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Manipulating the electrical properties of carbon nanotubes through semi-metal or semiconductor

filling is of paramount importance in the realization of nano-electronic devices based on one

dimensional composite materials. From low temperature electrical conductivity measurements of a

network, of empty and filled double-walled carbon nanotubes (DWNT’s), we report a transition in

electrical transport features from hopping to weakly activated conduction by HgTe filling and also

semi-metallic conduction in selenium (Se) filled DWNT’s. Magneto-resistance (MR) studies of the

filled DWNT’s show suppression of the hopping conduction and a signature of 3D weak localization

for Se@DWNT’s at low temperatures and high magnetic fields. These results are discussed on the

basis of strength of interaction between the filler material and the inner-walls of the host DWNT’s,

which enhances the electronic density of states (DOS) in the material as well as the change in the

property of the filler material due to constrained encapsulation.
[doi:10.1063/1.3670879]

I. INTRODUCTION

Filling of carbon nanotubes (CNT’s) with metals or

other materials has become an interesting research direction

pursued by a large number of groups in the past decade.1–5

This is because constrained encapsulation of certain materi-

als, e.g. Se or HgTe, has been shown to modify the electrical

properties of the host or foreign material, respectively.6,7

Theoretical calculations have suggested that the conversion

of semiconducting CNT’s to metallic ones due to the introduc-

tion of ‘p’ states from the filler element into CNT’s bandgap.6

Other studies have also suggested hybridization of the CNT’s

p states and filler element resulting in a slight change of the

diameter.8 It is important to understand the coupling between

CNT’s and the fillers to establish the specific change in the

transport of this composite material. For example, encapsula-

tion of an electron donor in metallic SWNT’s enhances the

electrical conductivity of the composite material9 and titanium

filling reduces the conductivity of SWNT’s.10

Double-walled carbon nanotubes (DWNT’s) are inter-

esting materials in their own right, because they are in

essence SWNT’s with an outer shell, which can serve as a

protection of inner shell. Their properties and morphology are

very close to those of SWNT’s11 with an added advantage

over SWNT’s in some applications, such as nano-capacitors.

This is because of the concentric cylindrical graphene sheets

and relatively wider diameter of DWNT’s compared to

SWNT’s that implies more capacity of filling. While there

has been significant theoretical work in interpreting the

transport of semiconductor filled DWNT’s,6,7,12 direct exper-

imental proof of superior electrical transport has not been

firmly established. One of the challenges has been the diffi-

culty in synthesizing high quality DWNT’s.13 Semiconduc-

tor filling of nanotubes, particularly with Se and HgTe, is of

immense interest because they exhibit photoconductive prop-

erties, which can be exploited in photovoltaic applications.

Therefore, encapsulation of Se or HgTe in DWNT’s is

expected to combine the properties of both DWNT’s and one

dimensional Se and HgTe nanowires. Recent studies on the

temperature dependence of Raman scattering in filled

DWNT’s have shown that van der Waals interactions

between the host and the filling material are stronger for

Se@DWNT’s and weaker for HgTe@DWNT’s samples.14

Incorporation of HgTe in SWNT’s was reported to transform

it from the semi-metallic to semiconducting phase depending

on the tube diameter.7 Furthermore, ab initio calculations

have predicted an increase in conductivity of SWNT’s by Se

filling,6 which motivated us to extend the work to filled

DWNT’s through detailed transport measurements at low

temperatures and high fields. In this study, we intend to

determine the effect of semi-metal/semiconductor nano-

materials within the core of DWNT’s on the transport of the

composite materials. The significance of the interactions

between the filling material and the carbon at the walls of

tubes is investigated. Based on low temperature and

magneto-resistance (MR) measurements we establish the

modified electrical properties of DWNT’s filled with Se and
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HgTe, which may find applications in various fields ranging

from electrical interconnections in nano-electronics to nano-

probes and optoelectronic sensors.15,16

II. EXPERIMENTAL WORK

DWNT’s were prepared by catalytic chemical vapor

deposition through the decomposition of a H2-CH4 mixture

over an MgO based catalyst and the filling of the tubes was

accomplished using a capillary technique. The amount of the

filler material was estimated from high resolution transmis-

sion electron microscope studies given in Ref 14. Further

details on the synthesis, filling and purification are given

elsewhere.14,17,18 The electrical transport measurements

were performed by contacting a 5 lm thick film made of

bundles of DWNT’s deposited on a highly insulating fused

quartz substrate with area� 0.12 cm2 over a temperature

range of 300 K down to 2 K in the presence of 0 T to 12 T

magnetic fields in a fully automated cryostat (Cryogenic Ltd,

UK). A current of 10 lA was sourced from a Keithly 2400

and the voltage was measured using a Keithly 2182 A nano-

voltmeter using the van der Pauw configuration.

III. RESULTS AND DISCUSSIONS

A. Electrical conductivity

Figure 1(a) shows Arrhenius plots for the filled and

unfilled samples. It is evident from Fig. 1(a) and the inset

that filling changes the transport properties of DWNT’s as

indicated by the weak temperature dependence of the con-

ductance (G) of filled samples compared to unfilled

DWNT’s. Further analysis shows that Mott 3D variable range

hopping (VRH) expressed by G(T)¼G0 exp [�(T0/T)1/4],19

is the dominant conduction mechanism in the empty

DWNT’s between 2.1 K and 35 K mostly due to the disor-

dered nature of the network (see Fig. 1(b)). The hopping

characteristic temperature To¼ 6.86 K for unfilled DWNTs

is found to be smaller than �15.8 K, the reported value for

empty SWNT’s.20,21

For HgTe filled DWNT’s, the conductivity follows the

Mott VRH mechanism only below 7 K (Fig. 1(b)). However,

a very weakly activated behavior in the temperature range 10

K to 30 K becomes predominant (Fig. 1(a)). This suggests a

semiconducting or semi-metallic nature of the composite

material depending on the conductivity activation energy

(Eact). Using the Arrhenius equation G(T)¼G0 exp(�Eact/kT)

and Fig. 1(a) the value of Eact� 1 meV was derived for the

HgTe filled samples. Such a small energy gap can be

expected in semi-metallic CNT’s whose diameter is slightly

greater than 1 nm22 and also reported in thick films of

SWNT’s network.23

We attempt to find the best possible explanation to

improve the transport features in the filled DWNT’s either

by (i) altering the property of the filler or (ii) changing the

DOS of the filled tubes by enhancing the interaction of the

filler to the inner wall. Previous studies have suggested that

FIG. 1. (Color online) (a) Arrhenius plot (ln G vs T�1) graph to investigate activated conduction mechanism in empty, Se and HgTe filled DWNT’s. The linear

behavior of the HgTe@DWNT samples in the temperature range (10 K to 30 K) indicates the significance of activated mechanisms. Inset: The temperature de-

pendence of the conductance for Se and HgTe filled DWNT’s. The linear G(T) behavior shown by the Se@DWNT’s samples suggests WL mechanism below the

Debye temperature. The dashed line shows the linear fit to data. (b) ln G vs T �1/4 graph to investigate Mott 3 D-VRH in empty, Se and HgTe filled DWNT’s. A

linear fit indicates the applicability of the model for the given temperature range. The dotted lines are to guide the eyes. (c) Schematic diagram of change of elec-

tronic properties showing the p and r bands for the network of empty and filled DWNT’s, which is similar to disordered materials. The electrical conductivity is

governed by the density of localized states (marked as hatched lines) for empty DWNT’s. Filling with HgTe reduces the density of localized states resulting in an

activated conduction. Se filling further reduces the localized states and introduces delocalized states because of the stronger interaction between the host and filler

material. The change of density of the delocalized states at the Fermi level plays an important role in the electrical transport of these materials.



HgTe confined in DWNT’s is in amorphous or crystalline

(sphalerite) phase, which can show a transition to 1D crystal-

line form depending on the diameter of the tube.7 The

DWNT’s presently investigated have a large inner diameter

distribution ranging from 0.5–2.5 nm and therefore, the pos-

sibility of the suggested conversion could be high. However,

we believe that this conversion can be detected only from an

isolated HgTe@DWNT or a few tubes unlike the network of

entangled DWNT’s, studied presently. Therefore, the small

apparent energy gap implies that the observed activated

mechanism in the HgTe@DWNT’s sample is due to semi-

metallic CNT’s (averaged ensemble) and not crystalline

HgTe for which a larger energy gap would be expected.24

To understand the strength of interactions between

the filler and the inner wall of DWNT’s, Raman studies

were performed14 which, showed weak interaction for

HgTe@DWNT’s, compared to Se@DWNT’s. This result

suggests that HgTe should have less effect on the host mate-

rial than Se.14 Nonetheless, our results indicate that, although

the interaction between HgTe and DWNT’s is weak, it is suf-

ficient to modify the net electron transport of the DWNT net-

work perhaps due to charge transfer between the two

resulting in altering the bandgap of the DWNT’s (see Fig.

1(c)). Overall, the present results show that transport through

the 3D network of HgTe@DWNT’s is more prevalent than

transport through 1D crystalline HgTe nanowires. The sche-

matic diagram in Fig. 1(c) illustrates the possible effect of

filler elements on the band energy of the DWNT’s network

which includes disorder effects. Due to the presence of a

large density of localized states at the Fermi energy level

(EF), hopping conduction dominates at low temperatures.

The rapid decrease of electrical conductivity below� 7 K

suggests the presence of localized states near to EF

(Fig. 1(c)). As the temperature rises, the thermally activated

electrons can overcome the localized states and can be trans-

ferred between delocalized states, which presents an acti-

vated conduction process shown in Fig. 1(a).

The VRH plot for Se@DWNT’s shows a deviation from

linearity, which indicates the presence of few localized states

only very close to EF. The change of conductivity with T at

low temperatures is weak, which suggests the presence of

delocalized states in the vicinity of EF (Fig. 1(a) to 1(c)). As

a result, the Se filled DWNT’s show a linear G versus T
behavior (Fig. 1(a), inset) in the temperature range 9 K to

80 K. For Se@DWNT’s, the density of delocalized states is

much higher than the other two samples so that at intermedi-

ate temperatures, the conductivity is governed by these states

where the electrons can maintain phase coherence over a cer-

tain time. Such behavior has previously been observed in bo-

ron doped SWNT’s25 and metallic alloys where localization

effects are considered.26 The temperature dependence of the

electrical conductivity (rl) due to the effect of localization is

expressed as:

rl Tð Þ ¼ e2= p2�hLi Tð Þ
� �

: (1)

Here, the inelastic diffusion length is given by Li (T)¼ (le li/2)0.5,

with le and li representing the elastic and inelastic mean free

path, respectively. This expression gives two temperature

dependences depending on whether the temperature is below

or above one third of the Debye temperature i.e. rl ! T for

T<HD/3 or rl ! T0.5 for T>HD/3. The temperature de-

pendence of the conductivity in different regimes arises due

to the T�2 dependence of the inelastic mean free path below

HD/3, instead of the usual T�3 dependence because the

requirement for momentum conservation is relaxed in amor-

phous metals.26

Like HgTe@DWNT’s, the change of transport in

Se@DWNT’s may be explained by two effects, e.g. the

change of structure of one-dimensional Se or change of the

band energy of the DWNT’s due to interactions between the

filler and the host. We note that several reports have sug-

gested Se is encapsulated in the amorphous phase for rela-

tively wide CNT’s.7,14,27 This amorphous Se plays a crucial

role in the conduction as it possibly introduces significant

inelastic scattering. The linearity of G versus T graph (Fig.

1(a), inset) confirms the dominant effect of 3D weak local-

ization (WL) with a T�2 dependence of the inelastic mean

free path at temperatures below HD/3. The value for HD was

estimated to be� 50 K in MWNT’s and� 466 K for bulk amor-

phous Se.28,29 With the decrease of particle size, HD reduces in

nano-crystalline (15 nm) Se to approximately 156 K.30 These

temperatures suggest that HD below or close to 150 K for the

Se and DWNT composite should be expected and hence a

linear G(T) behavior, below 150 K or 51 K if we consider

HD¼ 466 K or 156 K, respectively. This is in agreement

with our results showing a linear G(T) behavior below 51 K

in Se@DWNTs samples. These results prove that the inter-

actions between Se and DWNT’s are sufficiently strong, as

predicted earlier,14 resulting in a drastic change of the trans-

port properties of the composite.

Furthermore, Se filling in semi-conducting CNT’s has

been shown to convert them into semi-metallic CNT’s pro-

vided the diameter is within a given range.6 Since the present

samples investigated have a wide diameter distribution, the

metallic behavior observed in the Se@DWNT’s samples is

justified on the basis that new states from Se are introduced

into the pseudo bandgap regions of DWNT’s (see Fig. 1(c)).

The stronger interaction between the Se and inner walls of

the DWNT’s may result in a significant reduction of the den-

sity localized states around the Fermi energy. This mecha-

nism explains the experimental observation of semi-metallic

conduction instead of hopping for Se@DWNT’s samples,

which, however, requires further analysis. It is interesting to

note that filling of DWNT’s either by HgTe or Se does not

create any extra defect states, which explains the very small

contribution of hopping transport to the total conductivity.

B. Magneto-resistance

The zero field transport mechanisms can be confirmed

through MR (defined as (RB –R0)/R0) measurements, which

show positive MR for all samples at 4 K (Fig. 2(a)), which

could be due to the presence of localized states yielding a

hopping transport. However, an interplay of two mecha-

nisms, i.e. electron orbital wavefunction shrinkage and quan-

tum interference (i.e. weak localization), in the hopping

regime produce positive MR and negative MR, respectively



(Figs. 2(a), 2(b), and 3(a)). Electron orbital wavefunction

shrinkage results in reduction of the hopping probability,

increasing resistance and resulting in positive MR31 (see

(Fig. 2(a)). On the other hand, negative MR due quantum in-

terference is characterized by a linear field dependence in the

hopping regime32 (see Fig. 2(b)). These two competing

mechanisms explain the small upturns of MR at high fields

and high temperatures shown in Fig. 2(b). However, at

higher temperatures, i.e., 25 K and 50 K, the negative MR

trend for HgTe@DWNT’s appears to be almost similar to

the empty DWNT. Figure 3(a) shows a linear negative MR

(for empty and HgTe@DWNT’s), a characteristic of quan-

tum interference in the hopping regime. These observations

indicate that the wave function shrinkage is prevalent at very

low temperatures and high fields while the quantum interfer-

ence dominates at high temperatures and low fields. The

results also show the reduction of hopping transport in

HgTe@DWNT’s that supports the observation of activated

conduction in these materials at low temperatures (Fig. 1(a)).

The positive MR Se@DWNT’s at 4 K is characteristic

of wave function shrinkage in the hopping regime. As the

temperature increases above 10 K (as observed from the

G(T) data), a transition from hopping to WL occurs, which

results in the negative MR with a B1/2 dependence (Fig.

3(b)). Overall, there is a weaker field dependence of

Se@DWNT’s at 4 K and 25 K compared to the empty and

HgTe filled DWNT, indicative of the enhanced metallic

nature of the Se filled samples. Furthermore, the Se filled

samples show a significant deviation from linear MR at high

fields suggesting that hopping is not a dominant mechanism,

in agreement with the zero field conductance versus tempera-

ture results. The suggested WL effects are characterized with

the inelastic mean free path with T�2 dependence due to the

amorphous Se in CNT’s, which tend to enhance inelastic

scattering as explained earlier.

IV. CONCLUSIONS

Delocalized metallic conduction can be observed in sin-

gle isolated nanotubes or highly aligned nanotubes having

very low degree of defects. A network formed by nanotube

bundles generally shows the variable range hopping due to

the high density of localized states near the Fermi level. The

present analysis shows that the introduction of few states

near the Fermi level due to the presence of foreign elements

in the core of CNT’s may result in an increase or reduction

of the density of localized states depending on the structural

phase and electro- negativity of the filler. This modifies the

transport mechanism of nanotube network but does not nec-

essarily translate to an improvement in the conductivity of

the network. As such, there should be an in-depth study to

establish the most dominant mechanism for the change of

transport in filled tubes. However, we have shown experi-

mentally that some of the previous theoretical predic-

tions6,7,12 on the change of electrical transport by Se and

HgTe filling can be confirmed.

FIG. 3. (Color online) (a) MR vs B graph measured at 50 K for empty, Se

and HgTe filled DWNT samples. (b) MR vs B1/2 for the Se@DWNT sample.

The dotted lines are to guide the eyes.

FIG. 2. (Color online) (a) MR vs B graph measured at 4 K for the empty, Se

and HgTe filled DWNT samples. (b) MR vs B measured at 25 K for empty,

Se and HgTe filled DWNT samples.



Doping of nanotubes by noble gases was found to be

inefficient. In this report we attempted a different method of

tuning the electrical transport in a nanotube network i.e. fill-

ing of tubes by semimetals and semiconductors. The filling

of tubes could have degraded the quality of the material

through the introduction of a large amount of disorder result-

ing namely in VRH conduction in the filled tubes. However,

from low temperature conductivity and MR studies, we have

shown that approximately 50% filling of DWNT by HgTe or

Se results in a significant modification of the electrical trans-

port properties which change from hopping to semi-metallic

conduction. The relatively stronger van der vaals interaction

between Se and the host material, shown from Raman studies

might explain why Se filling enhances metallic behavior

compared to HgTe in which the metallic behavior is not so

pronounced. Indeed, the relationship between the tube-filler

interaction and the change of conductivity needs to be studied

further. A linear conductance versus temperature dependence

in selenium filled DWNT’s is due to WL effects with T�2

dependence of the inelastic mean path below HD because of

the amorphous nature of selenium in wider CNT’s which

results in significant inelastic scattering. From these meas-

urements, the modified transport property of the filled

DWNT’s is established although the conductivity of filled

materials is lower than the unfilled samples perhaps due to

the low density of new states from the filler. The chemical

stability of CNT’s, photovoltaic properties of HgTe and Se

and modified electrical conduction in the composite material

raises hopes for new applications in nano-electronic devices.

ACKNOWLEDGMENTS

S. B. would like to thank the National Research Founda-

tion (SA) for granting the Nanotechnology Flagship Pro-

gramme to perform this work and also the University of the

Witwatersrand Research Council for the financial support.

Part of this work (M.S.) is sponsored by DOA Grant No.

W911NF-09-2-004.

1J. Chancolon, F. Archaimbault, S. Bonnamy, A. Traverse, L. Olivi, and G.

Vlaic, J. J. Non-Cryst. Solids 352, 99 (2006).
2M. Sendova, L. Detas, and E. Flahaut, J. App. Phys. 105, 094312 (2009).
3T. Takenobu, T. Takahashi, T. Kanbara, K. Tsukagoshi, Y. Aoyagi, and Y.

Iwasa, App. Phys. Lett. 88, 033511 (2006).

4G. Brown, S. R. Bailey, J. Sloan, C. G. Xu, S. Friedrichs, E. Flahaunt, K.

S. Coleman, J. L. Hutchson, R. E. Dunn-Borkowski, and M. L. H. Green,

Chem. Commun. 9, 845 (2001).
5D. A. Britz and A. N. Kholobystov, Chem. Soc. Rev. 35, 637 (2006).
6S. Krishnan, H. Yilmaz, R. Vadapoo, and C. Marin, App. Phys. Lett. 97,

163107 (2010).
7J. Sloan, R. Carter, A. Vlandas, R. R. Meyer, K. Suenaga, P. J. D. Lindan,

G. Lin, J. Harding, E. Flahaut, C. Giusca, S. R. P. Silva, J. L. Hutchison,

and A. I. Kirkland, Springer Proc. Phys. 120, 213 (2008).
8S. Okubo, T. Okazaki, N. Kishi, S. K. Joung, T. Nakanishi, S. Okada, and

S. Iijima, J. Phys. Chem. C 113, 571 (2009).
9P. Chaturvedi, P. Verma, A. Singh, P. K. Chaudhary, P. K. Harsh, and P.

K. Basu, Def. Sci. J. 58, 591 (2008).
10C. K. Yang, J. Zhao, and J. P. Lu, Phys. Rev. B 66, 041403 (2002).
11M. Sendova and E. Flahaut, J. App. Phys. 103, 024311 (2008).
12N. Kuganathan and J. C. Green, Int. J. Quantum Chem. 108, 797 (2008).
13T. Shimida, T. Sugai, Y. Ohno, S. Kishimoto, T. Mizutani, H. Yoshida, T.

Okazaki, and H. Shinohara, App. Phys. Lett. 84, 2412 (2004).
14M. Sendova, E. Flahaut, and T. Hartsfield, J. App. Phys. 108, 044309

(2010).
15E. Bekyarova, M. E. Hkis, N. Cabrera, B. Zhao, A. Yu, J. Gao, and R. C.

Haddon, J. Am. Chem. Soc. 127, 5990 (2005).
16T. Takono, T. Takenobu, and Y. Iwasa, J. Phys. Soc. Jpn. 77, 124709 (2008).
17P. M. Ajayan and S. Iijima, Nature (London) 361, 333 (1993).
18E. Flahaut, R. Bacsa, A. Peigney, and Ch. Laurent, Chem. Commun.

(Cambridge) 12, 1442 (2003).
19N. F. Mott and E. A. Davis, Electronic Processes in Non-crystalline mate-

rials, (Clarendon, Oxford, 1979).
20F. Jing-Hai, L. Li-Wei, K. Wen-Jie, C. Jian-Zhen, and L. Li, Chin. Phys.

Lett. 23, 953 (2006).
21K. Yanagi, H. Udoguchi, S. Sagitani, Y. Oshima, T. Takenobu, H.

Kataura, T. Ishida, K. Matsuda, and Y. Maniwa, ACS Nano. 4, 4027

(2010).
22H. Zhu, G. L. Zhao, C. Masrapu, D. P. Young, and B. Wei, App. Phys.

Lett. 86, 203107 (2005); C. Zhou, J. Kong, and H. Dai, Phys. Rev. Lett.

84, 5604 (2000).
23V. Skakalova, A. B. Kaiser, Y. S. Woo and S. Roth, Phys. Rev. B 74,

085403 (2006).
24R. Carter, J. Sloan, A. I. Kirkland, R. R. Meyer, P. J. D. Lindan, G. Lin,

M. L. H. Green, A. Vlandas, J. L. Hutchison, and J. Harding, Phys. Rev.

Lett. 96, 215501 (2006).
25K. Liu, P. Avouris, and R. Martel, Phys. Rev. B 63, 161404 (2001).
26M. A. Howson, J. Phys. F 14, L25 (1984).
27O. V. Kharissova, J. A. Rangel Cardenas, B. I. Kharisov, M. J. Yacaman,

and U. O. Mendez, Int. J. Green Nanotechnol.: Mater. Sci. Eng. 1, 34

(2009).
28A. Jorio, G. Dresselhaus, and M. S. Dresselhaus, Carbon Nanotubes-

Advanced Topics in the Synthesis, Structure, Properties and Applications
(Springer-Verlag, (Berlin) Heidelberg, 2008) p. 188.

29C. Vautier, D. Carles, and C. Viger, J. Non-Cryst. Solids 7, 117 (1972).
30Y. H. Zhao and K. Lu, Phys. Rev. B 56(22), 14331 (1997).
31U. Sivan and O. Wohlman, Phys. Rev. Lett. 60, 1566 (1988).
32G. Baumgartner, M. Carrard, L. Zuppiroli, W. Bacsa, W. A. de Heer, and

L. Forro, Phys. Rev. B 55, 6704 (1997).

http://dx.doi.org/10.1016/j.jnoncrysol.2005.11.032
http://dx.doi.org/10.1063/1.3122301
http://dx.doi.org/10.1063/1.2166693
http://dx.doi.org/10.1039/b101261o
http://dx.doi.org/10.1039/b507451g
http://dx.doi.org/10.1063/1.3499750
http://dx.doi.org/10.1007/978-1-4020-8615-1_46
http://dx.doi.org/10.1021/jp807630z
http://dx.doi.org/ 10.1103/PhysRevB.66.041403
http://dx.doi.org/10.1063/1.2832757
http://dx.doi.org/10.1002/qua.21546
http://dx.doi.org/10.1063/1.1689404
http://dx.doi.org/10.1063/1.3463400
http://dx.doi.org/10.1021/ja043153l
http://dx.doi.org/10.1143/JPSJ.77.124709
http://dx.doi.org/10.1038/361333a0
http://dx.doi.org/10.1039/b301514a
http://dx.doi.org/10.1039/b301514a
http://dx.doi.org/10.1088/0256-307X/23/4/053
http://dx.doi.org/10.1088/0256-307X/23/4/053
http://dx.doi.org/10.1021/nn101177n
http://dx.doi.org/10.1063/1.1927269
http://dx.doi.org/10.1063/1.1927269
http://dx.doi.org/10.1103/PhysRevLett.84.5604
http://dx.doi.org/10.1103/PhysRevB.74.085403
http://dx.doi.org/10.1103/PhysRevLett.96.215501
http://dx.doi.org/10.1103/PhysRevLett.96.215501
http://dx.doi.org/10.1103/PhysRevB.63.161404
http://dx.doi.org/10.1088/0305-4608/14/3/001
http://dx.doi.org/10.1080/19430840903119963
http://dx.doi.org/10.1016/0022-3093(72)90282-7
http://dx.doi.org/ 10.1103/PhysRevB.56.14330
http://dx.doi.org/10.1103/PhysRevLett.60.1566
http://dx.doi.org/10.1103/PhysRevB.55.6704



