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The effects of a static magnetic field on the microwave

absorption of hydrogen plasma in carbon nanotubes:

a numerical study∗
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We theoretically investigate the microwave absorption properties of hydrogen plasma in iron-catalyzed high-

pressure disproportionation-grown carbon nanotubes under an external static magnetic field in the frequency range

0.3 GHz to 30 GHz, using the Maxwell equations in conjunction with a general expression for the effective complex

permittivity of magnetized plasma known as the Appleton–Hartree formula. The effects of the external static magnetic

field intensity and the incident microwave propagation direction on the microwave absorption of hydrogen plasma in

CNTs are studied in detail. The numerical results indicate that the microwave absorption properties of hydrogen plasma

in iron-catalyzed high-pressure disproportionation-grown carbon nanotubes can be obviously improved when the exter-

nal static magnetic field is applied to the material. It is found that the specified frequency microwave can be strongly

absorbed by the hydrogen plasma in iron-catalyzed high-pressure disproportionation-grown carbon nanotubes over a

wide range of incidence angles by adjusting the external magnetic field intensity and the parameters of the hydrogen

plasma.
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1. Introduction

Carbon nanotubes (CNTs) have attracted much

attention in recent years because of their one-

dimensional nanostructure and unique chemical and

physical properties.[1−13] The microwave absorbing

ability of CNTmaterials has been extensively explored

for potential applications in microwave shielding or

absorbing materials.[14−34] The experimental data

show that intrinsic CNTs display weak absorption

to microwaves, but iron-catalyzed high-pressure dis-

proportionation (HiPco) grown CNTs exhibit strong

microwave absorption (around 2.45 GHz) with sub-

sequent dramatic light emission and intense heat re-

lease in ultrahigh vacuum.[14−17] Some studies have

been carried out to understand the possible microwave

absorption mechanisms of HiPco CNTs.[14−25] The

available research data indicate that the microwave

absorption is related to the thermal activation re-

lease of H2 in CNTs.[16,17] It has also been shown

that the condensing capacity of hydrogen in CNTs

increases with rising pressure and dropping tempera-

ture. The doping is favorable for hydrogen adsorption

in CNTs.[20−35] The adsorption quantity of hydrogen

in HiPco CNTs is in the range of 0.43–0.90 wt.% at

room temperature[36–38] and can rise to ∼ 2.5 wt.% at

77 K.[38] Under microwave irradiation, the hydrogen

can form plasma.[39−41] Microwave interaction with

HiPco CNTs under high vacuum (∼ 10−6 Torr) gener-

ates highly ionized hydrogen plasma. Since the plasma

strongly couples with the microwave radiation, it pro-

vides an independent mechanism for absorbing the mi-

crowave energy.[16] Our group has investigated the mi-

crowave absorbing properties of non magnetized hy-

drogen plasma in CNTs by using double-fluid the-

ory and the Wentzel–Kramers–Brillouin (WKB) ap-

proximation. It was theoretically revealed that the

strong microwave absorption of HiPco CNTs is pre-

dominantly caused by the collisional absorption of

the charge particle in the hydrogen plasma of HiPco

CNTs. The strong microwave absorption (around

2.45 GHz) by HiPco CNTs has been well explained
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by our theory.[19,20]

An external static magnetic field can be used

to effectively improve the physical properties of

CNTs.[42,43] The objective of this work is to inves-

tigate in detail the microwave absorbing properties of

hydrogen plasma in CNTs under an external static

magnetic field, particularly the influences of the an-

gle between the microwave propagation direction and

the static background magnetic field direction on the

microwave absorption of hydrogen plasma in CNTs.

It is assumed that the density distribution of the free

electron of hydrogen plasma in CNTs is homogeneous,

and the sample is an absorbing isotropic material. The

theoretical results show that the influences of external

magnetic field intensity and the incident wave propa-

gation direction on the microwave energy absorption

are very significant.

2. Theoretical model

Under normal conditions, a plane wave propagat-

ing in a lossy medium, such as the plasma, obeys the

following Maxwell’s equations:

∇×E = −iωB, (1)

∇×B = iωε̃rε0µ̃rµ0E, (2)

where ω is the angular frequency, and ε̃r and µ̃r are

the relative complex permittivity and permeability, re-

spectively.

Generally, the optical and dielectric properties of

an absorbing isotropic medium, such as the plasma in

CNTs, can be characterized by the relative complex

permittivity

ε̃r = ε′r − iε′′r = ε′r − i
σ

ωε0
, (3)

where σ is the direct-current (dc) conductivity of the

medium.

The resulting wave equation is

∇2E =
ε̃rµ̃r

c2
∂2E

∂t2
, (4)

where c is the speed of light. We assume that the mi-

crowave traveling along the nanotube’s x axis has a

phase factor e(iωt−k̃x), then the solution of Eq. (4) is

E(x) = E0 e
(iωt−k̃x). (5)

The k̃ is a complex propagation constant given by

k̃ = i
√
ε̃rµ̃r

ω

c
= kr + iki. (6)

where the real part kr of the complex wave number

k̃ represents the propagation speed of the phasefront,

and the imaginary part ki reflects the attenuation ab-

sorption in the process of microwave propagation in

the hydrogen plasma of CNTs.

In the presence of an additional uniform magnetic

field B0, the relative complex permittivity ε̃r for the

plane wave propagating through the plasma in CNTs

at an arbitrary incidence angle is derived using the

Appleton–Hartree formula[44] as

ε̃r = 1−
ν2p
ν2

{[
1− i

νe
ν

− ν2c sin
2 ϕ

2(ν2 − ν2p − iνeν)

]
±
[

ν4c sin
4 ϕ

4(ν2 − ν2p − iνeν)2
+

ν2c
ν2

cos2 ϕ

]1/2}−1

, (7)

where ν is the frequency of the incident electromag-

netic wave, νp = (1/2π)
√
nee2/ε0me is the hydro-

gen plasma frequency (ne is the free electron den-

sity of the hydrogen plasma. me and e are the mass

and the charge of the electron, respectively), νe is

the electronic effective collision frequency of the hy-

drogen plasma, the order of magnitude of νe is usu-

ally 109–1011 Hz based on the empirical value, νc =

(e/2πme)B0 is the electron gyrofrequency (B0 is the

magnetic induction intensity of the static background

magnetic field), and ϕ is the angle of electromagnetic

wave propagation with respect to the external static

background magnetic field. The ± correspond to the

left- and the right-hand polarization waves, respec-

tively. By setting

r1 =
√

(ν2 − ν2p)
2 + (νeν)2, (8)

θ1 = tg−1 −νeν

ν2 − ν2p
+ 2k1π, (9)

the following equations are obtained

1

ν2 − ν2p − iνeν
= (r1 e

iθ1)−1 = r−1
1 e−iθ1 , (10)

1

(ν2 − ν2p − iνeν)2
= (r1 e

iθ1)−2 = r−2
1 e−i2θ1 . (11)

For the right-hand polarization wave, from Eqs. (7) ,

(10), and (11), we have

ε̃r = 1−
ν2p
ν2

{[
1− i

νe
ν

− ν2c sin
2 ϕ

2
r−1
1 e−iθ1

]
−
[
ν4c sin

4 ϕ

4
r−2
1 e−i2θ1 +

ν2c
ν2

cos2 ϕ

]1/2}−1

= 1−
ν2p
ν2

{[
1− i

νe
ν

− ν2c sin
2 ϕ

2
r−1
1

× (cos θ1 − i sin θ1)

]
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−
[
ν4c sin

4 ϕ

4
r−2
1 (cos 2θ1 − i sin 2θ1)

+
ν2c
ν2

cos2 ϕ

]1/2}−1

, (12)

where[
ν4c sin

4 ϕ

4
r−2
1 (cos 2θ1 − i sin 2θ1) +

ν2c
ν2

cos2 ϕ

]1/2
=

[
ν4c sin

4 ϕ

4
r−2
1 cos 2θ1 +

ν2c
ν2

cos2 ϕ

− i
ν4c sin

4 ϕ

4
r−2
1 sin 2θ1

]1/2
. (13)

Set

r2 =

[(
ν4c sin

4 ϕ

4
r−2
1 cos 2θ1 +

ν2c
ν2

cos2 ϕ

)2

+

(
ν4c sin

4 ϕ

4
r−2
1 sin 2θ1

)2]1/2
, (14)

θ2 = tg−1

 −ν4c sin
4 ϕ

4
r−2
1 sin 2θ1

ν4c sin
4 ϕ

4
r−2
1 cos 2θ1 +

ν2c
ν2

cos2 ϕ


+2k2π. (15)

By using Eqs. (14) and (15), equation (13) becomes[
ν4c sin

4 ϕ

4
r−2
1 (cos 2θ1 − i sin 2θ1) +

ν2c
ν2

cos2 ϕ

]1/2
= r

1/2
2

(
cos

θ2
2

+ i sin
θ2
2

)
. (16)

By substituting Eq. (16) into Eq. (12), the following

equation is obtained

ε̃r = 1−
ν2p
ν2

[
1− ν2c sin

2 ϕ

2
r−1
1 cos θ1 − r

1/2
2 cos

θ2
2

+ i

(
− νe

ν
+

ν2c sin
2 ϕ

2
r−1
1 sin θ1

− r
1/2
2 sin

θ2
2

)]−1

. (17)

We set

r3 =

[(
1− ν2c sin

2 ϕ

2
r−1
1 cos θ1 − r

1/2
2 cos

θ2
2

)2

+

(
− νe

ν
+

ν2c sin
2 ϕ

2
r−1
1 sin θ1

− r
1/2
2 sin

θ2
2

)2]1/2
, (18)

θ3 = tg−1

−νe
ν

+
ν2c sin

2 ϕ

2
r−1
1 sin θ1 − r

1/2
2 sin

θ2
2

1− ν2c sin
2 ϕ

2
r−1
1 cos θ1 − r

1/2
2 cos

θ2
2



+2k3π. (19)

From Eqs. (17)–(19), the equivalent relative complex

permittivity of the hydrogen plasma in the CNT film

under the static magnetic field can be obtained as

ε̃r = 1−
ν2p
ν2

r−1
3 cos θ3 + i

ν2p
ν2

r−1
3 sin θ3. (20)

At a certain wavelength λ, the electromagnetic

wave absorption coefficient α for the normal incidence

into a thin semitransparent film of thickness d can be

determined by

α =
4πkid

λ
. (21)

Taking into account ε̃r = k̃2, from Eqs. (3), (6), and

(21), we obtain the following expression for the mi-

crowave absorption coefficient of the hydrogen plasma

in the CNT film under the static magnetic field:

α =
4πd

λ

[
(ε′

2
r + ε′′

2
r )

1/2 − ε′r
2

]1/2
=

2
√
2πdv

c

[(
1 +

ν4p
ν4

r−2
3 −

2ν2p
ν2

r−1
3 cos θ3

)1/2

+
ν2p
ν2

r−1
3 cos θ3 − 1

]1/2
, (22)

where d is the thickness of the CNT film.

Commonly, the free electronic density in plasma

is 1017–1020 m−3.[45,46] Considering the hydrogen ad-

sorption content of HiPco CNTs and the mass of the

hydrogen plasma divided by the total mass of hydro-

gen under the microwave irradiation, we take ne to be

of the order of 1017 m−3.

3. Results and discussion

For different external magnetic field intensities,

the microwave absorption coefficients of the hydrogen

plasma embedded inside HiPco CNTs have been calcu-

lated based on Eqs. (8), (9), (14), (15), (18), (21), and

(22) in the frequency range from 0.3 GHz to 30.0 GHz.

For ne = 1.181×1017 m−3, νe = 22.0 GHz, and ϕ = 0,

it can be seen in Fig. 1 that when νc = 2.0 GHz,

the maximum absorption coefficient αmax is 16.71 at

ν = 2.60 GHz. When νc = 0 GHz, νc = 12.0 GHz,

and νc = 22.0 GHz, αmax is 16.65, 14.98, and 12.06

at ν, equaling 2.45 GHz, 11.3 GHz, and 21.7 GHz, re-

spectively. Obviously, the maximum absorption peak

shifts towards the high frequency with the electron

gyrofrequency increasing. When νc is changed from

0 GHz to 2.0 GHz, αmax is increased by 0.36%. How-

ever, when νc is changed from 2.0 GHz to 22.0 GHz,
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αmax is reduced by 27.78%. For νc = 12.0 GHz and

νc = 22.0 GHz, two absorption peaks are observed in

each case.
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Fig. 1. (colour online) Microwave absorption coeffi-

cients of hydrogen plasma in CNT film versus ν under

a static magnetic field for different values of νc, where

ne = 1.181× 1017 m−3, νe = 22.0 GHz, and ϕ = 0.

Figure 2 shows the dependence of the microwave

absorption coefficient of hydrogen plasma in CNTs on

ϕ for different incident microwave frequencies, where

ne = 1.181 × 1017 m−3, νe = 22.0 GHz, and νc =

22.0 GHz. When ν = 4.18 GHz, the maximum ab-

sorption coefficient αmax is 26.32 at ϕ, equaling 1.24

(or 1.90) rad, and α is more than 20 in the ϕ range

of 0.95–2.19 rad, i.e., the ϕ width of the absorption

coefficient over 20 is 1.24 rad. It is found that the

specified frequency microwave (such as 4.18 GHz) can

be strongly absorbed by the hydrogen plasma in HiPco

CNTs with a wide range of incidence angles. When

ν = 3.08 GHz and 4.08 GHz, αmax is 25.17 and 26.24

at ϕ, equaling 1.18 (or 1.96) rad and 1.23 (or 1.91)

rad, respectively. When ν ≤ 4.18 GHz, two sym-

metric absorption peaks relative to ϕ = π/2 are ob-

served for each microwave frequency. The absorption

peaks approach ϕ = π/2 as ν increases. The the-

oretical curves show an inflexion frequency of about

4.18 GHz. The absorption coefficient has a positive

correlation with the incident microwave frequency be-

fore the inflexion frequency and the absorption coef-

ficient dependence reverses after the inflexion. When

ν is changed from 3.08 GHz to 4.18 GHz, αmax is in-

creased by 4.57%. When ν is close to 4.28 GHz, the

absorption coefficient does not increase but decreases

suddenly when the incident microwave frequency in-

creases. For ν = 4.28 GHz, no absorption peak is

found, and the absorption coefficient α is less than 12.
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Fig. 2. (colour online) Microwave absorption coeffi-

cients of hydrogen plasma in CNT film versus ϕ under a

static magnetic field for different values of ν, where ne =

1.181× 1017 m−3, νe = 22.0 GHz, and νc = 22.0 GHz.

4. Conclusions and discussion

We develop a theoretical model for the microwave

absorption of hydrogen plasma in HiPco CNTs un-

der an external static magnetic field. The effects of

the external magnetic field intensity and the angle of

microwave propagation with respect to the external

magnetic field direction on the microwave absorption

are discussed in detail. For ne = 1.181 × 1017 m−3,

νe = 22.0 GHz, and ϕ = 0, the numerical results in-

dicate that as the external magnetic field intensity

increases, the maximum absorption peak shifts to-

wards the high frequency. When νc = 12.0 GHz and

νc = 22.0 GHz, two absorption peaks are observed in

each case, which favor the microwave absorption of

the material.

For ne = 1.181 × 1017 m−3, νe = 22.0 GHz, and

νc = 22.0 GHz, when ϕ ≤ 4.18 GHz, two symmet-

ric absorption peaks are observed for each microwave

frequency. When ν = 4.18 GHz, the maximum ab-

sorption coefficient αmax is 26.32, and the ϕ width of

the absorption coefficient over 20 is 1.24 rad.

It is concluded that the microwave absorption

properties of the material can be obviously improved

when an external static magnetic field is applied to

the plasma in CNTs. It is theoretically found that

the specified frequency microwave can be strongly ab-

sorbed by the hydrogen plasma in HiPco CNTs over a

wide range of incidence angles by adjusting the exter-

nal magnetic field intensity and the parameters of the

hydrogen plasma. In addition, it can be noted that

when no external magnetic field presents (by setting

νc = 0), the absorption coefficient in Eq. (22) reduces

to the absorption Eq. (28) in Ref. [31], which is in

good agreement with the experimental result.
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Portorož, Slovenia

[17] Anand A, Roberts J A, Naab F, Dahiya J N, Holland O

W and Mc-Daniel F D 2005 Nucl. Instrum. Methods B

241 511

[18] Ye Z, Deering W D, Krokhin A and Roberts J A 2006

Phys. Rev. B 74 075425

[19] Peng Z, Peng J and Ou Y 2006 Phys. Lett. A 359 56

[20] Peng Z, Peng J, Peng Y, Ou Y and Ning Y 2008 Physica

E 40 2400

[21] Babaei S and Solari M S 2008 J. Appl. Phys. 104 124315

[22] Moradi A 2010 J. Appl. Phys. 107 066104

[23] Tooski S B 2009 Phys. Plasmas 16 103302

[24] Babaei S 2009 J. Phys. D: Appl. Phys. 42 085402

[25] Tooski S B 2010 J. Appl. Phys. 107 034315

[26] Peng Z, Peng J, Peng Y, Ou Y and Ning Y 2008 Phys.

Lett. A 372 3714

[27] Peng Z, Peng J, Peng Y and Wang J 2008 Chin. Sci. Bull.

53 3497

[28] Che R, Peng L and Duan X 2004 Adv. Mater. 16 401

[29] Zhao D L, Li X and Shen Z M 2008 Mater. Sci. Eng. B

150 105

[30] Roberts J A, Imholt T and Ye Z 2004 J. Appl. Phys. 95

4352

[31] Xiang C, Pan Y and Liu X 2005 Appl. Phys. Lett. 87

123103

[32] Kim K H, Kim Y A and Yamaguchi M 2006 J. Magn.

Magn. Mater. 302 232

[33] Zhu H, Lin H and Guo H 2007 Mater. Sci. Eng. B 138

101

[34] Zhang H, Zeng G, Ge Y, Chen T and Hu L 2009 J. Appl.

Phys. 105 054314

[35] Liu X Y, Wang C Y, Tang Y J, Sun W G, Wu W D, Zhang

H Q, Liu M, Yuan L and Xu J J 2009 Acta Phys. Sin. 58

1126 (in Chinese)

[36] Kajiura H, Tsutsui S, Kadono K, Kakuta M and Ata M

2003 Appl. Phys. Lett. 82 1105

[37] Lawrence J and Xu G 2004 Appl. Phys. Lett. 84 918

[38] Pradhan B K, Harutyunyan A R, Eklund P C, Goto H

and Fujiwara J 2002 Annual APS March Meeting, March

18–22, 2002 Indianapolis, USA

[39] Chen C K, Wei T C, Collins L R and Phillips J 1999 J.

Phys. D: Appl. Phys. 32 688

[40] Vinckier C and Cappan K 2003 Chem. Phys. Chem. 4

1323

[41] Kazuo T, Ryousuke I, Masaki T, Takafumi I, Chihiro S,

Go M, Tatsuo S and Shoichi O 2004 J. Plasma Fusion

Res. Ser. 6 516

[42] Zheng L W, Hu L Q, Xiao X J, Yang F, Lin H and Guo

T L 2011 Acta Phys. Sin. 60 128502 (in Chinese)

[43] Liu H and Yin H J 2009 Acta Phys. Sin. 58 3287 (in

Chinese)

[44] Heald M A and Wharton C B 1978 Plasma Diagnostics

with Microwaves (1st edn.) (New York: Robert E. Krieger

Publishing Company) p. 452

[45] Akhtar K, Scharer J E, Tysk S M and Kho E 2003 Rev.

Sci. Instrum. 74 996

[46] Xia G Q, Xue W H, Chen M L, Zhu Y and Zhu G Q 2011

Acta Phys. Sin. 60 015201 (in Chinese)

078102-5


