSMO nanowires under ±1000 mVand one order of magnitude

greater than nano-sized LSMO subject to ±600 mV [14,36]. The

LSMO/BCNT and BCNT resistances were further confirmed

and extended over all the bias regimes via the numerical dif-

ferentiation of I-V curves where R = dVnt/dI # dV/dI, yielding

0.2–1.4 and 0.9–5.2 MX, respectively, with Vnt being the voltage

drop across the channel (see Fig. 4e–f). These values are con-

sistent with those obtained by the MSM modeling at high bias

regime.

Additional intrinsic electrical parameters of LSMO/BCNT

and BCNT can be obtained at intermediate bias (200–

500 mV), where the total current I is dominated by the re-

verse-biased Schottky barrier. Such tunneling current is

essentially the thermionic-field emission current [28,30] and

can be calculated (neglecting any leakage current) via

ln I ¼ ln IðSJÞ ¼ ln Sþ V
q

kT
!

1
E0

! "

þ ln Js ð1Þ

with S, J, Eo and Js being the Schottky-barrier contact area, the

current density through the Schottky barrier, a parameter and

a slowly varying function of the model, respectively. The

parameter Eo can be obtained empirically by means of the

slope q/kT-1/Eo from the logarithmic plot of I–V curve, as ob-

served in the insets of Fig. 4e–f, which follow a linear relation-

ship. Likewise, Eo is given by

Eo ¼ Eoocoth
qEoo

kT

! "

ð2Þ

where Eoo in tunneling theory physically represents the diffu-

sion potential of the Schottky barrier such that the transmis-

sion probability for an electron whose energy coincides with

the bottom of the conduction band at the edge of the deple-

tion region is equal to 1/e [30]. Eoo can be expressed by the fol-

lowing equation:

Eoo ¼
!h

2
Nd

m(
neseo

! "1=2

ð3Þ

with Nd, m(
n, es and eo being the effective doping concentration

at the metal/semiconductor interface, the effective mass of

the electron, the relative permittivity of the semiconductor,

and the permittivity of free space, respectively. The electron

density n (assumed to be the same as Nd) can be derived con-

sidering that Eoo is presumably in the order of kT/q, since the

transport mechanism is thermionic-field emission. Thus, n at

Fig. 4 – Optical image of the STM-TEM holder setup, (a) STM-TEM setup as viewed under the TEM (b) aggregated I–V curves for

BCNT (c) and LSMO/BCNT (d) along with their corresponding TEM images and their aggregated I–V curves at high bias regime

(insets, fits in solid lines). Concurrent dV/dI curves for BCNT (e) and LSMO/BCNT (f) along with their corresponding ln I vs V

plots in the intermediate bias regime (inset, fits in solid lines). Schematic and band diagrams of the MSM (g) showing the

bending of bands at the interfaces under bias.
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RT is obtained in turn from Eoo and Eo resulting in

n = 1.40 · 1022 and n = 1.27 · 1018 cm!3 for LSMO/BCNT and

BCNT, respectively, which are consistent with those of ordin-

ary LSMO and graphitic structures [29,37]. Additionally, the

band gap is extracted from

ni ¼
ðkTÞ3=2ðm(

nm
(
hÞ

3=4

2ð2p!h2
Þ
3=2

" #

exp !
Eg

2kT

! "

ð4Þ

where ni, m(
h and Eg are the concentration of carriers in an

intrinsic semiconductor, the effective mass of holes, and the

band gap, respectively [30]. By introducing the values of ni in

this expression, one obtains Eg = 0.15 and Eg = 0.31 eV for

LSMO/BCNT and BCNT, respectively, which are compatible

with those of perovskite oxides and semiconducting CNT

[37,39]. The band gap calculated for BCNT contrasts with that

of gapless epitaxial graphene. This difference is ascribed to

the high density of bamboo-like defects presented in BCNT

and the fact that a large portion of the reactive edges of BCNT

are exposed. It is probable that such defects alter the density

of states and supply with an excess of charge to the edges

making BCNT more semiconducting [29]. Note that the bulk

values ofm(
n,m

(
h and es [32,39–41] were employed for these cal-

culations and that both n and Eg of LSMO/BCNT depend exclu-

sively upon such physical constants. Our calculations (see

Table 1 for LSMO) suggest that the conduction parameters

of LSMO/BCNT do not change significantly, considering both

of their constituents, and that the electronic transport is not

only along or across the inner layers, but also mainly along

the outer layer of LSMO. This may be explained by the fact

that charge carriers undergo less scattering through LSMO

and their effective masses depend on lattice direction [42].

To justify that the contacts in LSMO/BCNT are Schottky-like

but not identical to conventional Schottky contacts, a simple

rationale is proposed. At an interface, the standard semicon-

ductor theory foresees an electronic band bending when the

density of interface states is high regardless of the electrode

work function and the pinning of the Fermi level [43]. The bar-

rier width and height of such band bending hinge upon the

net charge of the interface states and their energetic distribu-

tion in the band gap. It is reasonable to think that the contact

resistance due to the nano-sized STM probing, the bundle

resistance at the base (which is high due to scattering and

resistive heating), and the intermediate electronegativity of

BCNT might favor the removal of a considerable amount of

oxygen from the contact surface of LSMO. This would in turn

generate a high density of intermediate states and, conse-

quently, band bending at the interface of both contacts. One

would thus expect that upon applying an intermediate volt-

age across the interfaces, the majority of electrons would be

distributed into the interface states under reverse bias, while

the minority would do the same under forward bias, just as

predicted by the MSM model. Thereby, a Schottky-like barrier

is formed in both contacts in contrast to the metal-to-metal

contact. A qualitative band diagram is shown in Fig. 4g,

wherein the band bending at the wire-LSMO/BCNT and

LSMO/BCNT-tip interfaces under bias is displayed. /w, /T,

EWF ETF, EC, EF, EV and n denote the Schottky barrier heights

associated to the wire-LSMO/BCNT and LSMO/BCNT-tip con-

tacts, the Fermi levels of the wire and tip electrodes, the con-

duction and valence bands, the Fermi level of the

semiconducting LSMO/BCNT, and the distance between the

bottom of EC and EF, respectively. Similar findings via this oxy-

gen-defect-produced-interface-state-induced band bending

picture were drawn for metal/perovskite manganite inter-

faces and metal/ferrolectric oxide interfaces [44–47]. None-

theless, the origin of such formation remains unclear and

further study is needed to elucidate the mechanism.

4. Conclusion

We have developed a straightforward synthesis process to

produce high-quality ferromagnetic-on-carbon nanotube

LSMO/BCNT hybrid structures without causing any deteriora-

tion to the BCNT. The synthesis protocol described here can

be extended to integrate other oxides not only on CNTs but

also on numerous types of supporting materials. The individ-

ual I–V characteristics of LSMO/BCNTwere probed via in situ

STM-TEM. Modeling of the I–V data assuming the MSM con-

figuration was used to obtain the resistivity, band gap and

electron density of the LSMO and BCNT. The transport proper-

ties of individual LSMO/BCNTwere found to outperform those

of BCNT alone. This breakthrough enables the integration of

oxide materials onto CNTs as an important step towards

nanoelectronics. It can lead to the fabrication of one-dimen-

sional core-multishell materials with intriguing multifunc-

tional features, such as colossal magnetoresistance,

multiferroic, superconducting and nonlinear-optical proper-

ties. By enabling the integration of spintronic materials and

carbon nanotubes, this study advances the utilization of an

extra degree of freedom, spin, into conventional charge-based

electronic devices, which will be critical in generating integra-

tion densities higher than those of conventional semiconduc-

tor devices, decreasing the electric power consumption and

increasing the data processing speed. This prospect and the

elucidation of spin-polarized currents, the detection of spin

polarization, and the efficiency of electrical spin injection will

be explored in a future work.
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