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Abstract

Magnetic tunnel junction (MTJ) exhibits spin-dependent conductance that governs its performance in
various applications. While the transport characteristics are known to show nonlinearity, its behavior and
underlying mechanism have not yet understood well. Here we investigate the nonlinear conductance at a
low bias regime in nanoscale MTJs with a perpendicular magnetic easy axis and various junction sizes, by
measuring current-voltage (I V') characteristics and ferromagnetic resonance. We evaluate IV properties as
I = G1V +G2V? + G3V3 under various external magnetic fields and examine the correlation between G,
G and G3. We find that G5 increases with decreasing the junction size, (G5 has a negative correlation with
G1,and 0G3/dG1 (= k) has a positive correlation with G2. These results can be explained by considering
the spin-flip during the tunneling and a modulation of material properties at the device edge caused by the
nanofabrication process. Ferromagnetic resonance measurement supports the physical picture suggested by
the transport measurements. Our finding sheds light on the mechanism of electron transport in nanoscale

MT]Is and facilitates the establishment of a rigorous model describing their nonlinear conductance.



I. INTRODUCTION

A variety of quantum mechanical effects are observed in mesoscopic systems, including the
tunneling effect of electrons passing through a potential barrier. Tunnel junctions based on this
effect have been well studied and various attractive physical phenomena have been revealed such
as the Esaki diode [1] and the Josephson effect [2]. Magnetic tunnel junction (MTJ) consisting of
ferromagnet/insulator/ferromagnet structure is a typical example of a tunneling device, exhibiting
spin-dependent tunneling conduction [3-5]. The resistance of the MTJ depends on the relative
magnetization angle between the two ferromagnetic layers, known as the tunneling magnetore-
sistance (TMR) effect. Obtaining a large TMR effect is crucial for various applications such as
nonvolatile memory [6-9], magnetic sensor [10], and high-frequency devices [11, 12]. The TMR
effect is known to be suppressed at finite bias voltage because of its nonlinear current-voltage
(IV') characteristics [13, 14]. Therefore, it is important to understand the nonlinear V' character-
istics in MTJs. The nonlinear conductance can be represented as a polynomial expansion of IV

characteristics at a low bias regime as
[:G1V+G2V2+G3V3+ (1)

Tunnel junctions in general have a built-in nonlinear conductance originating from a modulation
of the barrier height due to the bias voltage, which is well described by the Simmons [15] and
Brinkman [16] models based on the WKB approximation. These models anticipate a positive cor-
relation between the linear and third-order nonlinear conductance ((G; and (33), and this relation-
ship has been used to quantify the barrier height [14, 17-19]. On the contrary, a recent experiment
on hundreds-nm scale elliptic CoFeB/MgO MTIJs with an in-plane magnetic easy axis observed a
negative correlation between them [20] at a low bias regime and explained it by a phenomenolog-
ical model based on the Jullire model considering a magnon-assisted tunneling [13, 14, 20-26].
However, such an experimental report is limited, and inspection of a wider variety MTJs promises
to elucidate the universal mechanism of nonlinear spin-dependent transport. Since nanoscale MTJs
with a perpendicular easy axis have attracted much attention from both fundamental and techno-
logical aspects [6-9], it is of great interest to investigate the nonlinear transport properties of such
MT]Js. In addition, the tunneling electrons in MTJs are accompanied by flows of spin-angular mo-
mentum as well as the electric charge in MTJs, leading to a spin-transfer torque, a reciprocal effect
of TMR, that can be evaluated by a spin-torque ferromagnetic resonance (ST-FMR) [27]. Accord-

ingly, comprehensive characterization based on /V and ST-FMR measurements should shed light
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on the mechanism of electron transport in MTJs.

Here we investigate the nonlinear electron transport in nanoscale CoFeB/MgO MTIJs with a
perpendicular magnetic easy axis below the junction size of 100 nm [6], which are relevant for
nonvolatile memory application [6-9]. In addition to the transport properties, ST-FMR is measured
to evaluate the spin-transfer torque reflecting the spin-polarized current. We show the variation of
the linear (), the second-order ((G5) and the third-order (G3) nonlinear conductance as well as the
ST-FMR spectra with the junction size ranging from 15 to 100 nm. The obtained size dependence
and the correlation between each parameter are discussed by considering the modulation of the

band structure at the device edge and an electron-magnon interaction.

II. CURRENT-VOLTAGE CHARACTERISTICS
A. Experimental setup

A stack from the substrate side, Ta (5 nm)/Pt (5 nm)/[Co (0.4 nm)/Pt (0.4 nm)|/Co (0.4 nm)/Ru
(0.4 nm)/[Co (0.4 nm)/Pt (0.4 nm)]»/Co (0.4 nm)/Ta (0.2 nm)/(Cog 25Feq 75)75B2s (1 nm)/MgO (1.2
nm)/(Cog o5Feq.75)75B25 (1.8 nm)/Ta (5 nm)/ Ru (5 nm) is deposited by dc/rf magnetron sputtering
on a thermally oxidized Si substrate. The numbers in parentheses are nominal thicknesses. The
top CoFeB (1.8 nm) corresponds to the free layer whereas the layers beneath MgO corresponds
to the reference layer with a synthetic ferrimagnetic structure consisting of two Co/Pt multilayers
separated by the Ru layer. Both the free and reference layers have a perpendicular easy axis.

The stack is processed into circular MTJs with various diameters D ranging from 15 to 100 nm
by electron beam lithography, reactive ion etching, and Ar ion milling. After processing, MTJs are
annealed at 300°C for 1 h. Diameters of MTJs are electrically determined from the resistance (RR)
of the parallel state and a separately determined resistance-area (A) product (RA = 12 Qum?).
Figure 1(a) shows the measurement setup for IV characteristics. In-plane magnetic field Hj, is
applied to tune the tilt angle of the free-layer magnetization, leading to a continuous change in
conductance. A hysteresis loop is observed in Fig. 1(b) probably due to a slight perpendicular
component of the applied field by a misalignment of the electromagnet [28]. TMR ratio of about
100% 1s obtained for all the devices studied here. Current / is measured while varying the voltage
input V' under various Hj,. In the following, we focus on the IV characteristics in the negative field

ranging from -310 to -10 mT (shown by red plots), where a larger modulation of the conductance is
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FIG. 1: (a) Measurement setup for the IV characteristics. The in-plane magnetic field Hj, is applied. (b)
Typical RHj, curve for D = 80 nm. Resistance is determined from current at bias voltage of 5 mV. The
green arrows indicate possible magnetization configurations of the free and reference layers. Red plots

represent the region where 1V measurement is performed to evaluate the nonlinear conductance.

observed compared with the positive field range. Major and minor RH loops under out-of-plane
magnetic fields for a device with essentially the same stack structure and the same fabrication

process were reported elsewhere [29].

B. Second-order nonlinear conductance

We measure the IV characteristics under various f;, as shown in Fig. 2(a). Fitting Eq. 1 to
the results yields (G, G5, G3) at each Hy,. Figure 2(b) show the H;, dependence of (G1, G, G3).
G increases with increasing |H;,| due to the TMR effect. This behavior is consistent with the
RH;, curve shown in Fig. 1(b) because (7, is the inverse of resistance. In contrast, G3 decreases
as reported in a previous study [20]. The contribution of G5 to the current is much smaller than
those from GG; and G5 terms, and shows a finite H;, dependence, whose reason is not clear but
presumably be related to some factor which is not considered in the Brinkman model such as a
spin-dependent coherent tunneling.

At first, we focus on (G; and G in this section. According to the Brinkman model [16], the

conductance G normalized by the junction area of the tunnel junction in the low bias voltage region
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FIG. 2: (a) The IV characteristics for D = 80 nm under various Hj,. (b) The Hj, dependence of the linear

and non-linear conductance. (c) The junction size D dependence of ’g—f . Plots are experimental data and

the orange solid line indicates the calculation by Brinkman model [16] considering the edge effect. (d)

Schematic illustration and equivalent circuit for the non-linear conductance of MT]J.

is expressed as a polynomial expansion as

Gy (A (9 Y
G1_1 (16¢g>ev+(128¢>(eV), )

where, G; = 3.16 X lologexp(—1.025d¢%), ¢ is the effective barrier height at interface (elec-

trode/insulator), A¢ the difference of ¢ between the top and bottom interfaces, e the elementary



1
4(2me)2d

35— (me is the electron

charge, d the thickness (in unit of A) of the insulator layer, and Ay =

mass and A the Dirac’s constant). In case of the MTJs with symmetric material structure such
like our stack (CoFeB/MgO/CoFeB), symmetric electron transport with respect to the positive and
negative biases is expected, i.e., A¢ and thus G5 should be zero. Contrary to this expectation,
however, a finite (G is observed in Fig. 2(b). Note that G5 turns out to have its origin in the MTJ
itself because the sign of (G5 is reversed when the contact probes are reversed.

To investigate the origin of G5, we evaluate the D dependence of (5. Here, as G2 changes with

H;, as shown in Fig. 2(b), we take its maximum value for each D. Also, since G5 has a dimension

G2

e instead of G'a,

of conductance/voltage (S/V), where conductance itself depends on D, we use ‘

so that the D dependence of conductance can be canceled out, leading to an intrinsic D dependence
Go

of G3. D dependence of is summarized in Fig. 2(c). One can see that | z*| increases with

Go
G1

decreasing D. According to previous findings [30-35], such size dependence can be attributed
to a modulation of material properties at the device edge due to the fabrication process, and the
so-called edge effect appears more significantly in smaller D. Figure 2(d) shows a schematic
and equivalent circuit model. The center region has a symmetric band structure, i.e., A¢p = 0
and G5 center = 0, Whereas the edge region has an asymmetric band structure, i.e., A¢ # 0 and
Gorage 7 0, considering the fact that the free layer is exposed to ion milling for a longer time
than the reference layer [36]. As a result, Icenter = G1.CenterV and Igage = G1.pdgeV + G2,pdgeV >

flow in the center and edge regions, respectively. Using this model with the edge width w = 3 nm,

¢ = 0.6 eV, and % = 0.3, based on the literatures [19, 32-35], g—f is obtained from Eq. (2)
as AO—%%, which is shown by the orange solid curve in Fig. 2(c). The curve describes the

492
experimental results well, indicating the validity of the model. This scenario will be supported by

the FMR measurement described later.

C. Third-order nonlinear conductance

We then investigate the third-order nonlinear conductance (G3. We obtain many pairs of Gy
and (3 under various H;,. Figure 3(a) shows the correlation between G5 and G; for several
junctions with different D. According to the Julliere model with a spin flip during the tunneling,

the relationship is described by [20]

Gg = —k‘Gl +m, (3)
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FIG. 3: (a) Correlation between G3 and GG; for D = 20, 25, 40, and 80 nm. & represents the slope obtained

by a linear fitting.. (b) Correlation between k and G to (G ratio.

where k(> 0) (= dG3/0G; > 0) is a coefficient for the ratio of G5 to G; and m the intercept
depending on the thickness of the insulator and temperature. This equation well described the
experimental results for MTJs with in-plane magnetic easy axis and the slope & was reported to be
almost constant to be about 2 with various MgO thicknesses and temperatures [20]. Clearly seen

in our results, the negative correlation between G5 and G is also observed in our MTJs and the



k value is comparable with the previous report although the easy-axis direction and junction sizes
are different. In addition, k£ appears to increase with decreasing D in the present study, implying

the manifestation of the edge effect in G5 as well as GG5. To examine this speculation, we plot the

G2

e in Fig. 3(b). Positive correlation is observed with k ~ 2 V2

relationship between k and

at ‘g—j < 0.1, this value agrees well with the previous work with negligible G5 [20] despite the
different easy axis directions. We note that the data for % > (.1 are obtained from devices with

D < 30 nm and in such small devices experimental inaccuracy significantly increases, leading
to a larger scattering of the data. Overall, the obtained result supports the speculation that the
edge effect also affects GG3 of nanoscale MTJs as in G;. We also note that consideration of an
asymmetric spin polarization between free and reference layers cannot explain the variation of %
although it could modulate the intercept m [Appendix Al].

Now we discuss the origin of (G5 based on the results of /1 measurements. The negative cor-
relation between G5 with G; can be understood from the Julliere model considering the spin-flip
process as described in previous studies, and this work clarifies that the mechanism is universal
regardless of the magnetic easy axis direction. The magnon-assisted tunneling has been theoret-

ically proposed as a possible scenario for the spin-flip process causing the nonlinearity [25], and

this can consistently explain our experimental results. In addition, we newly find out from ‘g—f

vs. D and k vs. g—j that the edge effect also affects (G3. This implies that spin flip is more likely

to take place near the edge, probably due to the modulated magnetic properties. Thus, rigorous
theoretical model including the spatial variation of asymmetric band structure and spin flip process

is expected to comprehensively describe the nonlinear conductance of nanoscale MTJs.

I11. SPIN-TORQUE FERROMAGNETIC RESONANCE

In this section, we study the ST-FMR [27], with which the current induced spin-torque reflect-
ing the energy band structure can be evaluated, and thus the insight obtained from the nonlinear

conductance can be examined from a different way.

A. Experimental setup

Here we use the following stack deposited on a sapphire substrate: from the substrate side,

Ta (5 Hm)/PtMn (20 nm)/CO (26 nm)/Ru (09 nm)/ (C00.25F60‘75)75B25 (24 nm)/MgO (11
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FIG. 4: (a) Illustrations of standard and step MTJ structures. (b) Measurement setup for homodyne-detected

FMR. Amplitude of rf signal is modulated at 273 Hz and fixed to be -25 dBm.

nm)/(Cog 25Feg 75)75B25 (1.8 nm)/Ta (5 nm)/Ru (5 nm) is deposited on a sapphire substrate. In
this structure, the top free (bottom reference) layer has a perpendicular (in-plane) easy axis, al-
lowing us to obtain FMR spectra under perpendicular magnetic field H,e,, [34, 35, 37], which
is beneficial for evaluating the effective fields of spin torque free from the electric-field effect as
described later. We fabricate two types of MTJs shown in Fig. 4(a); one has almost the same
reference layer size as that of the free layer (standard structure), and the other has the reference
layer much larger than the free-layer size (step structure). The process condition for them is the
same as those employed in our previous studies [32, 34, 35]. We previously found that the standard
structure has a significant edge effect, whereas it is negligible in the step structure [32, 34, 35],
due to the different ion-milling angles and time. We also note that the MTJs we studied in section
IT have the standard structure.

The measurement setup is shown in Fig. 4(b). An rf signal is applied to the MTJ through
the rf port of a bias tee to induce the FMR. The MTIJ resistance is synchronized with the input rf

frequency during FMR, generating a rectified dc voltage via the TMR effect that can be detected
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as the FMR spectrum. The amplitude of the rf signal is fixed to be -25 dBm, which is modulated at
273 Hz, and the lock-in technique is used to detect the rectified voltage through the dc port of the
bias tee. We measure the spectrum for several MTJs with various free-layer diameters D which
is determined from RA = 12 Qum?. The FMR spectrum are measured at fixed rf frequency of 6

GHz (8 GHz only for D = 33 nm of the step structure) while seeping Hperp.

B. Results

Figures 5(a) and (b) show that ST-FMR spectra of the standard and step structures, respectively,
with various D. While a few small peaks associated with spin-wave resonance are observed [35],
we focus on the largest peak associated with the uniform mode. The peak position shifts with D
due to a change in shape anisotropy normal to the MTJ [28, 33, 34, 38, 39]. Also, at a glance,
the spectrum shape changes from symmetric to antisymmetric below D = 40 nm for the standard
structure, whereas the step structure keeps symmetric shape for all D.

The FMR spectrum is generally described by a sum of symmetric and anti-symmetric Lorentz

functions as
AH Hl(H2 — HE{)

S
4(H — Hp)?2 +AH? " (H2—HY)+AH*

where, S and A are the amplitude of symmetric (first term) and anti-symmetric (second term)

Vae = “4)

Lorentz functions. H is the external magnetic field, Hy the resonance field, /7, the effective static
magnetic field, and AH the linewidth of the FMR spectrum. By fitting Eq. 4 to the spectra,
S, A, Hg, Hy, and AH can be determined. The shape of FMR spectrum is known to reflect
the excitation sources [27]; the symmetric component originates from the spin-transfer torque
(STT) and the anti-symmetric one from the field-like torque (FLT) and an electric-field effect
on magnetic anisotropy [40—42]. In this measurement configuration, we only have to consider the
STT and the FLT (see Appendices B and C). In the ST-FMR, the amplitudes of spectrum, .S and A,
are proportional to bias voltage derivative of the effective field, so-called torkance. The effective

fields of STT and FLT are given as [43, 44]

~ hg(0)
aj = %M_st ) (&)
by =CV + Cy V2, (6)
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leading to the expression of FLT torkance as

db
d—‘j = () + 20,V (7)

where e is the elementary charge, g(f) a spin-transfer efficiency, € the relative angle between
the magnetization of free and reference layer, Mg the spontaneous magnetization, ¢ the effective
thickness of the free layer, and V' the bias voltage. In MTJs with symmetric band structure, only
C5 component should be finite, whereas the linear response term C'; could appear according to the
scattering theory considering the asymmetric band structure [44—47]. Equation (7) indicates that

the amplitude of antisymmetric component A of FMR spectrum at V' = 0 signifies the presence of
(Ao §,_, = C1) [46,47].

Based on this prior knowledge, now we discuss the implication of the results shown in Fig. 5
in conjunction with the findings from the IV characteristics. Even though the MTJ we study has
a symmetric material structure (CoFeB (free)/MgO/CoFeB (ref.)) predicting C; = 0, the anti-
symmetric component appears with decreasing D for the standard structure, whereas it is not the
case for the step structure. Considering the previous findings that the edge effect is significant
(negligible) in the standard (step) structure, this observation indicates that, for the step structure,
the band structure is symmetric and spatially uniform. In contrast, the standard structure is sym-
metric (asymmetric) in the center (edge) region as depicted in Fig. 2(d), supporting our scenario
deduced from the results of nonlinear conductance. We finally note that while our MTJs have a
reference layer with a synthetic ferrimagnetic structure, its effect on the asymmetry of band struc-

ture should be minor compared to the effect of fabrication process because the symmetric FMR

spectra is observed for the step structure at all D.

IV. CONCLUSION

In conclusion, we investigate the nonlinear conductance at a low bias regime in nanoscale
MTIJs with a perpendicular magnetic easy axis. Finite second-order nonlinear conductance G is
observed despite the employment of the same material for the free and the reference layers, and
it increases with decreasing the device size. This result is explained by a model considering an
asymmetric band structure near the device edge due to the edge effect caused by the fabrication
process, and the model is supported by a ST-FMR measurement. We also observe a negative

correlation between the linear conductance (G; and the third-order nonlinear conductance G5 as

12
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in a previous work on an in-plane easy-axis MTJs, and the slope for the negative correlation
k is comparable with the reported value. This result indicates a generality of the mechanism
governing G5 of MTJ, e.g., a spin-flip during the tunneling. Our findings also show that the
nonlinear transport model considering the spin-flip tunneling holds true even in a presence of an
additional term such as (G5, and this is an advanced finding firmly illustrating the generality of

the phenomena. Furthermore, the & shows a positive correlation with ‘g—f

. These results imply
that the asymmetry of the band structure modulates not only G5 but also Gi3. This study sheds
light on the origin of nonlinear conductance of MTJs, leading to a deep understanding on the non-
equilibrium physics in spin-dependent systems and development of high-performance nanoscale

MT]Js.
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APPENDIX A: EFFECT OF SPIN POLARIZATION ASYMMETRY ON NONLINEAR CONDUC-
TANCE

Here, we extend the Julliere model with the magnon-assisted tunneling to include the asym-

metry of spin polarization. Spin polarization of the free (reference) layers pr(r) are introduced

as
DF - DF
) 4
PF=|5mF —oF ; @)
Dy + Dy =0
DR _ DR
) 4
Pr = R R (9)

Here, Di ’fR) is the spin-dependent density of state at the Fermi level({ and | indicate spin up and

down, respectively). The GG; and G5 in a asymmetrical system are described as

1-— 0
G, =AtFpRp (% + prpr cos” 5) ; (10)
L0
G5 = BT FpRpprpr sin 2 (1T)

where, A and B are the constant coefficients proportional to the junction area, 7 the matrix element

associated with the tunneling process. We define I'p = Df + Df g—p and Rp = D? + D?.
-

We assume that the magnetization direction of the reference layer is fixed along the film normal.

Therefore, O = 0, 7 corresponds to the parallel and antiparallel configurations, respectively. From

14



Eqgs. 10 and 11, we obtain the relationship between G5 and G, as

B BTFpR
Gy =——G + —rr (14 prpr)
A 2 (12)

= —kGl +m*.

The slope k will be the same as when it is symmetric (Eq. 3), even though asymmetry is introduced.
Therefore, it is reasonable to consider that the amplitude coefficient B itself is modulated by device

asymmetry.

APPENDIX B: EQUATION OF THE RECTIFIED VOLTAGE

The Landau-Lifshitz Gilbert (LLG) equation including the STT, FLT. and electric-field effect

is described as,

6mF

ot

dm
= ypo(mp x HEY) 4 o (mF X th>

+ Ypoaymp X (mp X mg) + Yoy (mp X mg) (3)

— Yo(mr X hk),

where, mg and mg are the unit magnetization vectors of free and reference layer, respectively.
v is the gyromagnetic ratio, o the damping constant, and hgk the effective field of electric-effect

described by the following equation:

0

hg = 0 (14)

hx cos O

During the FMR, the resistance of MTJ is
2RApRp
R(t) = .
Rap + Rap + (Rap — Rp) cos(fy + 60 sin(wt)) (15)
2
~ Ry + —2—7r\mrd0 sin b sin(wt),

2RAp
where 6 is the relative angle between the magnetization of free and reference layers, 66 the am-
plitude of the precession angle, R, the equivalent resistance R|s9—¢, and 7ryg the tunnel magne-

toresistance ratio. Hence, the rectified voltage V. by rf current ¢ sin(wt) is

R2I. .
Vie ~ ﬁﬁmae sin 6. (16)
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In case of the liner FMR region, we can treat 60 to Re[dmp]. Here, dmpy is the precession
amplitude of my with x-axis component and can be derived from Eq. 13. Then, a; and b; depends

on a bias current (voltage). Therefore, we should treat them by @y and b, 7 as

~ daJab.]
ay, by = dI

L. (7)

Ibias

Acordingly, we obtain Eq. 4 as

Rg[rfTTMR (iJ sin2 eoAH
VdC ~ 77 4(

1Rnp H — AHg)? + AH?
n H,(H” — HR)
(H? — AHZ) + (HAH)?

(b} sin? 0, (18)
+ h sin 0 sin Oy cos HF” )
Here, 7 is the transmission coefficient described as
Z —50\°
= 11— 19
: [ (Z ¥ 50) ] ’ (19

where, Z is the impedance of MTJ device. Under the perpendicular magnetic field, Eq. 18 can be

described by sum of symmetric and anti-symmetric Lorentz functions as

R%IrfTTMR dJ sin2 eoAH
Vaec =1

ARxp  |A(H — AHp)? + AH?
2(H — Hg)
(H — AHg)? + AH?

+ 4 (6J sin2 90

(20)
+ hy sin 6 sin O cos 9F>]
= SLs(H)+ ALA(H).

Therefore, amplitudes of symmetric and anti-symmetric Lorentz functions S and A are proposal

to the torkance of the effective fields of STT and FLT, respectively.

APPENDIX C: EXCITATION SOURCE OF FMR

In case of Or = 0, electric-field effect cannot excite the uniform mode because the directions of
magnetization and anisotropy modulation are parallel. However, quasi-uniform mode arisen from
non-uniformity of magnetization can be excited by the electric-field effect under the perpendicular

magnetic field [48-50]. The FMR spectrum excited by FLT has a different angle dependence

16



(© T T T
40, =0 B
S
=
o 2
>T§
0 i
| | |
-200 -100 0 100 200
(d) :uOHperp (mT)
8 I I I
6 — 0/_/ = 500 —
S
24l 4
> 2 L
0t | | | 1

200 -100 0 100 200
toH (MT)

FIG. 6: The FMR spectrum of D = 15 nm with (a) 7 = 0° and (b) 50°

compared with the one by the electric field effect. The amplitude originated from the STT and
FLT are proportional to sin” §, and the electric-field effect to sin 6, sin fr cos fr (see in Appendix
B). The STT and the FLT have a maximum value at 6, = 90°, whereas the electric field effect
at fp = 55° [42]. In order to identify the excitation sources of anti-symmetric component, we
measure the FMR at the magnetic field angle of 0° and 50° from the perpendicular direction for
a MTJ with D = 15 nm and the standard structure. The results are shown in Figs. 6(a) and (b),
respectively. The FMR spectrum for #y = 0° [Fig 6(a)] is symmetric to the y axis, whereas the
tilted magnetic field (9 = 50°) [Fig 6(b)] breaks the symmetry. This is because the sign of
the anti-symmetric component originating from the electric-field effect is changed with the sign
change of cos fr. These results indicate that the anti-symmetric component is mainly excited by

FLT in this system under /1,

perp-

* tomohiro.otsuka@tohoku.ac. jp

T s—fukami@tohoku.ac. jp
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