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ABSTRACT 

We have studied magnetostatic waves excited 
and received by carbon nanotubes in the 
high-frequency band-pass filter on yttrium iron 
garnet (YIG). First, we have analyzed dispersion 
curves of magnetostatic waves in YIG based upon 
the magnetostatic approximation method. We have 
studied the characteristics of the band-pass filter 
where the high-frequency current flowing on 
single-wall CNTs may excite and receive directly 
magnetostatic waves in the ferrite film beneath 
them. Next, we have studied the device where the 
current is flowing on bundle CNTs. It is found that 
band-pass filter characteristics, such as the insertion 
loss (IL), the center frequency (f0), and bandwidth 
(BW) are significantly controlled by both the 
chirality of the CNTs and the numbers of CNTs in 
the bundle CNTs. On these results, we have 
proposed a novel ferrite device which may work to 
discriminate the chirality of CNTs and the numbers 
of CNTs in a bundle CNT. In this device, the 
chirality or the number of CNTs in a bundle CNT 
may be measured by means of the band-pass 
characteristics via the wavelength of the operating 
magnetostatic waves. 
 
I. INTRODUCTION  
Many types of magnetostatic wave devices have 

been reported as small microwave devices such as 
delay lines, filters, and oscillators, where operating 
wavelength is ranging from 10-5 m to 10-8 m [1, 2]. 
Their operating frequency depends on the 
dimension of electrodes to excite magnetostatic 
waves and it is restricted within fabrication 
accuracy. On the other hand, since the discovery of 
carbon nanotubes (CNTs) [3], the properties of 
CNTs have attracted much interest due to their 
unique structures and promising electrical 
properties. Especially the diameters of CNTs can be 

easily controlled as small as several nanometers. In 
addition, the great advantage of CNTs over 
conventional materials is that they have ballistic 
conductivities and diameter control can be achieved 
by means of self-organization. As an application to 
make use of the characteristics, we investigate the 
High-Frequency (HF) filters using CNTs for 
electrodes to excite magnetostatic waves in ferrite 
devices. Compared with the case of the HF filters 
with conventional metal-electrodes [1, 2], the CNT 
electrodes may improve the operating frequency up 
to THz region. As the operating frequency of such 
devices increases, we can realize devices which can 
handle more information than conventional ones. 

In this paper, we study magnetostatic waves 
excited and received by CNTs in yttrium iron 
garnet (YIG). We analyze dispersion curves of 
magnetostatic waves in YIG based upon the 
magnetostatic approximation method. It is found 
that, at the frequency in THz domain, magnetostatic 
waves propagate with wavelength as short as 
several nanometers. We study the band-pass filter 
characteristics of the YIG device where the 
high-frequency current flowing on single-wall 
CNTs, which are treated as cylindrical electrodes 
but reflecting the results of quantum transport 
analysis. The CNT electrodes may excite and 
receive directly magnetostatic waves in the ferrite 
film beneath them. 

In the following sections, we study the high 
frequency characteristics of the device based upon 
the magnetostatic approximation. The dispersion 
curves show the operating frequency is ranging 
from GHz region to THz, and the wavelength is 
ranging longer than a few nm. Then we analyze the 
filter characteristics of the device with single wall 
CNTs or with bundle CNTs. In order to excite and 
receive magnetostatic waves efficiently by high 
frequency current in CNTs, we may have to 
construct practical structures of CNTs to overcome 
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Fig.1. The schematic structure of the device:
Straight lines A-A' and B-B' coincide with the
axes of CNTs supplied with RFin and detected
RFout current, respectively. The line A-A' is
parallel to the line B-B' and distance between
them is v. 

attenuation of magnetostatic waves and to avoid 
other electromagnetic couplings between CNTs. 

In this paper, however, we treat the CNT as 
realistic quantum wire. It is found that band-pass 
filter characteristics, such as the insertion loss (IL), 
the band-pass center frequency (f0), and bandwidth 
(BW) are significantly controlled by both the 
chirality of the CNTs and the numbers of CNTs in a 
bundle CNT, which are used as electrodes. On 
these results, we propose a novel ferrite device, 
which will discriminate the chirality of CNTs and 
the numbers of CNTs in a bundle CNT. In this 
device, the chirality or the number of CNTs in a 
bundle CNT may be measured by means of the 
band-pass characteristics via the wavelength of the 
operating magnetostatic waves. In the final section, 
conclusions are summarized. 

 
II. A FERRITE DEVICE WITH 
SINGLE-WALL CARBON NANOTUBES  
A. Theoretical Analysis 

Consider a ferrite based HF filter using CNTs for 
electrodes to excite magnetostatic waves, whose 
schematic structure is shown in Fig. 1. The 
high-frequency current flowing through one 
single-wall CNT excites directly magnetostatic 
waves in a ferrite film and the other single-wall 
CNT receives them. Although the distance between 
the two electrodes v is not a parameter in our 
calculation, we may have to control v in practical 
structures of CNTs to overcome attenuation of 

magnetostatic waves and to avoid other 
electromagnetic couplings between CNTs. Fig. 2 
shows a cross-sectional view of the device model 
with a single-wall CNT, where r is radius of the 
CNT, and t is the thickness of YIG. We can grow 
CNTs in various processes. One of the processes 
provides good selectivity to control the 
single-walled CNT average diameter within 
angstrom accuracy. In the future, we will be able to 
grow CNTs not only with the selectivity but also in 
good accuracy of the growing position [4,5] to 
fabricate this kind of devices. 

When a bias magnetic field H0 is applied 
obliquely from x-axis of the angle φ (Fig. 1), 
magnetic permeability is expressed in the 
following tensor form (see Appendix B): 

      (1) 

where 
          (2) 

   (3) 

        (4) 

      (5) 
   (6) 

β is the propagation constant of magnetostatic 
waves, ω is angular frequency, γ is called the 
gyromagnetic ratio which is 1.759×1011 m2/Wbs, 
H0 is the bias magnetic field, M0 is the saturation 
magnetization, a is the lattice constant of YIG 
which is 1.238nm, and He corresponds to Weiss's 
molecular field [6], respectively. 

In the present simulation, current flow and 
displacement current are negligibly small 

compared to | |H∇× , where H is the magnetic 

field. Therefore we can adopt the magnetostatic 
approximation [2, 7, 8]. In the magnetostatic 
approximation, H is represented as the gradient of 
a magnetostatic potential ψ, namely 

 H ψ= −∇  

The magnetic flux density B is 0 ˆHµ µ . From  

 B 0∇ =i  
we can obtain an equation for ψ:  
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Fig. 2. A cross-sectional view of the schematic
device model with a single-wall CNT centering
around the line A-A' or B-B': The magnetostatic
wave is excited by the CNT (A-A') and received
by B-B' as shown in Fig. 1. In the cross section,
we apply the Boundary Conditions at the infinite
current points, normal (x) component of magnetic
flux density is continuous and tangential (y)
components of magnetic field and current are
continuous. The closed circles are current points
arranged at equal interval on a circle centered at
the origin of x and y coordinates. 

       (7) 

To solve this equation for our device configuration, 
we have sliced the region under consideration into 
2N pieces parallel to the y-axis as shown in Fig. 2. 
Then we can obtain ψ as follows: 

,    (8a) 

, (8b) 

 ,  (8c) 

           (8d) 

,  (8e) 

             (8f) 

, (8g) 

                (8h) 

    (8i) 

where the index of each ψ represents to be each 
region along the x-axis and t is the thickness of the 
YIG film as shown in Fig. 2. The subscript f stands 
for the YIG film and sub is the substrate. Ai and Bi 
(i=0, 1,…,2N) are amplitudes in i th air layer 
decaying toward + and - x directions, respectively. 
C and D are amplitudes in the YIG film 
propagating toward + and - x directions, 
respectively. E is amplitude in the substrate 
decaying toward -x direction. 
 Applying the continuity conditions of the normal 

(x) components of the magnetic flux density ( x

iB , 

i=0, 1, ...,2N, ,x x

f subB B ), tangential y components of 

the magnetic field ( , i=0, 1, ... ,2N, ,y y

f subH H ) and 

current density z

iJ , i=0, 1, ... ,2N as 

(9)  

The continuity conditions (9) are valid for the 
magnetostatic waves [2]. Substituting Eqs.(8) into 
Eqs.(9), we obtain the amplitude D in Eq.(8e) as  

      (10)  

where 

        (11)  

F and p will be shown in Eq. (13). All other 
amplitudes can be expressed in terms of D. For 
example, the amplitude C can be expressed as 

     (12)  

When we take F(ω, β) as a zero, it should be 
calculated for the next two cases. 
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1

(13a)  

(13b) 

where ( )3 2 1

1

2
x x xk k k= − . Although φ can be set any 

value, we set φ is zero throughout the paper for 
simplicity. CNTs with chiralities (n, 0) and (n, n) 
are called zig-zag and armchair types, respectively 
[9]. Since the current density is generally constant 
around the circumference of the single-wall CNT 
[10], it can be written as  

 (14a) 

 (14b) 

where I0 is the amplitude of the total current 
flowing through the CNT, δ(y)is the Dirac delta 
function. Then the amplitude D is expressed as 
follows using Bessel's integration formalism (see 
Appendix): 

       (15) 

From Eqs. (8) and (15), the magnetostatic potential 
ψ can be determined as a residue with the pole of 
F(ω, β).  
The electromagnetic power flowing different 

regions has been obtained using Poynting's 
theorem as 

  (16) 

where ψ* is the complex conjugate of ψ. From this 

power, the radiation resistance R±  is defined as 

          (17) 

where w is the length of the CNT electrodes. The 
insertion loss IL is basically defined as the ratio of 

the input power and the output one of the device. It 
is a figure of merit of the device which is expressed 
as 

 (18) 

In Eq. (18), Rg is the source resistance (50Ω). From 
the analysis of quantum transport in CNT [10], Rc 
is obtained as 1/2G0, where G0 is the quantum 

conductance 2e2/h. ( )R ω± in Eq. (18) includes 

only the 1st order standing wave along the 
thickness of the YIG film, respectively. Note that 
the quantum conductance is included in Eq. (18), 
since we have used CNT as excitation electrodes. 
The propagation loss, and the reactance of the 
CNTs are neglected for simplicity. We evaluate 
insertion loss as one of the characteristic values of 
the device. 
B. Numerical results 

Figure 3 shows the simulated dispersion curves 
of magnetostatic waves propagating in y-direction 
of the device. In Fig. 3, the angle φ is set to 0, the 
thickness of YIG is 10nm, µ0M0 is 0.17T, and µ0H0 
is 0.1T, respectively. The upper limit of the 
dispersion curves can be determined by the 
condition where the phase shift among each 
magnetization must be less than π. Then the 
operating frequency is limited less than 5THz. As 
the wavelength becomes 2.5nm, the operating 
frequency is 103 times as high as that in the present 
magnetostatic wave devices [1,2]. This high 
frequency operation can be achieved because 
Weiss's molecular field He strongly enhances the 
bias magnetic field. The solid line in Fig. 3 is a 
dispersion curve when µ0He is 46T [6]. The dotted 
dashed line and the broken line in Fig. 3 are the 
dispersion curves when µ0He is +/-10% larger than 
46T, respectively. 

Figure 4 shows the evidence in support of the 
validity of our calculation. We have applied our 
simulation model to a ferromagnetic material 
(nickel) and obtained the dispersion curves shown 
in Fig. 4. The solid line is obtained for the Weiss's 
molecular field of 317T [11], and the other two 
curves are for +/-10% larger field, respectively. The 
closed circles are reported experimental dispersion 
relation of the magnetostatic waves propagating in 
Ni [12]. Our results agree with the experimental 
results, although both the theoretical and 
experimental data are for Ni. Since our simulation 
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Fig. 3. Dispersion curves of the magnetostatic 
waves in THz domain excited in the YIG: Three 
dispersion curves are plotted. The solid line is 
obtained for Weiss's molecular field µ0He of 46T, 
and the other two curves are for +/-10 % larger 
field, respectively. 

Fig. 5. The frequency dependence of the insertion
loss IL for various n: When n=120, it is found that
f0=0.60THz and BW=0.19THz, respectively. When n=90,
45, and 30, we can find f0 and BW in the same way. 

Fig. 6. The chirality (n)-dependence of the center
frequency f0 and bandwidth BW of the device:
The f0 monotonously decreases as n increases,
whereas the BW becomes the maximum value as
n is near 50.

Fig. 4. Comparison of experimental dispersion
curves with those obtained from the present
simulation in Ni. 

is based on the same theory ([11] and Appendix B) 
for spin magnetization that can be equally applied 
to ferromagnetic materials, the magnetostatic 
waves can be also excited in YIG in the frequency 
range obeying the dispersion curves predicted in 
Fig. 3. In order to excite magnetostatic waves 
effectively in the device configuration shown in 
Fig. 1, the width or diameter of the excitation 
electrode must be precisely designed and fabricated 
shorter than the wavelength of the magnetostatic 
waves [7]. In our case, since the wavelengths are 
ranging from several to a hundred nm, CNT 
electrodes are suitable for the excitation of the 
magnetostatic waves in the similar way as realized 
in the conventional devices [2,7]. 

Figure 5 is the simulated frequency dependence 
of the insertion loss (IL). In this figure, we have 
assumed zig-zag type CNTs for the electrodes with 
the metallic chirality (n,0), where n=30, 45, 90, and 
120, respectively, and  w is 1µm. As seen, this 
device works as a high-frequency band-pass filter 

(BPF) in THz domain. Three characteristic values 
can be defined to specify the characteristics of this 
device: the minimum insertion loss ILmin, the center 
frequency f0, and the bandwidth BW where IL is 
less than ILmin +3dB. When n is 30, we obtain 
ILmin=24.1dB, f0=5.14THz, and BW=0.02THz 
(solid line), respectively. On the other hand, when 
n is 120, these values become ILmin =24.1dB, 
f0=0.61THz, and BW =0.19THz (broken line), 
respectively. 

Figure 6 shows the dependence of f0 and BW on 
the chirality n of the CNTs. From this figure, it is 
found that when n, in other words, the diameter of 
the CNT increases, operating wavelength becomes 
longer and f0 decreases. Taking the relationship 
between n and f0 into account, we can design the 
characteristics of the BPF by means of the diameter 
of the CNT. However, since the IL is too large for 
practical application, we will analyze the 
characteristics of the BPF with bundle CNTs in the 
next section to improve the IL characteristics. 
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Fig. 8. A cross-sectional view of the schematic 
device model with a bundle multi-wall CNT: 
The m2 CNTs, each of which is same as 
shown in Fig. 2, are aligned along x and y
directions, respectively. 

Fig. 7. The schematic structure of the device: The 
high-frequency current flowing through one 
bundle CNT excites directly magnetostatic waves 
in a ferrite film and the other bundle CNT 
receives them. Each bundle CNT consists of the 
m2 parts of the single-wall CNTs arranged along 
x and y directions, respectively. 

III. A FERRITE DEVICE WITH BUNDLE 
CARBON NANOTUBES 

A. Theoretical analysis of bundle carbon 
nanotubes 

We consider the schematic structure of the 
device with the bundle CNTs instead of single-wall 
CNTs for electrodes of the HF filter as shown in 
Fig. 7 in order to improve the performance. Figure 
8 shows a cross-sectional view of the device model 
with a bundle CNT, where r is the radius of each 
single-wall CNT, m is the numbers of CNTs along 
x and y-axes, respectively.  

Same as the previous section, to solve Eq. (7) for 
the device configuration, we have sliced the region 
into 2mN pieces parallel to the y-axis as shown in 
Fig. 8. Then we can obtain ψ in each slice as 
follows: 

 (19a) 

 (19b) 

 (19c) 

 (19d) 

 (19e) 

 (19f) 

             (19g) 

  (19h) 

where the index of each ψ represents each region 
along the x-axis in Fig. 8. 

Applying the same continuity conditions as in 
Eq. (9), we determine the amplitude D in Eq. (19e) 
as 

      (20) 

where Ji
z is given by the following equation instead 

of Eq. (14a).  

 (21) 

where 

 (22) 

The amplitude D is expressed as follows using 
Bessel's integration formalism same as the 
derivation of Eq. (15):  
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Fig. 10: The m-dependence of the minimum 
insertion loss ILmin: The ILmin monotonously 
increases as m increases. 

Fig. 11. The m-dependence of the f0 and BW: The 
f0 monotonously decreases as m increases, 
whereas the BW is almost independent of m. 

Fig. 12. The nm-dependence of the f0: The f0

monotonously decreases as the product nm
increases.

Fig. 9. The frequency dependence of the insertion
loss IL for various m: When m=50, it is found
that ILmin=9.0dB, f0=1.2THz and BW=0.4THz,
respectively. When m=20, 10, 5, 2, and 1, we can
find ILmin, f0, and BW in the same way. 

  (23) 

All other amplitudes can be expressed in terms 
of D. From Eqs. (19), and (23), the magnetostatic 
potential ψ can be obtained as a residue with the 
pole of F(ω, β). The electromagnetic power 
flowing in different regions, the radiation 
resistance , and the insertion loss IL are given 
by Eqs. (16), (17), and (18), respectively. In Eq. 
(18), Rc is given by 1/2m2G0 for the bundle CNT. 
Rg and other conditions are same as the case of 
single-wall CNT electrodes as shown in previous 
section. 
B. Numerical results 

Figure 9 shows the frequency dependence of the 
IL. In Fig. 9, the product of the chirality n and the 
numbers of the CNTs m is kept to be constant, that 
is nm=300. We assume the bundle zig-zag type 
CNTs have the metallic chirality (300/m, 0) with 
the parameter m=1, 10, 20, 50, respectively. When 
m=1, we have found ILmin=27.5dB and f0=4.4THz 

(solid line in Fig. 9). On the other hand, when 

m=50, it is found that ILmin =9.0dB and f0＝1.2THz 

(broken line in Fig. 9). Note that the insertion loss 
IL is significantly improved with the use of the 
bundle CNTs compared with the case of the 
single-wall CNT electrodes. 

Figure 10 shows the m-dependence of the ILmin. 
From this figure, it is found that when m and the 
dimension of the bundle CNT increase, ILmin 
becomes smaller. Because there is a relation 
between ILmin and impedance matching and the 
matching condition is improved by Rc in Eq. (18), 
we can improve both the IL and the impedance 
matching condition by using the bundle CNTs 
instead of single-wall CNTs. Figure 11 shows the 
m-dependence of f0. When m or the dimension of 
the bundle CNT increases, operation wavelength 
becomes longer and f0 decreases. But f0 is almost 
independent of m when m becomes larger than 20. 

Since we have kept the product nm to be constant 
(nm =300), the main reason of this m-dependence 
is that only CNTs on the surface of the YIG 
substrate efficiently excite the magnetostatic 
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waves, but on the other hand, CNTs far from the 
surface are less effective for the excitation. When 
the numbers m is less than 20, f0 strongly depends 
on m since each CNT has a large diameter and the 
excitation mainly occurs at the point of contact 
between each CNT and the YIG surface. On the 
other hand, as the number m becomes larger, the 
diameter of each CNT becomes smaller and the 
distance between each contact point becomes 
smaller. When m exceeds 20, the excitation occurs 
almost everywhere on the YIG surface because the 
distance between each contact point is less than 
1.2nm. Therefore, even when m becomes larger 
than 20, the characteristics do not change 
drastically. 

On the contrary, the product nm significantly 
affects the performance of the device. Figure 12 
shows the nm dependence of the f0. The product nm 
has the obvious relations with the f0 and we can 
design the characteristics of the BPF by means of 
dimension of the bundle CNT. Reversely, these 
characteristics enable us to discriminate nm by 
measuring the ILmin, f0, and BW of the BPF. The 
BPF with the bundle CNTs has the relationship 
between n and f0 due to the same reason as the 
single-wall CNTs, the characteristics of the BPF 
can be determined by means of the dimension of 
the bundle CNT. That is, this device may work as a 
discriminator of the number of CNTs and diameter 
of the each CNT in the bundle, respectively. 

From Figs. 10 and 11, operating frequency f0 
reaches nearly 1 THz but the minimum insertion 
loss ILmin is about 9dB when m is 50. We may then 
realize an oscillator with operating frequency up to 
one THz if we could use a circuit made of an 
amplifier and a feedback loop whose total gain is 
more than 9dB. 

IV. CONCLUSION 

We have analyzed dispersion curves of 
magnetostatic waves in YIG excited by CNT 
electrodes based upon the magnetostatic 
approximation method. It is found that such 
magnetostatic waves have the wavelength as small 
as several nanometers and operate at the frequency 
in THz domain. We have verified our calculation 
by comparing with experimental data in Ni. We 
have studied the band-pass filter characteristics of 
the YIG device where the high-frequency current 
flowing on single-wall CNTs. The characteristics 

of IL-frequency, ILmin, f0 and BW have been 
evaluated varying the diameter or the chirality of 
the CNT. As a result, it is found that we can design 
the BPF by means of diameter of the CNT and 
improve the operation frequency into THz region.  

To reduce the IL for practical application, we 
have proposed a BPF with bundle CNTs as 
electrodes. ILmin is found to be improved from 
27.5dB to 9.0dB by using bundle CNTs with m=50 
instead of single-wall CNTs.  

On these results, we have proposed a novel 
ferrite device which will operate as a discriminator 
of the chirality of CNTs and the number of CNTs in 
a bundle CNT. In this device, the chirality and the 
number of CNTs in a bundle CNT may be 
measured by means of the band-pass characteristics 
via operating wavelength. 

From the m-dependence of the ILmin, f0, and BW, 
we have proposed feasibility to realize an oscillator 
up to one THz, where we need a circuit consisting 
of an amplifier and a feedback loop whose total 
gain is more than 9dB.  
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APPENDIX A: DERIVATION  
OF AMPLITUDE D 

The right hand side of Eq.(10) can be expressed 
as the integrated form when N goes to infinity:  

   (A1) 

Applying the Bessel's integration formalism to 
the R.H.S. of Eq. (A1), we obtain  

   (A2) 

where J0(0) is the 0-th Bessel function.  Noting 
J0(0) = 1, Eq.(A2) can be expressed as  
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Fig. 13: Schematic model of the spin-exchange's
addition to the resonance frequency of the ferrite
in bias magnetic field with z-direction. 

w  (A3) 

Finally the amplitude D can be expressed as  

     (A4) 

 
APPENDIX B: DERIVATION  
OF THE ADDITIONAL FREQUENCY  
DUE TO THE SPIN INTERACTION 

Consider a schematic model with an array of 
1-dimensional electronic spins as shown in Figure 
13. The motion of equation for the magnetization 

 of the spin can be described as follows similar 
to Eq. (16) in [11]:   

       (B1) 

where i implies the site of the spin. The exchange 
magnetic field which acts on the i-th spin is 

       (B2) 
where  corresponds to the Weiss's molecular 
field. In general, the magnetization  can be 
represented in the polar coordinate as 

  (B3) 
Assuming that the motion of electronic spins is in 
the equilibrium, θi is nearly equal 0 when the 
high-frequency magnetization is quite smaller than 
the bias magnetization, and the phase-difference 
between neighboring electrons  is constant, 
we can obtain the followings, respectively: 

              (B4a) 

          (B4b) 
 (B4c) 

 
where  is the wave number of magnetostatic 
wave, a is the distance between neighboring 
electronic spins in Figure 13. These assumptions 
are similar to those adopted in the derivation of 
spin waves in the literature [11]. Substituting Eqs. 
(B2), (B3) and (B4) into Eq. (B1), we can obtain 

     (B5) 

When He ≡ λMs and ωhe (β)≡ dψ /dt, Eq. (B5) 
becomes 

   (B6) 
which is added to the magnetic resonance 
frequency  of conventional permeability and 
the permeability becomes as shown in Eqns. (3) 
and (4). 
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