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Filling of carbon nanotubes has been tailored over years to modify the exceptional properties of the

1 dimensional conductor for magnetic property based applications. Hence, such a system exploits

the spin and charge property of the electron, analogous to a quantum conductor coupled to mag

netic impurities, which poses an interesting scenario for the study of Kondo physics and related

phenomena. We report on the electronic transport properties of MWNTs filled with GdCl3 nano

magnets, which clearly show the co existence of Kondo correlation and cotunelling within the

superparamagnetic limit. The Fermi liquid description of the Kondo effect and the interpolation

scheme are fitted to the resistance temperature dependence yielding the onset of the Kondo scatter

ing temperature and a Kondo temperature for this nanocomposite, respectively. Cotunneling of

conduction electrons interfering with a Kondo type interaction has been verified from the exponen

tial decay of the intensity of the fano shaped nonzero bias anomalous conductance peaks, which

also show strong resonant features observed only in GdCl3 filled MWNT devices. Hence, these fea

tures are explained in terms of magnetic coherence and spin flip effects along with the competition

between the Kondo effect and co tunneling. This study raises a new possibility of tailoring magnetic

interactions for spintronic applications in carbon nanotube systems. Published by AIP Publishing.

https://doi.org/10.1063/1.5024346

I. INTRODUCTION

Numerous efforts have been made to investigate the

competition between the many body Kondo effect and other

co existing phenomena like cotunnelling, Ruderman Kittel

Kasuya Yosida (RKKY) interaction, and superconductiv

ity1–4 in strongly interacting correlated electron systems. The

co existence of these phenomena gives rise to new device

functionalities and a prospect to explore the atypical phys

ics.5–8 A system which possesses quantum transport proper

ties, while being ferromagnetic and semiconducting can be

explored for spintronic applications. Modified carbon nano

tubes (CNTs) are ideal platforms for this study as they have

already been extensively researched as quantum dots for

quantum computing and spintronic applications.9–11 The

exceptional properties of carbon have allowed for the modifi

cation and tailoring of CNT properties by attaching desired

supramolecular complexes12,13 and filling with nanomag

nets.14 Conventional spintronic devices are fabricated using

such modified or with pristine CNTs contacted to ferromag

netic leads.13,15,16 There is however another modification

route that has to date not been thoroughly investigated for

spintronic applications: filling of MWNTs with magnetic

materials. Filling of CNTs with ferromagnetic materials has

been attempted over a long period of time in order to improve

their electronic and magnetic properties for multifuctional

applications ranging from data storage to bio electronics. For

nanoelectronic applications, filling has been largely unsuc

cessful due to the lack of observation of the many body

effects like Kondo, which is directly related to the quantum

nature of the electron, and cotunnelling effects. However, a

significant deviation of this trend from a conventional Kondo

physics of a pure ferromagnetic material with equally spaced

magnetic impurities has been noticed. Filling of MWNTs has

been shown to preserve the magnetic nanoparticles from oxi

dation; hence, the magnetic properties are retained ensuring

long term stability. It has been shown that upon modification

with magnetic materials, the magnetotransport properties of

CNT are considerably affected and become sensitive to the

magnetic state of the modifying elements.17 Due to their low

dimensional nature and high aspect ratio, the combination of

CNTs and magnetic entities can give rise to exotic features

like the Kondo effect,4 a many body phenomenon which is

known to arise when a localized magnetic impurity interacts

with the spin of the conduction electrons of a nonmagnetic

metallic host. In this work, we focus on the study of

devices fabricated from bundles of GdCl3 filled MWNTs

(GdCl3@MWNT). At the nanoscale, the Kondo effect hasa)E mail: Somnath.Bhattacharyya@wits.ac.za



been observed in individual CNTs, quantum dots, individual

molecules, and quantum point contacts by direct probing of

the local density of states using scanning tunnelling micros

copy (STM).18–21 SWNTs decorated with cobalt nanoclusters

exhibit Kondo resonances observed as a narrow peak near the

Fermi level.22 In this work, we show the emergence of

Kondo like resonances in the conductance and cotunelling

effects in devices fabricated from a network of gadolinium

chloride filled MWNTs. This is explained by the device

architecture employed and multichannel effect dominant in

bundles. The GdCl3@MWNTs exhibit a superparamagnetic

transition at low temperatures, and a cotunelling to Kondo

effect dominated electronic transport, which can be related to

the blocking temperature.

II. METHODOLOGY

Synthesis: MWNTs used were synthesized by Catalytic

Chemical Vapour Deposition using a Co:Mo MgO catalyst

with an elemental composition of Mg0.9Co0.033Mo0.067O. The

catalyst was heated in an atmosphere containing 36% of CH4

and 64% of H2, at a total flow rate of 15L/h, starting from

room temperature to 1000 �C at 5�/min. No dwell was applied,

and the gaseous atmosphere was maintained constant during

all the procedures. The nanocomposite powder obtained was

processed with a concentrated aqueous solution of HCl in

order to dissolve all the accessible catalyst. After thoroughly

washing with deionised water on a filtration setup (PP mem

brane, 0.45lm pore size), the sample was freeze dried.

A. Modification

Filling MWNTs with GdCl3: 5 g of GdCl3 anhydrous

powder (purity 99.99%, Sigma Aldrich) were mixed together

with 180mg of dry CNTs using a mortar and pestle in a

glove tent flushed with dry nitrogen. The mixture was

transferred into a quartz ampoule. The ampoule was con

nected to a vacuum line and sealed. The sealed ampoule was

transferred into a tubular furnace and submitted to the fol

lowing heat treatment: heating from room temperature to

630 �C at 5�/min. A dwell of 24 h was applied, after which

the sample was first cooled down very slowly from 630 �C to

580 �C at 0.1 �C/min, to 480 �C at 1 �C/min, and finally to

room temperature at 5 �C/min. The ampoule was cut using a

glass knife and the sample recovered. It was washed with

deionised water and then with concentrated HCl [6mol/L] in

order to dissolve gadolinium oxide which forms spontane

ously during the washing with water. Finally, the sample was

freeze dried.

Structural characterization: HRTEM of the GdCl3@

MWNTs (Fig. 1) reveals the presence of discontinuous rod

like nanostructures in the core of the innermost tube with an

approximate length of 10 30 nm. This technique for filling

MWNTs has been investigated before, and HRTEM studies

have confirmed the filled material as GdCl3 through investi

gations of the crystal lattice structure.23 Quantification of

the Gd3þ concentration was done by a microwave assisted

HNO3 digestion (Ultra Wave Milestone) and analysis by ICP

AES (ICAP 6500 Thermofisher Scientific). It was found that

GdCl3@MWNTs contain approximately 0.26wt. % cobalt

with a concentration of 1.08% gadolinium. Pristine MWNTs

from the synthesis mentioned earlier were also analyzed and

contained Co: 0.54 and Mo: 1.66wt. %. This was measured

to establish the concentration of catalyst impurities before

filling. From the Raman data [Fig. 1(b)], we use the Tuinstra

Koenig equation24 to find a crystallite size of 13.33 nm. An

upward shift of the Raman G peak position is observed when

compared to the pristine MWNTs (1582 cmÿ1) of 5 cmÿ1

which is similar to what has been reported for SWNT filled

with CoBr2;
25,26 hence, the shift in G peak was believed

to be a result of Gd3þ doping. Upon deconvolution, it was

FIG. 1. (a) HRTEM image of GdCl3@MWNTs showing rod like structures inside the innermost tube; (b) the Raman spectrum of the GdCl3@MWNT, as can

be seen the samples exhibits spectrum for low disordered CNT with pronounced G band and small ID/IG ratio. Convolution shows the G band can be split into

two sub peaks. Inset shows multiple low wave number peak uncharacteristic of pristine MWNT. (c) EDX analysis corresponding to the boxed area in the

HRTEM image showing the presence of Gd and Cl in the sample.



established that the G peak could be split into two compo

nents identified as Gþ and G– which correspond to vibra

tional modes along nanotube axis and around circumferential

direction, respectively. The increased width of the Raman G

and D peaks was taken as an indication of increased disor

der.14 In addition to the expected D and G band, the Raman

spectra of the filled CNTs exhibit multiple small sharp peaks

at low Raman wavenumbers, which have been observed in

SWNTs, DWNTs,27 and MWNTs prepared using arc dis

charge synthesis route,28 but they have not been observed in

CVD synthesized MWNTs. These peaks are generally attrib

uted to the radial breathing modes (RBM) of CNTs. The

observation of peaks in the range of 50 200 cmÿ1 may how

ever also be related to the four vibrational modes of GdCl3,

which are expected to occur at 93, 185, 199, and 230 cmÿ1

which have been observed for other lanthanide trichloride

samples.29–32

Both Gd and Cl are found simultaneously by EDX anal

ysis as shown in Fig. 1(c). GdCl3 is perfectly stable in the

filling conditions (no reactivity with carbon even at its melt

ing point), so starting with MWNTs and GdCl3 can only lead

to MWNTs and GdCl3 after filling. Some Gd2O3 may be

formed during the dissolution of GdCl3 if the pH is not acidic

enough. This is the reason that the excess of GdCl3 after fill

ing is washed using an aqueous solution of HCl.

III. RESULTS AND DISCUSSION

A. Magnetic property studies

The Gd filled sample showed no magnetic remanence or

coercive field [Fig. 2(a)]. From literature, Gd incorporated

carbon nanotubes filled or functionalization exhibit superpara

magnetism.33,34 The hallmark of this effect is the bifurcation

observed between field cooled (FC) and zero field cooled

(ZFC) susceptibility, as shown in Fig. 2(b). This is observed

only in the filled CNTs indicating the non interaction of mag

netic centres leading to superparamagnetism. The bifurcation

starts approximately at 100K and upon decreasing the

temperature the gap broadens to 30K where a sudden down

ward turn is observed in the FC data. We have thus identified

two significant temperatures: the higher one is the bifurcation

temperature and signifies the onset of the superparamagnetic

phase, and the second lower temperature is the blocking tem

perature. The broad transition is a result of inhomogeneity in

the magnetic particle size and corresponds to different size

particles having a range of blocking temperatures. The inverse

of the ZFC susceptibility was plotted as a function of temper

ature to determine the coupling mechanism. GdCl3@MWNTs

showed linearity down to near the determined blocking tem

perature and then decreases steeply. This is an indication of a

phase transition. By using the Curie Weiss law (fitted to the

linear part of the data), a negative Weiss constant of 55K

was obtained, indicating antiferromagnetic exchange interac

tion. Antiferromagnetic exchange requires the existence of

interaction between two spin sublattices of different spin ori

entation. In the system studied here, the antiferromagnetic

features are most likely due to the exchange between neigh

boring clusters of GdCl3 inter particle dominating over

intra particle interactions. The delocalized electrons of the

nanotubes are likely candidates for mediating the antiferro

magnetism via the RKKY interaction. There is a screening

effect from outer walls which lowers the effective spin

electron interaction. This along with the fewer mediating

conduction electrons is likely to be the cause of the Weiss

temperature observed in GdCl3@MWNTs. Figure 2(b) shows

the molar susceptibility plots used to determine the Weiss

temperature and Curie constant, when calculating the effec

tive moment in terms of the molar concentration of the Gd,

which is determined from the elemental analysis. We calcu

late an effective moment and 20.7lB. The large value reported

here is a clear indication of interactions between the GdCl3 and

electronic environment of the MWNTs. A control study of

pristine MWNTs was conducted in order to establish any con

tribution resulting from catalyst impurities such as the Co,

which was determined to be present from the elemental analy

sis. Although the control does show a slight paramagnetic

FIG. 2. (a) Hysteresis for the filled MWNT sample showing paramagnetic behaviour. Inset shows devices fabricated from GdCl3@MWNTs. (b) Susceptibility

and its inverse for the filled sample. As can be seen there is a clear bifurcation in FC and ZFC sweeps indicating superparamagnetism with a blocking tempera

ture of 30K. Inset shows susceptibility and inverse susceptibility of the pristine MWNTs.



signature, the response is orders of magnitude weaker than the

response of the modified MWNTs [Fig. 2(b) inset] indicating

that the dominant magnetic effects are a result of the filling of

gadolinium species and not from catalyst impurities.

B. Electronic transport

The increase in resistance as temperature deceases to

50K has been analysed in light of Kondo scattering utilising

the Fermi liquid description,35–37 which has recently been

successfully used for graphene devices

q Tð Þ ¼ qc1 þ q0 1ÿ
T

TK

� �2
!

; (1)

q Tð Þ ¼ qc2 þ
q0

2
1ÿ 0:47ln

1:2T

TK

� �� �

: (2)

Equation (1) is valid for temperatures between resistance

maxima up to approximately 150K, where there is a change

in transport mechanism that is described in Equation (2), as

shown in Fig. 3(a). Both equations give a best fit to the data

with a Kondo temperature of 137K. The values of qc1 and

qc2 have a discrepancy of within 12%, indicating reasonable

self consistency between the two equations. This model does

not however explain the additional turning point in the resis

tance temperature curve indicating that additional mecha

nisms at play. Thus, the Kondo temperature determined

above (TK) is considered to be the temperature where Kondo

scattering becomes significant (related to the bifurcation

temperature observed in the susceptibility) or the onset

Kondo temperature. The functional change in temperature

dependence can also be related to a crossover in incoherent

(LogT dependence) to coherent scattering regime (T2), which

is sometimes observed in simple metallic systems due to

phase translational invariance. One of the key concepts in

this phase translational invariance is the formation of triplet

states through to the Kondo effect, the excitation from a

singlet ground state to triplet state via the Kondo effects is

well documented in carbon nanotube devices.38 To establish

the nature of decreasing low temperature resistance, the con

ductivity data are analysed in light of interpolation scheme

taking into account competition between the Kondo effect

and co tunnelling which is schematically shown in Fig. 4, 3

which has been successfully used to describe magnetic tun

nel junctions with superparamagnetic particles embedded

within the dielectric layer. As seen in Fig. 3(b), the red curve

is a combination of the two interpolation formula used to

indicate the cross over from a co tunnelling dominated to

Kondo dominated regime given by

r ¼ arD þ b rE þ rKð Þ with aþ b ¼ 1: (3)

Here, rD is the direct tunnelling conductivity between the

electrodes and has previously been neglected when using

this model. In order for a more realistic fit, we have however

related rD to a conductance offset determined from the fit

ting to be rD ¼ 6:6� 10 6
lS; this effectively sets the coef

ficients a and b as 0.75 and 0.25, respectively. rK represents

the conductivity term involving the Kondo effect and rE is

the elastic conductivity not including spin flip events.

According to Ref. 39, the conductivity term associated with

the Kondo effect takes the form

rK ¼ r0

T2
K2

T2 þ T2
K2

!S

; (4)

where T2
K2 ¼

TK

2
1=S ÿ 1

p : (5)

As usual, S� 0.2 and r0 is related to the occupancy of elec

tron clusters near the magnetic particles within the tubes;

for perfectly symmetric barriers, it will have a value of

r0 � ð2e2Þ=h. For these devices, we obtain a value of

approximately 7� 10ÿ9 well within the expected range dem

onstrated by other magnetic tunnel junction devices. The

FIG. 3. The resistance as a function of temperature. (a) The red and blue lines are a fit to Eqs. (1) and (2), which yields a Kondo temperature of 137K. The

inset shows the same data plotted on a logT scale to highlight the various transport crossover regimes. (b) The conductance as a function of temperature for the

GdCl3@MWNT sample. Here, the conductance shows a minimum at around 40K and then increases sharply to saturation at 10K. The fitted curve is the inter

polation formula given by Eq. (3).



elastic conductivity is given by a combination of sequential

and co tunneling conductance terms, which take the form

rcot ¼
2h

3e2
1

R2
T

kBT

EC

� �2

; (6a)

rseq ¼
1

2R2
T

1þ
EC

kBT

� � 1

: (6b)

Here, RT is the tunnelling resistance between electrodes

and CNT bundles, and this quantity is determined from

Equation (6b) to be RT¼ 5.3 k X, which is slightly higher but

of the same order magnitude as what has been reported for

double magnetic tunnel junctions with embedded superpara

magnetic NiFe nanoparticles.39 Ec is the charging energy

which is related to the size and shape and hence the capaci

tance of the magnetic nanoparticles and can, as a first

approximation, be expressed as Ec ¼ 2pee0d, where e is the

relative permittivity of the tunnelling barriers and d is the

diameter of the nanoparticle rod. The Kondo temperature

from this fitting is 47K, which is in agreement with the point

of inflection in the conductivity temperature curve. Thus, the

R T behaviour is explained as a competition between tunnel

ling events and the strengthening of the Kondo effect as

temperature is lowered; at some point, the Kondo effect

dominates over the tunnelling (47K) and an inflection is

observed. In order to verify the co existence of co tunneling

conductivity in the system, an analysis of the current voltage

characteristics is undertaken as shown in Figs. 5(a) and 5(b).

The slope of the I V sweeps change markedly upon lowering

temperature, and we observe the formation of a gap (strong

deviation from linearity) at a temperature below 40K. As

shown in the inset of Fig. 6(a), the differential conductance

exhibits resonance peak features which are strongly tempera

ture dependent. In order to probe the interaction of sequential

and co tunneling conductivity, we rely on the theory devel

oped for Coulomb gap inelastic co tunneling40,41

I Vð Þ ¼
�h

3pe2R2
TE

2
C

� �

ð2pkBTÞ
2
V þ e2V3

h i

; (7)

which describes the current as a sum of two terms, one

linear and the other cubic in voltage. We thus fit the I V

curves at different temperatures to the phenomenological

expression

I Vð Þ ¼ AV þ BV3: (8)

FIG. 4. A schematic showing the possible mechanisms for the changes

observed in the temperature dependent resistance which is separated into

three temperature regimes. TK1 as determined from the fitting given in Figs.

3(a) and 3(b) as well as the onset blocking temperature observed in the sus

ceptibility indicates the Kondo spin flip event between GdCl3 and electrons.

At a lower temperature, it is possible to have co tunneling events which

occur through the formation of virtual states, such as the singlet pairing qua

siparticle. As the switching of the nanoparticles decreases at lower tempera

tures, we reach a stage of maximum spin coherence and thus spin

accumulation of electrons, and this regime is dominated by electron electron

interactions, whereby the Kondo effect allows the correct spin polarization

for tunneling to occur also observed as the sharp downturn in susceptibility.

FIG. 5. (a) The current voltage characteristics of the GdCl3MWNT bundle device. There is a clear band gap opening at temperatures below 40K compared to

linear behaviour above that. Differential conductance (inset) shows the formation of temperature dependent resonance peaks. (b) The current voltage plots fit

ted to Eqs. (6a) and (6b). The inset shows the evolution of the coefficients with increasing temperature.



Here, the ratio between the coefficients A and B are

related to the strength of contribution, either sequential or co

tunneling, to the current. The fit is shown in Fig. 5(b), and the

trend of the coefficients A and B are shown in the inset as a

function of temperature, and as can be seen, there the range

of increase in coefficient A is seen to increase at a faster rate

than the change in coefficient B; this was taken to explain the

dominance of co tunneling over sequential tunnelling in this

low current regime.40 As mentioned previously, the differen

tial conductance sweeps exhibit strong resonance peaks at

around 10mV. These peaks are temperature and magnetic

field dependent and exponentially decrease in height with an

increase in either parameter [shown in Figs. 6(a) and 6(b)].

Upon examining the temperature dependent dI/dV, we

observe an apparent shifting and broadening of the peaks.

These features can be related back to the competition

between co tunneling and the Kondo effect. As the tempera

ture is increased, the Kondo effect is suppressed and

co tunneling is favoured, analogous to the conductance vs.

temperature; this leads to the formation of co tunneling peaks

at a slightly lower voltage indicated as a shoulder and even

tual spectral shift of the Kondo peak. Similar features are

observed in the B dependence. Following conventional analy

sis, the Kondo temperature can be extracted from these reso

nance peaks by examining the FWHM. In this case, the 300

mK zero field resonance peak gives a Kondo temperature of

40K. This value is in excellent agreement with the value

obtained from the conductivity fitting and is a significant

temperature point as indicated by the susceptibility blocking

temperature indicating that spin coherence becomes impor

tant for electron correlations.

IV. CONCLUSION

We have demonstrated the modification of magnetic and

electronic properties of MWNTs filled with gadolinium chlo

ride. The GdCl3@MWNTs show signatures of superpara

magnetism in the susceptibility measurements with a broad

transition from superparamagnetic to blocked state due to

the different particle sizes of the nanorods. Transport mea

surements were conducted on bundle CNT devices, which

showed interesting electron spin correlations around and

below the blocking temperature. We have analyzed the trans

port considering a competition between the Kondo effect and

co tunneling following what has been reported for double

magnetic tunnel junctions. We observe non zero resonance

peaks in the differential conductance, which indicate the

dominance of the Kondo effect at low temperatures. Devices

fabricated from GdCl3@MWNTs exhibit Kondo behavior in

the Fermi liquid formalism and non zero bias anomalies very

similar to the quantum dot Kondo formalism. The bundled

magnetic nanoparticle filled CNT devices represent a system

of a multiple quantum conductors with magnetic impurities

embedded inside, which is a many body problem. The varia

bles are the magnetic states of the impurities, their multiplic

ity in a bundle, the spin polarization, symmetry in the

conduction channels, hence a very complicated system. The

highlight of this study is that even with all these uncertain

ties, the elusive Kondo effect is observed in a less compli

cated device configuration. Further work will have to done to

solve the variables highlighted; probably the non zero reso

nances can be resolved. This study highlights the potential of

carbon based spintronic devices fabricated from MWNTs

filled with magnetic nanoparticles, an avenue that has not yet

been investigated in conventional spintronic research.
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