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Carbon nanostructures with the spherical voids exhibit interesting temperature and magnetic field

dependent transport properties. By increasing the void size, the structures are tuned from metallic

to insulating; in addition, the magnetoresistance (MR) is enhanced. Our investigation in the

magnetic fields (B) up to 18 T at temperatures (T) from 250 mK to 20 K shows that at high

temperatures (T> 2 K), the MR crosses over from quadratic to a non-saturating linear dependence

with increasing magnetic field. Furthermore, all MR data in this temperature regime collapse onto

a single curve as a universal function of B/T, following Kohler’s rule. Remarkably, the MR also

exhibits orientation insensitivity, i.e., it displays a response independent of the direction on the

magnetic field. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963261]

Introduction of minute amounts of chemical impurities

or doping has been tremendously effective in controlling the

technological properties of semiconductors. However, alter-

native strategies for property control without the introduction

of foreign elements into the system are of interest.

Manipulation of geometric parameters can be a route to con-

trol the physical behavior in designing materials.1–4 For

example, by the introduction of imperfections, nonsaturating

linear magnetoresistance (MR) has been achieved in silver

chalcogenides,5–7 Cd3As2,8 MnAs-GaAs,9 and in the

topological insulator Bi2Te3 films.10 Such linear MR arises

from the distortions in current density induced by a large

spatial fluctuation in the conductivity and mobility, which

can be explained by the random-resistor network model of

Parish and Littlewood.11–13 Typically, the defects in these

materials are randomly distributed. We raise a question that

if the imperfections are comprised of empty voids and are

geometrically ordered, will the MR still be linear? In materi-

als with voids or non-conducting inclusions, the current flow

around the inclusions is distorted when a magnetic field is

applied. Several theoretical works have predicted a positive

linear MR14–16 in such systems; however, the experimental

studies are less common. In addition, other properties may

be affected. Shik17 noted that the longitudinal and transversal

MR are equal to each other due to absolute randomizing of

the local current direction in a semiconductor with high inho-

mogeneity. Also, it is well known that in disordered materi-

als, localization gives rise to a metal insulator transition

(MIT),18–20 but can MIT also be produced by geometrical

inhomogeneities?

Here, we report the electrical and magneto transport

properties of carbon nanostructures with close-packed spher-

ical voids. Samples with four different void sizes were stud-

ied. Briefly, the linear MR is observed in our samples with

void structures. Moreover, the materials vary from metal to

insulator; the MR is enhanced by increasing the void radius.

For high temperatures T> 2 K, the MR is quadratic at low

fields; it crosses over to a non-saturating linear dependence

with the increase of magnetic field up to 18 T. In this temper-

ature regime, the MR displays a universal behavior as a func-

tion of B/T. However, at low temperatures, the MR shows

saturation at high magnetic fields. Remarkably, in contrast to

the inhomogeneous materials mentioned earlier, the MR in

our systems is observed to be independent of the current

direction and magnetic field orientation.

The fabrication steps for our three-dimensional nano-

structures have been described elsewhere.21 Briefly, a chemi-

cal-vapor-deposition (CVD) process containing CH4 and H2

plasma was used to infiltrate carbon into artificial opal sub-

strates. After carbon infiltration, the SiO2 spheres were

etched away by the dilute HF. Specimens with four different

(monodispersed) voids sizes (radius r¼ 108 nm, 122 nm,

143 nm, and 160 nm) were studied. The inset of Fig. 1 shows

a fracture surface of a sample with radius r¼ 143 nm,

obtained by the scanning electron microscopy. In fact, the

polycrystalline carbon samples were an aggregate of the two

close-packed structures of spherical voids, namely, cubic

and hexagonal.4 Raman spectroscopy (JY Horiba with a

HeNe laser) at room temperature is displayed in Fig. 1. Two

prominent peaks are observed, namely, the D band and the G

band. The intensity ratio between these two bands (ID/IG) is

an indicator of the structural defects in the material.4,22 All

four samples have nearly the same ratio, between 1.12 and

1.16. Hence, irrespective of the void radius, these specimens

are equally disordered. The dimensions of our samples range

from �4 mm� 2 mm� 1 mm to 2.5 mm� 1.2 mm� 0.5 mm.

The six-probe transport measurements were conducted in

an 18/20 T Superconducting Magnet (SCM2) with 3He

insert from 250 mK to 20 K at the NHMFL. A 100 lA input

current at 17.37 Hz was applied by a lock-in amplifier

(SR830 DSP).
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The temperature-dependent resistivity qðTÞ is shown in

Fig. 2. q ¼ RWt=L, where R is the resistance; L, W, and t are

the geometric length, width, and thickness of the sample,

respectively. Clearly, the resistivity increases with the

decreasing temperature. At high temperatures, qðTÞ shows a

weak temperature dependence. Similar to the Raman data,

qðTÞ has almost the same value, independent of the void

radius. However, at low temperatures below 20 K, the resis-

tivity increases drastically with the decreasing temperature.

Moreover, size dependent qðTÞ is observed. For the sample

with small void size, qðTÞ is around 0.5 X cm at T¼ 280

mK, but for the larger voids, the resistivity increases to 5 X
cm at 280 mK. Such a large difference might indicate a

metal insulator transition (MIT); one important criterion

for MIT is the value of the zero-temperature conductivity

rðT ¼ 0Þ: A finite rð0Þ corresponds to the metallic regime,

while rð0Þ vanishes in the insulating phase.19 The conductiv-

ity as a function of T1/2 for all four samples is shown in the

inset of Fig. 2. The extrapolated zero-temperature intercepts,

i.e., rð0Þ, for both r¼ 108 nm and 122 nm are finite and posi-

tive, indicating metallic behavior. In contrast, samples with

larger voids have negative intercepts.18,20 Hence with an

increased void size, the charge transport changes from metal-

lic to insulating.

The magnetoresistance (MR) is defined as follows:

MR ¼ ½RxxðB; TÞ � Rxxð0; TÞ�=Rxxð0; TÞ; (1)

where Rxx(B,T) and Rxx(0,T) are the resistances at magnetic

field B and zero, respectively. The transverse MR, i.e., for

magnetic field (B) perpendicular to the input current (B ? I),
as a function of the applied magnetic field, is plotted in

Fig. 3 for the void r¼ 143 nm sample. At each temperature,

the MR increases with the increasing magnetic field. Above

2 K, the MR is quadratic at low magnetic fields, but crosses

over to a linear dependence at higher fields.4 Interestingly,

the MR remains linear and non-saturated even at 18 T, the

highest field studied. At a fixed magnetic field, the MR

increases as temperature decreases. However, in contrast to

the behavior at high temperatures, the MR below 2 K

becomes smaller at decreased temperatures. Moreover, the

MR in this regime saturates at high magnetic fields.

The DC Hall measurements show that the charge trans-

port is dominated by the positive holes. From Hall voltage,

the carrier density p is calculated according to VH ¼ IB=ðpetÞ.
The carrier mobility is obtained by l ¼ 1=ðpeqÞ; here, I is the

input current, e is the charge of the carriers, q is the resistiv-

ity, and t is the geometric thickness of the sample. As shown

in Fig. 4(a), the carrier density p decreases with the decreas-

ing temperature. However, the mobility displays complicated

temperature dependence. As temperature is reduced, the

mobility increases until 1.06 K where it reaches a maximum,

and then it decreases at lower temperatures. This single

asymmetrical peak as a function of temperature may result

from two competing scattering mechanisms, such as lattice

vibrations and defect scattering, which has been reported in

the classic work on boron doped silicon as well as black

phosphorus and the topological insulator YPtSb.23–25 In our

system, the mobility is linearly proportional to the tempera-

ture below 1.06 K, whereas it is inversely proportional

above 1.06 K. Fig. 4(b) displays the temperature depen-

dence of the mobility; all points (T> 2 K) are best described

by a straight line, following lðTÞ / T�1. Such temperature

dependence is due to the acoustic-mode phonon scattering

where the relaxation time is inversely proportional to the

temperature.25–28

FIG. 1. Raman spectroscopy of carbon nanostructure with different void

sizes. The intensity has been normalized according to the D band. The inset

is an SEM image of the fracture surface for void radius r¼ 143 nm structure.

FIG. 2. The temperature dependent resistivity of structures at zero-magnetic

field. For clarity, the resistivity of only two samples is plotted. The inset is

the conductivity vs. T1/2 for four samples.

FIG. 3. Transverse MR versus magnetic field B (B ? I) at a set of tempera-

tures for the sample with void radius r¼ 143 nm.
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The slope of the linear MR, dMR/dB, as a function of

inverse temperature is shown in Fig. 4(b). Remarkably, this

slope is also linearly proportional to the inverse temperature,

the same behavior as the mobility above 1.06 K. The linear

increase in the slope (dMR/dB) with the carrier mobility, as

evidenced in Fig. 4(b) inset, validates the conjecture that

slope of the linear MR is directly dependent on the

mobility.9

The significance of the carrier mobility in the linear MR

is further attested by the crossover field Bcross. The crossover

field, where the MR changes from quadratic behavior to lin-

ear behavior, is also highly temperature dependent. Bcross

increases with temperature, which may indicate that Bcross is

also dependent on mobility; the inset of Fig. 4(b) confirms

our expectation because the crossover field is indeed propor-

tional to l. This behavior is different from the Parish and

Littlewood model11,13 where Bcross / l�1.

As concluded earlier, the slope is directly proportional

to the mobility;9,29 hence, the linear MR is given by

MR / lðTÞB: (2)

Since lðTÞ / T�1, we anticipate

MR / B=T: (3)

Consequently, the linear MR will only be a function of

n � B=T, i.e., MR ¼ f ðnÞ. Independent of the individual val-

ues of B and T, the MR is the same as long as n has the same

value. Therefore, a universal behavior follows and can be

used to predict the magnetoresistance. MR data for r¼ 143 nm

is replotted as a function of this parameter n in Fig. 5(a). All

data at different temperatures do collapse onto a single curve,

indicating a universal behavior. Interestingly, although this

universal behavior is derived in the linear regime, universality

with n appears to be a more general feature; because, as

shown in Fig. 5(a), even in the quadratic regime, MR contin-

ues to follow the universal curve.

According to Kohler’s rule, if there is a single species of

charge carrier and the scattering time is the same at all points

on the Fermi surface, the field dependence of the MR can be

rescaled to a universal function,30

DR

R 0; Tð Þ ¼ f
B

R 0; Tð Þ

� �
; or ¼ F lBð Þ; (4)

where R(0,T) is the zero-magnetic field resistance. The find-

ing of universality, as evidenced in Fig. 5(a), indicates that a

single scattering time is dominant in our sample above

2 K.31–33 However, the Kohler type scaling behavior is not

observed at lower temperatures below 2 K. Such deviations

may indicate the presence of the additional scattering mecha-

nisms. This can be explained from the behavior of the mobil-

ity. As discussed earlier, the mobility increases towards a

maximum and then falls off with decreasing temperature,

consistent with the dominance of phonon scattering at high

temperatures, and the emergence of the surface scattering at

low temperatures.

The magnetoresistance for structures with different

voids size (r¼ 108 nm, 122 nm, and 160 nm) show qualita-

tively similar temperature and field dependences as in the

case of r¼ 143 nm. As a function of temperature, the MR

increases with decreasing temperature until a peak value

FIG. 4. (a) The temperature dependence of carrier density and mobility for

the sample with void radius r¼ 143 nm. (b) The inverse temperature depen-

dence of the linear slope (dMR/dB) and carrier mobility l. The inset shows

the linear dependence of slope and crossover field on mobility, validating

that the MR is proportional to the mobility.

FIG. 5. (a) A universal behavior of the MR as a function of B/T for all four

samples, following Kohler’s rule. (b) Contour plots of the MR on the B–T
plane as a function of magnetic field and temperature. The MR becomes

larger with increased void radius.
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(about 2 K) is reached, then it falls at lower temperatures.

Also, the MR increases with increasing magnetic field.

However, the MR also displays a dependence on void size.

Similar to the zero-field resistivity, the MR increases with

the void radius.34 For example, at the peak (around 2 K and

18 T), the MR is only 15.7% for the r¼ 108 nm sample; it

increases to 54.2% for the largest void size (160 nm). It

seems that the insulating phase with a large void radius has a

stronger magneto response than the metallic samples. The B-
T plane contour plots of peak behavior for all four sizes are

shown in Fig. 5(b).

A universal behavior as a function of n � B=T is also

observed for the other three samples. The entire experimen-

tal data fall on the respective Kohler’s curves for each sam-

ple as shown in Fig. 5(a). Such curves show the void size

dependence; in the smaller sized sample, the MR is smaller.

Moreover, the MR becomes saturated for the samples with

r¼ 108 and 122 nm in high B/T region.

The orientation dependence of the MR on magnetic field

is also investigated. Current is applied along the longest

dimension of the sample. The resistance is measured along

the current while the orientation of the sample with respect

to the applied field (fixed direction) is varied by changing the

angle h. Generally in materials where the spin effects are

negligible, MR / sin h, which is widely reported in gra-

phene,35 nonmagnetic metals,31 and topological insulators.36

Interestingly, the MR in our carbon structures is independent

of the angle h. In Fig. 6, the MR at four different angles

overlap perfectly for r¼ 143 nm sample at 2 K. The same is

true for the 108 nm sample. We believe this orientation inde-

pendence of the MR results from the no-line of sight geome-

try in these structures. Because the samples are packed with

voids, the charge carriers cannot flow straight between the

electrodes; instead, they must zigzag around the voids. That

is, no matter what is the direction of the magnetic field, the

stochastic current in the sample has to flow in all three

Cartesian directions, as illustrated in the inset of Fig. 6. A

similar conclusion was drawn by Shik17 for transport in

semiconductors with high inhomogeneity. Hence, the overall

transport does not change as the angle between the current

and magnetic field is varied.

In summary, the magneto transport properties in 3D car-

bon nanostructures with an ordered lattice of spherical voids

are qualitatively similar to that of the materials with imper-

fections. A linear MR is observed. Void radius plays an

important role in the zero-field resistance and in the MR. By

increasing the void size, the material is tuned from metal to

insulator; the MR is also enhanced. Interestingly, the MR

displays a distinct high and low temperature behavior. At

high temperatures, the mobility is inversely proportional to

the temperature and controls magneto transport; in this

regime, MR exhibits a Kohler type universal behavior with

B/T. Furthermore, the MR is insensitive to the relative orien-

tation between the magnetic field and the direction of the

bulk current flow. Linear MR even at the high magnetic

fields coupled with insensitivity to orientation is an interest-

ing combination that may be useful in omnidirectional mag-

netic field detectors.
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