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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

s.'=13] The microwave absorbing

physical propertie
ability of CN'T materials has been extensively explored
for potential applications in microwave shielding or
absorbing materials.l'*=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.!~171 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 Hy in CNTs.['6:17 Tt has also been shown

that the condensing capacity of hydrogen in CNTs
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increases with rising pressure and dropping tempera-
ture. The doping is favorable for hydrogen adsorption
in CNTs.[29-35] The adsorption quantity of hydrogen
in HiPco CNTs is in the range of 0.43-0.90 wt.% at
room temperature®0 38 and can rise to ~ 2.5 wt.% at
77 K.[38) Under microwave irradiation, the hydrogen
can form plasma.l39—*1] Microwave interaction with
HiPco CNTs under high vacuum (~ 1075 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.l'®) 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.9:20]

An external static magnetic field can be used
to effectively improve the physical properties of
CNTs.[*243] 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:

V x E = —iwB, (1)
VxB= iw§r€0ﬂru0E, (2)

where w is the angular frequency, and &, and fi, 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

o
& =e, —iel i
where o is the direct-current (dc) conductivity of the
medium.
The resulting wave equation is
2 jiy O°F
 Eefix

2
V°E ERETR (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(1¢*=%%) then the solution of Eq. (4) is

E(z) = Egeliwt=Fo), (5)
The k is a complex propagation constant given by

= n/grﬁr% =l + ik, (6)

where the real part &, of the complex wave number
k represents the propagation speed of the phasefront,
and the imaginary part k; 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 By, the relative complex permittivity &, for the
plane wave propagating through the plasma in CNTs
at an arbitrary incidence angle is derived using the
Appleton-Hartree formulal*4! as

2 2 i 2
- 14 Z V2 sin
Er = —p{[l—le— < ¢ ]

v 22 —vi-ivyw)

vtsin ¢ 2

y 1/2 —1
+ < cos? 7
[4(V2 — 12 — iver)? t e 4 } (0
where v is the frequency of the incident electromag-

netic wave, v, = (1/27)\/nee?/egme is the hydro-

gen plasma frequency (n. is the free electron den-

sity of the hydrogen plasma. m, and e are the mass
and the charge of the electron, respectively), v, is
the electronic effective collision frequency of the hy-
drogen plasma, the order of magnitude of v, is usu-
ally 10°-10'' Hz based on the empirical value, v, =
(e/2mme) By is the electron gyrofrequency (Bp is the
magnetic induction intensity of the static background
magnetic field), and ¢ 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

r= /(2 = 12) + ()2, (8)

2 _ 52
14 1/p

01 = tgil + 2]'{117T, (9)

the following equations are obtained

1 . _ . .
T = (me)Th=rile™ ™ (10)
b e
1 10\ — —2 _—i20
(V2—1/2—iyy)2 :(7'181 1) 2:’1"1 e i2 1 (11)
P [S]

For the right-hand polarization wave, from Egs. (7) ,
(10), and (11), we have

2 2 2
. v U, visin“¢ _{ _;
Sr:]_—p{|:1—le—c rite ‘91}

V2 v 2
4 o4 2 1/2y —1
v, sin™ ¢ ; v,
c -2 —i26, c 2
—|———r] e + — cos” ¢
2 2 12
_W | _vesin o
V2 v 2 !

x (cos 61 — isin 91)]
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A
- {CSZIQS T 2(cos20; — isin26,)
2 1/24 -1
—|—V—‘;cos2 (;S] } , (12)
where
4 2 1/2
[mrf2(cos 201 — isin26,) + V—Cz cos® ¢
4 v
4
= [1/5;11(;5 cos 260, —|— cos 1)
4 1/2
- %n(brl_2 sin 201} . (13)
Set
4 2 2
ro = |:(VSZI¢ cos 20 + —5 COS q[))
44 2 1/2
+ (Vcbzl(br;?sin%) } : (14)
4
. 7y i ¢7f2 sin 26,
02 = tg~ 1 2
w T2 cos20; + V—cos2¢
By using Egs. (14) and (15), equation (13) becomes
4 2 1/2
[Vszl(brlQ(cos 201 — isin26,) + % cos? ¢
0 0
= r;/z(cos;—i—isin;). (16)

By substituting Eq. (16) into Eq. (12
equation is obtained

), the following

V2 visin? ¢ _ 1/2 P
=1- 1/2[1— —5 N ! cos 0, —7"2/ cos o
2
+1<Vc+vsm<¢1 sin g,
v 2
9.\ 7!
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2 05\ 2
r3 = {(1—Vsm¢rllcosﬂl—ré/20052>
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0.\ 271/2
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2
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93 - tg 2 2
visin®¢ _, 0 1/2 0
— =51 cosbh—ry’"cos —

+ 2k, (19)

From Egs. (17)—(19), the equivalent relative complex
permittivity of the hydrogen plasma in the CNT film
under the static magnetic field can be obtained as

v 2

2
S =1-— 0 0 20
5 2 r3 ! cos 3+1y 75 ' sin 6. (20)

At a certain wavelength A, the electromagnetic
wave absorption coefficient « for the normal incidence
into a thin semitransparent film of thickness d can be

determined by
a=-——.

Taking into account & = k2, from Eqgs. (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:

_ Anmd [(6/3 +e"?)1/2 —s’r}l/z

A 2
2V2mdy Vo 2 2 i
== [(1 + —aTs T a3 cos 03
2 1/2
+ %r;l cos 03 — 1} , (22)
v

where d is the thickness of the CNT film.
Commonly, the free electronic density in plasma

is 1017-102° m

sorption content of HiPco CNTs and the mass of the

145,46] Considering the hydrogen ad-

hydrogen plasma divided by the total mass of hydro-
gen under the microwave irradiation, we take ne to be
of the order of 10'7 m—3

3. Results and discussion

For different external magnetic field intensities,
the microwave absorption coefficients of the hydrogen
plasma embedded inside HiPco CNT's have been calcu-
lated based on Egs. (8), (9), (14), (15), (18), (21), and
(22) in the frequency range from 0.3 GHz to 30.0 GHz.
For ne = 1.181 x 10" m—3, v, = 22.0 GHz, and ¢ = 0,
it can be seen in Fig. 1 that when v. = 2.0 GHz,
the maximum absorption coefficient ap,ax is 16.71 at
v = 2.60 GHz. When v, = 0 GHz, v, = 12.0 GHz,
and v, = 22.0 GHz, amax is 16.65, 14.98, and 12.06
at v, 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 v, is changed from
0 GHz to 2.0 GHz, ap,ay is increased by 0.36%. How-
ever, when v, is changed from 2.0 GHz to 22.0 GHz,
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Omax 18 Teduced by 27.78%. For v, = 12.0 GHz and

v, = 22.0 GHz, two absorption peaks are observed in

each case.
V.= 0
16FH T~ T~ e v.=2.0 GHz 4
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Fig. 1. (colour online) Microwave absorption coeffi-

cients of hydrogen plasma in CNT film versus v under
a static magnetic field for different values of v, where
ne = 1.181 x 1017 m—3, v, = 22.0 GHz, and ¢ = 0.

Figure 2 shows the dependence of the microwave
absorption coefficient of hydrogen plasma in CNTs on
¢ for different incident microwave frequencies, where
ne = 1.181 x 101" m™3, v, = 22.0 GHz, and v, =
22.0 GHz. When v = 4.18 GHz, the maximum ab-
sorption coefficient ayax is 26.32 at ¢, equaling 1.24
(or 1.90) rad, and « is more than 20 in the ¢ range
of 0.95-2.19 rad, i.e., the ¢ width of the absorption
It is found that the

specified frequency microwave (such as 4.18 GHz) can

coefficient over 20 is 1.24 rad.

be strongly absorbed by the hydrogen plasma in HiPco
CNTs with a wide range of incidence angles. When
v = 3.08 GHz and 4.08 GHz, aax is 25.17 and 26.24
at ¢, equaling 1.18 (or 1.96) rad and 1.23 (or 1.91)
When v < 4.18 GHz, two sym-

metric absorption peaks relative to ¢ = w/2 are ob-

rad, respectively.

served for each microwave frequency. The absorption
The the-

oretical curves show an inflexion frequency of about

peaks approach ¢ = 7/2 as v increases.

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
v is changed from 3.08 GHz to 4.18 GHz, auax is in-
creased by 4.57%. When v is close to 4.28 GHz, the
absorption coefficient does not increase but decreases
suddenly when the incident microwave frequency in-
creases. For v = 4.28 GHz, no absorption peak is

found, and the absorption coefficient « is less than 12.

28 - :
v=3.08 GHz
———-v=4.08 GHz -
—-——-v=4.18 GHz
24t v=4.28 GHz
o 4
S 20r 1
@
2
2 4
2
< 16} 1
< -
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Fig. 2. (colour online) Microwave absorption coeffi-

cients of hydrogen plasma in CNT film versus ¢ under a
static magnetic field for different values of v, where ne =
1.181 x 107 m—3, v = 22.0 GHz, and v, = 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 n, = 1.181 x 10'7 m—3,
Ve = 22.0 GHz, and ¢ = 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 v, = 12.0 GHz and
v, = 22.0 GHz, two absorption peaks are observed in
each case, which favor the microwave absorption of
the material.

For ne = 1.181 x 10'" m—3, v, = 22.0 GHz, and
ve = 22.0 GHz, when ¢ < 4.18 GHz, two symmet-
ric absorption peaks are observed for each microwave
frequency. When v = 4.18 GHz, the maximum ab-
sorption coefficient aax 18 26.32, and the ¢ 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
v. = 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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