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a b s t r a c t 

Controllable creation of strain pattern in graphene’s lattice is ideal for achieving intriguing 

pseudomagnetic field but remains challenging due to high in-plane stiffness of graphene. 

Using continuum theory and atomistic simulations, we show that carbon nanocones ex- 

hibit a peculiar electromechanical coupling that yields extreme pseudomagnetic fields by 

simple loads. Vertically pressing the nanocone by ∼2% creates well-defined strain pat- 

tern that leads electrons to behave as if under the influence of magnetic fields up to 

600 Telsa. Moreover, the strain gradient can be tailored by varying the cone’s geometry 

to achieve controlled distribution of pseudomagnetic fields over a large area. Since synthe- 

sis of nanocones of various materials has been mature, the proposed approach is further 

extendable to other two-dimensional materials towards their electronic modulation by in- 

homogeneous strain. 

© 2018 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Strain engineering has been important in current semiconductor industry for achieving improved device performance and

enriched functionality. As a candidate for fabricating next-generation electronic devices, graphene exhibits unusual capabil-

ity of controlling its electronic structures by mechanical strain ( Liu et al., 2004 ). The electromechanical coupling in graphene

is unique because of its massless Dirac-like electronic states that give rise to novel physics via an interplay with strain, and

is realistic since it can resist a tensile strain up to 25% before structural breaking ( Kim et al., 2009; Liu et al., 2007 ). One

prominent example is that a strain pattern in a graphene lattice can induce a gauge field, which leads charge carriers in

graphene to behave as if under the influence of an external magnetic field ( Guinea et al., 2010a, 2010b; Kim et al., 2011;

Levy et al., 2010; Liu et al., 2007; Low and Guinea, 2010; Yeh et al., 2011; Zhang et al., 2014a; Zhu et al., 2015 ). The strain-

induced pseudo-magnetic ( p -mag) field allows not only for novel manipulation of graphene electronics but also for the ex-

ploration of carrier dynamics in extreme magnetic fields unattainable in normal laboratories ( Levy et al., 2010 ). To this end,

the key point is to hold a definable strain gradient in stiff graphene lattice. Previous approaches include bubbling graphene

( Levy et al., 2010 ), bending ( Guinea et al., 2010a; Low and Guinea, 2010 ) or twisting ( Zhang et al., 2014a ) sub-micrometer

graphene ribbons, shearing circular graphene rings ( Abedpour et al., 2011 ) and stretching trapezoid-like graphene nanorib-

bons ( Zhu et al., 2015 ). While these approaches can generate extreme p -mag fields, they all need sophisticated techniques

for sustaining the strain pattern in graphene and concurrently incur large local strains up to 15% ( Zhang et al., 2014a; Zhu

et al., 2015 ). The over-stretched graphene lattice may suffer from plastic deformation in graphene ( Yakobson, 1998 ) and even
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Fig. 1. Geometry and strain pattern of a vertically compressed CNC. (a) A CNC is formed by removing a “wedge” in a circular graphene flake and then 

stitching two newly created edges. (b) Strain map of a CNC under a 1.8% vertical compression. Top inset illustrates basic geometric parameters, including 

tapering angle α, meridional coordinate s , and radius of the corresponding cross-section r . (c) Strains εs and εθ versus s , obtained by different methods. 

(d) Map of critical εtot for buckling versus s a and α, determined by the classical shell theory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

structural breaking ( Dumitrica et al., 2006 ) at raised temperatures during applications. This issue, therefore, underscores the

importance of finding a more user-friendly way to realize p -mag fields in graphene. 

Compared to the planar graphene nanostructures, carbon nanocones (CNCs) ( Cano-Marquez et al., 2015; Ghosh et al.,

2010; Jaszczak et al., 2003; Kim et al., 2003; Lavin et al., 2002; Lu et al., 2006; Merkulov et al., 2001; Naess et al., 2009;

Yang et al., 2005; Yudasaka et al., 2008; Zhang et al., 2003 ) have a three-dimensional feature that facilitates the exertion of

various strains. The CNCs have been actively studied for applications in, for example, electron field emitters ( Ghosh et al.,

2010 ) and probes for scanning tunneling microscopy ( Cano-Marquez et al., 2015 ). A number of experiments ( Lu et al., 2006;

Merkulov et al., 2001; Yang et al., 2005; Zhang et al., 2003 ) based on chemical vapor deposition methods have synthesized

CNCs, whose geometries can be customized using conic catalytic substrates with controlled shape. Here, we employ the

CNCs to realize extreme p -mag fields in graphene over a large area. A CNC is superior to other nanostructures since it can

hold a well-defined strain gradient via the simplest loads: a vertical compression or stretch. Such strain gradient results

in p -mag fields up to 600 Tesla under a vertical strain of merely 2%. Moreover, hydrostatically inflated CNCs host p -mag

fields with a uniform distribution along their meridian. These results are likely to inform ongoing effort on the design of

nanodevices based on mechanical control over massless Dirac-like electronic structures. 

2. Analytical results 

2.1. Geometry and general theory 

A CNC can be formed by cutting out a “wedge” in a graphene disk and then stitching two open edges ( Fig. 1 a and

b). The tapering angle of the cone can be expressed as α = sin 

−1 (1 − �/2 π ), where � is the disclination angle due to

the removed “wedge”. The cone’s surface is comprised of honeycomb lattice to preserve the Dirac-like electronic character

when �= n π /6 ( n = 1–5); otherwise, it has a grain boundary along the stitched line. Grain boundaries alter the structure’s

topology and mechanical behaviors ( Wu and Wei, 2013; Zhang et al., 2014b ), which will complicate the analysis. We thus

focus on these defect-free cones in the following. 

For ease of describing the strain field in the CNC, we define a Cartesian coordinate, x axis along the armchair direction

of graphene and y along the zigzag direction, see Fig. S1 in the Supporting Information (SI). The strain tensor has three

components: ε x , ε y and ε xy . The relation between the strain and p -mag field can be expressed as ( Zhang et al., 2014a; Zhu
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et al., 2015 ), 

B = 

tβ

e V F 

(
∂ ε yy 

∂x 
− ∂ ε xx 

∂x 
− 2 

∂ ε xy 

∂y 

)
, (1)

where β = 2.5 is a dimensionless constant, t = 2.8 eV is the hopping energy, and v F = 1 × 10 6 m/s is the Fermi velocity. We

also checked the curvature effect (Fig. S17) ( Castro-Villarreal and Ruiz-Sánchez, 2017; Liu, 2018 ) as well as finite strain effect

(Fig. S18) ( Ramezani Masir et al . , 2013 ) on the p -mag fields, both of which prove to be negligible, as detailed in the section

V of the supporting information (SI). 

Since Eq. (1) is not straightforward to evaluate p -mag fields in a CNC, we set a curvilinear coordinate system ( s, θ ) for

the cone’s surface, where s defines the position of a circular cross-section and θ is the angle defining the point position on

the circle of the cross-section, as shown in Fig. 1 b. The meridian θ = 0 corresponds to the armchair direction. A point ( x, y )

in the x –y coordinate is translated to ( s = 

√ 

x 2 + y 2 , θ = ψ/ sin α), where ψ = tan 

−1 (y/x ) . Then, the translation between the

strain field ˜ ε = [ 
ε s 0 

0 ε θ
] in the curvilinear coordinate and ε in the x–y coordinate can be expressed as 

ε = A 

T ˜ ε A, (2)

where the translation matrix is 

A = 

[
cos ψ sin ψ 

− sin ψ cos ψ 

]

So all strain components in the x –y coordinate can be converted by Eq. (2) to a function of ɛ s and ɛ θ . Taking these strain

components into Eq. (1) results in the p -mag field as, 

B = C 

(
2 

s 
ε s − 2 

s 
ε θ − ε s 

′ + ε θ
′ 
)

cos 3 ψ, (3)

where C = t β/ ev F is a constant and ψ is the angle between the current and referenced meridians (i.e. θ = 0) after the cone

is unfolded to a planar graphene sector ( Fig. 1 a). Then the next task for calculating B is to solve ɛ s and ɛ θ under specific

loads. 

In what follows, we use three levels of methods ( Brenner et al., 2002; Cui et al., 2001; Liew et al., 2007; Spagnoli, 2003;

Wei and Srivastava, 2004; Xu and Zheng, 2018 ) to evaluate εs and εθ in a strained CNC. First, we employ the membrane

theory that could result in a simple analytic solution for the p -mag field, which is inaccessible using other models. The

analytic solution, albeit being inaccurate in describing the fields near the cone’s edge, is important to guide the design of

field distribution. Thus, the membrane theory serves as a tool of preliminarily evaluating the p -mag fields. Full shell theory

is then adopted to provide more complicated yet satisfactory evaluation of strain over the whole structure. The results

are finally validated by molecular dynamics (MD) simulations. Since the full shell theory compromises the accuracy with

reasonable computational cost, the corresponding results will be our focus unless specially noted. 

2.2. Membrane theory 

First, we study vertically deformed cones. The membrane theory makes the solution simple by ignoring twisting and

bending moments in the shell. As such, the non-zero component of in-plane stress is σ s = σ 0 / s ( σ 0 is a constant and σ 0 > 0

relates to compression) in the s direction as long as the cone is not buckled. Then, ε s and ε θ are expressed as 

ε s = 

σs 

E 
= 

σ0 

Es 
, and ε θ = −νσ0 

Es 
, (4)

where E and ν the elastic modulus and Poisson’s ratio of graphene, respectively. Eq. (4) dictates that if being compressed,

the cone is slightly stretched along the tangent direction while being compressed along the meridian. Moreover, both εs and

εθ decay by s −1 ( Fig. 1 c), indicating that the strains diverge at the cone apex. To avoid this issue, the cone is trimmed at the

top in our discussions, like the samples realized in experiments ( Hashimoto et al., 2004; Yudasaka et al., 2008 ). Thus, s is

in the s a ≤ s ≤ s b range, with s a being the length of the trimmed part and s b the total length of the cone along the meridian.

Therefore, the total strain along s direction can be calculated as, 

ε tot = ( σ0 ln s b / s a ) /E. (5)

Substituting Eq. (4) into Eq. (3) leads to a concise expression of B as, 

B = 

3 C(1 + ν) σ0 cos 3 ψ 

E s 2 
, (6)

where ψ = θsin α. Eq. (6) qualitatively reflects the dependence of B on the cone’s geometry. 

Second, when the cone is under a hydrostatic pressure, the in-plane stress components can be expressed as 

N s = σs h = sP tan α/ 2 , and N = σ h = sP tan α, (7)
θ θ
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where P is the outward pressure acting along the normal of cone’s surface. By combining Hook’s law and Eq. (7) , the strain

components can be expressed as 

ε s = 

sP 

Eh 

(
1 

2 

− ν
)

tan α , and ε θ = 

sP 

Eh 

(
1 − ν

2 

)
tan α (8) 

and 

ε tot = 

s a + s b 
2 

P 

Eh 

(
1 

2 

− ν
)

tan α. (9) 

By substituting Eq. (8) into Eq. (3) , we finally obtain 

B = 

CT (1 + ν) tan α

2 Eh 

cos 3 ψ. (10) 

2.3. Full theory 

The full shell theory is further employed to consider the effect of bending. The full shell theory solution has been detailed

in the literature ( Liu et al., 1987 ) and we directly use key results thereof here. Its solution of in-plane stress N is the

membrane theory solution plus a correction around the edge, 

N (•) = N 

0 
(•) + N 

c 
(•) , (11) 

where N 

0 
(•) is the membrane theory solution, N 

c 
(•) is the correction, and the subscript ( •) can be either θ or s . To obtain

the correction, the internal force resultants are expressed as a liner combination of Kelvin functions with undetermined

coefficients ( Liu et al., 1987 ), as detailed in Eq. (S1) of SI. 

For a vertically compressed cone whose top and bottom are fixed, the boundary conditions (BC) are, 

(ε b θ + ε c θ ) s sin α = 0 | s = s a ,s = s b and V − w 

b ′ = 0 

∣∣∣
s = a,s = b 

, (13) 

where w = ε θ s tan α − u tan α is the deflection. 

For a hydrostatically inflated cone, only the cone’s bottom is fixed and the BCs become, 

(ε b θ + ε c θ ) s sin α = 0 | s = b and V − w 

c ′ = 0 

∣∣
s = b . (14) 

Solving Eq. (13) or (14) together with Eq. (S1) obtains coefficients associated with the correction terms N 

c 
θ

and N 

c 
s . Then,

the in-plane stress components N θ and N s can be obtained by taking these correction terms into Eq. (11) . Dividing N θ

and N s by h results in σ θ and σ s , respectively, and εθ and εs further by Hook’s law. Eventually, the p -mag field B can be

calculated by combining the in-plane strains with Eq. (3) . Since B is too complicated to be expressed here, we will present

its numerical results only. 

2.4. Critical loads 

The above deductions are valid only for unbuckled cones. While the cone under vertical stretch or hydrostatic inflation

does not suffer from buckling issue, possible buckling under vertical compression or hydrostatic compression needs to be

carefully examined. In the case of vertical compression, the critical buckling load is ( Spagnoli, 2003 ), 

L c = 

2 πE h 

2 √ 

3(1 − ν2 ) 
cos 2 α, (15) 

from which the critical bucking stress along s direction σ s c can be deduced as Eh cot α

s 
√ 

3( 1 −ν2 ) 
. For a hydrostatically compressed

cone, the critical pressure for causing radial buckling is estimated as ( Liu et al., 1987 ), 

−P c = 3 . 15 E ( 
h 

s b 
) 2 . 5 cot 1 . 5 α

√ 

1 

(1 − ν) 
3 / 2 

. (16) 

2.5. MD simulations 

Finally, MD simulations are used to verify results obtained by these continuum theories. Details of the computations

and methods are provided in the section II of SI. For ease of comparison later, we use MD-compatible parameters in all

the continuum theories, i.e. Eh = 243 N/m, v = 0.397, D = Eh 3 /12(1- υ2 ) = 1.41 eV ( Brenner et al., 2002 ), and extract E and h

from Eh and D . Notice the slight anisotropy induced by curvature ( Chang, 2010 ) is ignored here. DFT-compatible parameters

( Kudin et al., 2001 ) are also tested, yielding similar results, as shown in Fig. S7b and S7c in SI. 
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Fig. 2. P -mag field B in compressed cones. (a) Map of B calculated by full shell theory in the cone at εtot = 1.8%. (b) Distribution of B along three meridians, 

ψ = 0, ψ = π /6 and ψ = π /3. (c) Maximum B achieved in the cone as a function of εtot . The results from membrane theory, full shell theory and molecular 

dynamics simulations are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results for vertical loads 

We first take the CNC with disclination angle �= 2 π /3 Fig. 1 a) as a model system to discuss our results. The corre-

sponding tapering angle is α = 41.8 °, and s is set to vary from 1 to 6.3 nm. As mentioned, the cone is subject to structural

instability when the vertical load is over a critical value, leading to a nonlinear mechanical response beyond the scope of

this paper. MD simulation estimates a critical εs of ∼4% at the cone’s top and ∼0.7% at its bottom ( Fig. 1 c), far below the

breaking strain of graphene. Converting these local strains into a vertical total strain yields εtot = 1.83% from MD simulation

and 2% from Eqs. (5) and (15) . This critical strain increases with decreasing the � and s b , according to the shell theory

( Fig. 1 d). We ensure that the studied strains are no larger than the critical value. 

For a cone with �= 2 π /3, the distribution of B at εtot = 1.8% is presented in Fig. 2 a and b, where the intensity of | B | is

maximized near the top end of the cone, reaching 550 T by the full shell theory and 650 T by MD simulation at s = 1.5 nm.

Away from the cone’s top, the intensity of | B | decays by s −2 along the meridian but still reaches 175 T at s = 3 nm and 63

T at s = 6 nm. In other words, a large portion of the cone’s surface exhibits distinctly stronger p -mag fields than those in

other strained carbon nanostructures ( Guinea et al., 2010a; Low and Guinea, 2010; Zhang et al., 2014a ). Of more significance

is that the maximum local strain required for these fields is merely 4.1%, much smaller than 15–20% for attaining similar

strength of B in deformed graphene ribbons ( Zhang et al., 2014a; Zhu et al., 2015 ). This strong coupling between strain and

charge carriers results from the unique topology of CNC, which elicits a divergence of strains near the CNC top. 

Another characteristic of B is a periodic distribution in the θ direction, originated from the sinusoidal term cos3 ψ in

Eq. (3) . When �= 2 π /3, ψ ranges from 0 to 4 π /3, which results in two periods of B pattern in the θ direction. The pattern

is quantitatively supported by showing B along three principal meridians, i.e. ψ = 0, π /6 and π /3 in Fig. 2 b. B in the ψ = 0

and π /3 directions have the same magnitude but opposite signs; whereas B simply disappears in the ψ = π /6 direction.

The results suggest that B disappears along all the meridians with ψ = π /6 + n π /3 ( n = 0 ∼3). These characters of B are

reproduced at smaller εtot , except that B max decreases linearly with εtot ( Fig. 2 c). 

Such a periodic distribution of B along the θ direction is unique to the conic geometry due to its circular character. Our

analysis reveals that the distribution of B should exhibit 3(1 - �/2 π ) periods. A cone with �= 4 π /3 has only one period for

B , while graphene, an extreme case with �= 0, has three periods, in line with previous results in graphene with designed

strain along three main crystallographic directions ( Guinea et al., 2010b ). In contrast, when n in �= n π /3 is odd (i.e. n = 1,

3, 5), the cone will have fractional number of periods, with an abrupt switch of B from positive to negative along a certain

meridian (see an example in Fig. S7d). Thus, straining these cones can induce an infinitely large gradient of B , which then

causes a flip of direction of electronic procession therein. The abrupt switch of B can occur in any CNCs without mirror

symmetry and may be utilized for novel devices based on a large gradient of magnetic fields. 

In experiments, it is also feasible to stretch a cone vertically by, for example, adhering the cone on a substrate and then

lifting the cone’s apex by a pin going through an aperture in the substrate underneath the cone (Fig. S8). Since the p -mag

fields linearly depend on all the strain components, the patterns of strain components (i.e. εs and εθ ) and p -mag field B

will be identical to that in the compressed cone except that their signs become opposite (see results in Fig. S9). Notably, the

stretch avoids the buckling issue of CNCs, so that the cone can withstand a larger | εtot | to achieve a higher B max than that

under the compression. For example, stretching the same cone shown in Fig. 2 a (now the cone’s apex is not truncated but

fixed to the pin) by 5.4% ends up a B max of up to 1650 T near to the apex, where the maximal εs increases to ∼12%. 

We notice that B is highly concentrated around the cone’s top end and fluctuates in the θ direction. Such a non-uniform

B distribution limits potential application. This issue can be circumvented by increasing the truncated depth s a . We thus

turn to examine the dependence of B on s a . For a cone with �= 2 π /3, s b = 6.3 nm and εtot = 1%, the distribution of B with

s a = 3 nm is shown in Fig. 3 a, where B is indeed much more dispersive than that shown in Fig. 2 a with s a = 1 nm. In this

case, | B | decreases from the maximum of 72 T along the circle at s = 4.2 nm to 54 T along that at s = 6 nm. To capture a

broader picture, we map in Fig. 3 b the variation of B against change in s a and s , all recorded along ψ = π /3 that gives
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Fig. 3. Dependence of p -mag fields on the cone geometry. (a) Map of field in a truncated cone with �= 2 π /3, s a = 3 nm, s b = 6.3 nm and εtot = 1%. (b) 

Effect of s a on the field in the ψ = π /3 direction. Parameters other than s a are the same to (a). (c) Effect of the apex angle α on the field with r a = 0.67 nm 

s b − s a = 5.3 nm and εtot = 1%. (d) Map of the field in a cone with �= 4 π /3 and εtot = 4.2%. Other parameters are the same to (c). All strains in (a–d) are 

below the critical value for buckling of cones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

maximal B . Indeed, B exhibits a smoother decay with s in more truncated cone. B max decreases from 303 T in the cone with

s a = 1.0 nm to 43 T in the one with s a = 5.3 nm. While B max decreases markedly with increasing s a , the change of B at the

cone’s bottom is limited. The dependence of B max on s a and s b can be deduced as proportional to s a 
−2 /ln( s b / s a ) according to

Eqs. (5) and (6) , consistent with the trend in Fig. 3 b. 

We further study the dependence of B distribution on α. Here, α is continuously variable since a CNC can form at an

arbitrary tapering angle α if aided by a grain boundary. We note that electronic property near the grain boundary is modified

( Yazyev and Louie, 2010; Zhang et al., 2014c ), but the Dirac electronic state in perfect lattice regions of the cone remains

effective for the strain-induced B . For this purpose, we keep s b - s a = 5.3 nm and r a = 0.67 nm (the radius of the cone’s top

cross-section) while varying α from π /18 to ∼2 π /5, uniformly compressed by εtot = 1%. The CNCs with α > 0.38 π are not

considered since they will be buckled even at εtot = 1%. B recorded along ψ = π /3 as a function of α is depicted in Fig. 3 c,

where two trends are clear. First, B max near the apex increases with α, from 92 T at α = π /18 to 522 T when α approaches

2 π /5. Second, the decay of B is smoother (except for areas near cone’s ends) as the cone is more like a carbon nanotube. For

example, along ψ = π /3, B decays from 522 T to 11 T when α = 0.38 π , but from 92 T to 26 T when α = π /18. Apparently,

a high intensity of B corresponds to a poor homogeneity in its distribution. Is there a cone geometry that enables a good

tradeoff between the intensity and homogeneity of B ? The cone with α = 19.5 ° (i.e. �= 4 π /3) and r a = 0.67 nm is shown to

meet this condition. If other parameters of this cone are the same as that in Fig. 3 c, B decays from 171 T near the top to 33

T near the bottom at εtot = 1% ( Fig. 3 d). 

The dependence of B on s b is also studied. For the model, we keep s a = 1 nm, �= 2 π /3 and εtot = 1%. B recorded along

ψ = π /3 as a function of s b reveals that B always decays with s but B max increases with increasing s b (see Fig. S7e). For

example, B max increases from 350 T in the cone with s b = 3.3 nm to 680 T in the cone with s b = 9.3 nm. This is similar to

the trend in Fig. 3 b, where the longer cone is shown to exhibit a higher B max . 

4. Results for hydrostatic loads 

The inhomogeneity of B distribution always exists in the compressed CNCs, determined by the cone’s topology. This fact

motivates us to explore a new way to generate uniform B on the cones. We resort to a hydrostatic pressure that can evenly

exert force onto a whole structure and has been applied to carbon nanostructures for studying novel mechanics at nanoscale

( Alencar et al., 2017; Guo and Guo, 2007; Xu et al., 2008 ). A CNC can withstand hydrostatic inflation and compression when

its apex is not truncated. For capturing the basic physics, we focus on the hydrostatic inflation, which can be realized by

mounting the cone on a sticky substrate and inflating from an aperture underneath, as illustrated in Fig. 4 a. Such technology

has been successfully applied to create nanobubbles in graphene on substrates ( Boddeti et al., 2013 ). In MD simulations, the

hydrostatic pressure is implemented by applying a uniform force on each atom, which is perpendicular to the cone surface
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Fig. 4. P -mag fields in inflated CNCs. (a) Schematic illustration of inflating a nanocone with pressure P . (b) Top view of the field distribution at P = 1 GPa. 

The fields in the region near the bottom edge are removed. (c) A schematic model of a hybrid cone comprised of carbon and h-BN sectors. (d) Top view of 

the field distribution in an inflated hybrid cone ( P = 1 GPa). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

while pointing outward. Based on the membrane theory, B is obtained by Eq. (10) . It shows that B is a constant along the

direction of a given ψ . This analytical solution verified our idea but failed to describe B near the cone ends. More accurate

numerical results are obtained using the full shell theory and discussed as below. 

For demonstration, we set �= 2 π /3, s ∈ [0, 6.3] nm and P = 1 GPa that is feasible to realize in experiments ( Boddeti et al.,

2013 ). Unlike the vertical compression, the hydrostatic pressure makes the strain maximized at the cone’s bottom, where

ε θ and ε s are 1.5% and 0.8%, respectively (Fig. S12). Such a strain pattern results in a distinct distribution of B along the

meridian ( Fig. 4 b and Fig. S11). The remarkable feature is the appearance of nearly constant B in the region of s ≤ 3.1 nm,

where B ranges from 16.9 to 18.6 T ( B near the cone’s bottom is shaded due to the edge effect). This distribution of B is more

uniform than that induced by vertical compression, even if fluctuation remains along the θ direction. Eq. (10) also shows

that increasing α can further enhance the intensity of B . The numerical results are verified by MD simulation (Figs. S12 and

S13). Increasing the pressure P further enhances the intensity of B , but the effect of cone’s ends is more significant. The

cone will adopt a shape with cambered meridians once P exceeds 1 GPa (Fig. S14), resulting in a large discrepancy between

the results from the full shell theory and MD simulation (Figs. S12 and S13). 

Having realized a constant B along the meridian, we proceed by suggesting two ways to restrict its fluctuation in the θ
direction. One way is to use a cone with α < 9.5 ° (i.e. �> 5 π /3), which narrows the B distribution along the θ direction to

be less than half a period, ending up the same sign of B across the whole cone. The other way is to make a hybrid cone

comprised of graphene and h-BN sectors as shown in Fig. 4 c, which should be feasible to synthesize by current experimental

techniques, notably by employing methods of growing graphene–BN heterostructures ( Gao et al., 2013; Han et al., 2013; Kim

et al., 2015; Liu et al., 2014 ) yet using a conic substrate ( Yu et al., 2017 ). Under inflation, such a hybrid cone is benefited by

the similar mechanical properties between graphene and h-BN ( Nag et al., 2010; Wu et al., 2013 ). Since the h-BN sector is

insulating, B is confined in the graphene sector, with a distribution controlled by varying the sector angle ψ gr . According to

Eq. (3) , B can have the same sign in the graphene sector as long as ψ gr ≤π /3. This result is conceptually demonstrated in a

compressed truncated hybrid cone (Fig. S15) and an inflated hybrid cone without truncation ( Fig. 4 d), both with ψ gr = π /3.

The inflated hybrid cone shows a uniform distribution of B all the way up to the apex. Yet, owing to the imposed clamped

condition by substrate, B undergoes a sharp increase near the cone’s bottom (Fig. S10), which is shaded in grey as well. 
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We also check the case of hydrostatic compression for a pristine CNC and obtain similar distributions of ε s , ε θ and B

except that their signs turn opposite (Fig. S16). Nevertheless, the hydrostatic compression readily causes a structural buckling

in the CNCs, with a critical pressure of only ∼0.4 GPa by Eq. (16) for the cone shown in Fig. 4 a. As such, the intensity of

induced p -mag fields is limited to several Tesla. 

Unlike simulations, realizing an inflated CNC requires to fill the cone with gas molecules (e.g. N 2 or Ar) in experiments.

To examine possible effect of molecules, we perform density functional theory (DFT) calculations ( Kresse and Furthmüller,

1996; Perdew et al., 1996 ) and find that the band structures of graphene are little affected by adsorbed N 2 or Ar (Fig. S19).

Moreover, the strain gradient can be persisted in the cone by the pressure of molecules. The coexistence of strain gradient

and Dirac fermion will ensure the appearance of p -mag fields in the cone inflated with chemically inert gas molecules. 

5. Conclusions 

In summary, our extensive continuum analyses and atomistic simulations have shown that CNCs exhibit peculiar coupling

between mechanical strain and charge carriers, resulting in extreme p -mag fields. The fields reach hundreds of Tesla under

a vertical strain of merely ∼2%, in contrast to other carbon nanostructures that require tensile strains up to ∼15% to achieve

the same order of field strength. The field decays along the meridians while fluctuates periodically along the circumference.

The distribution and intensity of the fields can be tailored by varying the cone’s geometry. Alternatively, the decay of p -mag

fields in the meridian can be suppressed by applying a hydrostatic pressure, while the field fluctuation along the circum-

ference can be engineered using a hybrid cone comprised of graphene and h-BN sectors. As an easy-to-obtain material, the

CNCs hold great promise for generating p -mag fields in a cost-effective way and provide a new platform for exploring carrier

dynamics in extremely strong magnetic fields. 
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