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Letter

Estimation of Rectifying Performance for Terahertz Wave in Newly
Designed Fe/ZnO/MgO/Fe Magnetic Tunnel Junction

H. Saito, and H. Imamura
National Institute of Advanced Industrial Science and Technology (AIST) Spintronics Research Center, Central 2, 1-1-1 Umezono,
Tsukuba 305-8568, Japan

We fabricated fully epitaxial Fe/ZnO/MgO/Fe magnetic tunnel junctions (MTJs) with low junction
resistance-area products (several Qum?) and conducted a theoretical estimation of square-low rectifying performance
for a terahertz electromagnetic wave. Effective current responsivity up to 0.09 A/W at 1 THz was obtained under
zero-bias voltage condition at room temperature. The result is approximately half the value of the best result
obtained for experiments in semiconductor-based diodes, performed under similar conditions. The study strongly
suggests that this MTdJ system has a great potential for the rectifying element of the terahertz wave.

Key words: magnetic tunnel junction, epitaxial, high-frequency, terahertz, rectification,

1. Introduction

Studies concerning terahertz (THz) wave, having a
frequency (# range from 100 GHz to 10 THz, have
recently emerged in expectation with the great
potentials for novel applications such as ultra-fast
wireless communications® and  non-destructive
imaging.4® A THz wave receiver is one of the crucial
building blocks of such THz applications®. However,
developments of high-performance THz devices
including the receiver are still challenging issues
because using the corresponding frequencies leaves a
“gap” between those for conventional electronics and
optics system. Low manufacturing cost is also an
important requirement from a practical device point of
view.

Metal-insulator-metal (MIM) tunnel diodes are
attractive rectifying element for the THz/far infrared
applications”1¥in this respect. Although the MIM diode
has been generally considered as possessing poor
rectifying  performance  when  compared  with
semiconductor-based diodes, it has the advantage of
realizing very low junction resistance-area products
(BpA) of below 1 Qum? at a zero-bias voltage. This leads
to the shorter RC time constant, and thereby resulting
in higher cut-off frequency of the system, compared to
the semiconductor-based diodes. Moreover, the MIM
diode 1is suitable for mass-production due to its
feasibility of employing conventional manufacturing
growth methods, such as a sputtering, even on a flexible
substrate!® at low temperatures.

Very recently, we found a strong diodic behavior in
the current-voltage (I-V) characteristics in epitaxial
MI(DM device of Fe(001)/Zn0(001)/MgO(001)/Fe(001)
magnetic tunnel junction (MTJs) at room temperature
(RT)19, in which tunneling magnetoresistance (TMR) is

caused by so called spin-polazied coherent tunneling!?-1®),

We theoretically estimated the effective current
responsivity (fe) of the MTd system, which correnponds
to the conversion capability from a high-frequency to a
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DC current, in regards to the ZnO and MgO barrier
thicknesses (#n0 and A0, respectively) as well as the
junction area (A)19. The calculation predicted that fes
can reach up to 0.12 A/W at 1 THz with the conditions,
tn0 ~ trMgo with low EpA (a few Qum? and small 4 (~
0.01 pm?). The obtained fefr is comparable to that of the
best result obtained in semiconductor-based diodes in
experiments for InP/(In,Ga)As system, performed under
similar conditions (~ 0.2 A/W at 1 THz 2020). However,
most of the physical parameters of the tunnel barriers
used in our previous calclation'?, such as electron
affinity and relative dielectric constant, were extracted
from the experimetal I~V data of the MTJ having high
IpA (an order of kQum?) with large A4 (36 um?)16. These
values are actually three orders higher than desirable
values for effective rectification of the THz wave. The
next important step, therefore, is to fabricate and
characterize the electrical properties of the MTJ with
comparatively low ApA and small A, and evaluate the
feasibility in such cases.

In this study, we fabricated the epitaxial
Fe(001)/Zn0O(001)/MgO(001)/Fe(001) MTdJs with RpA of
several Qum? and A ~ 0.01 pm?. Based on a simple

In situr Growth
annealing
~ lemperature
temperature Au (10)
Co (10) > ~RT
Fe (5)
<
ZnO (0.6)
" MgO (0.5)
250°C —» L 100°C
Fe (30)
800°C —» MgO (10)
MgQ(001) substrate

(in nm)

Fig. 1 Structure of the magnetic tunnel junction
(MTJ) stack designed for this study. Growth and in
situ annealing temperatures are also shown.
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Fig. 2 Reflection high-energy electron diffraction
image of the rock-salt type ZnO tunnel barrier ([100]
azimuth of MgO substrate).

antenna-coupled diode model?, we theoretically
estimated fetr of the MTJ prepared in this study,
showing that it is possible to achieve the fetr as high as
0.09 A/W at 1 THz under a zero-bias voltage at RT.

2. Experimental procedures

A MTJ film as shown in Fig. 1 was grown by
molecular beam epitaxy in the identical growth
chamber as used for the growth of epitaxial MTdJs in our
previous studies!'629, The MTJ film consisted of Au (5
nm) cap / Co (10 nm) pinned layer / Fe (5 nm) top
electrode / ZnO (0.6 nm) upper tunnel barrier / MgO (0.5
nm) lower tunnel barrier / Fe (30 nm) bottom electrode /
MgO (5 nm) buffer layer on a MgO(001) substrate,
which is so called pseudo-spin valve structure. The #no
and #vgo were determined, in accordance with our
theoretical calculation!?, so as to realize the maximum
Pett in this MTdJ system. The ZnO upper tunnel barrier
was confirmed to have identical reflection high-energy
electron diffraction patterns (Fig. 2) to that of the
Mg0(001) tunnel Dbarrier, indicating a
single-crystalline with a metastable rock-salt type

lower

50 T T T
—> —>
T=RT - <
40 R
o 30f B
=X
-
nd
= 20+ i
10+ B
-— —
-— —
0 1 L L L
-150 -100 -50 0 50 100 150

Magnetic field (mT)

Fig. 3 Typical magnetoresistance (MR) curve of the
Fe/ZnO/MgO/Fe MTJ at room temperature (RT)
with a bias voltage of 10 mV. Arrows indicates the
magnetization alignments in the top and bottom
electrodes
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crystal structure. Detailed growth procedures and
structural properties were described in our previous
study.1®

The film was patterned into tunnel junctions
having elliptical shape using electron beam lithography
technique. The lengths of the major and minor axes of
the junctions were respectively 150 and 50 nm,
corresponding to A = 0.0059 pm2. Magnetoresistance
(MR) and LV characteristics of the junctions were
measured at RT using conventional DC four and two
probe methods, respectively. The MR ratio was defined
as (Bap-Rp)/Rp, where Rp and REap are the junction
resistances between the two ferromagnetic (FM)
electrodes with parallel (P) and antiparallel (AP)
alignments, respectively. The magnetic fields were
applied parallel to the major axis of the junction
corresponding to the easy axis of the magnetization
direction of the FM electrodes.

3. Results and discussions

3.1 Electrical transport measurements

Figure 3 shows a typical MR curve of the MTJs at
RT. The observed MR ratio (43%) is close to the
experimental value of epitaxial Fe/ZnO/MgO/Fe MTJs
(51%) with thicker tunnel barrier layers (#zno = 1.2 nm
and &0 = 1.0 nm), grown at the same growth
conditions in our previous study.!® The MR curve
always showed a low resistance state (i.e. the P state) at
a zero-magnetic field, indicating that there is no
significant magnetic coupling between the top and
bottom FM electrodes. In Fig. 4, the first derivatives of
the current (dZdV) is displayed with regard to the bias
voltage in the P state. The data were obtained from
numerical differentiation of the -V characteristics. The
dZ//dV-V curve indicated a notable asymmetry with
respect to the polarity of the bias voltage, suggesting
that the MTJ has a capability of square-low rectification
at a zero-bias voltage.

1.6 T T

Parallel state

difdv (x10° Q)

0.8 -

-0.1 0.0 0.1 0.2 0.3

03 02
Bias-voltage (V)
Fig. 4 (Red circles) Bias- V dependence of dZd V of

the Fe/ZnO/MgO/Fe MTJ at RT in the parallel (P)
state of the magnetizations of the top and bottom
electrodes. (Solid line) Polynomial fitting result to
the d/Z/d V data.
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source

Fig. 5 Equivalent circuit of the antenna-coupled
diode model? used in this study.

To calculate petr, we obtained two important
parameters of RpA [= (@AZdV14] and po [=
(1/2)(A2/d2WV/(dFd V)] from polynomial fittings to the
dZd V-V curve at a zero magnetic field (ie. in the P
state). Here, the parameter fo is equal to fet only when
the resistance of the MTJ (Zp) completely matches with
the internal real impedance (&), and also when the fof
the incident electromagnetic wave is far below the
cut-off frequency of the system. Therefore, fo does not
necessarily represent the rectifying performance of the
diode although it is in general referred to as the
performance index. The obtained EpA (6.3 Qum? and o
(0.20 A/W) were in good agreements with the
theoretically estimated values in the identical MTJ
(BpA = 8.9 Qum? and fo = 0.23 A/W19), indicating that
the MTJ prepared in this study justifies the design
concept, and also fabricated precisely in line with the
concept for the THz rectification.

3.2 Estimation of rectifying performance

The pett under a high-frequency condition is given
by the following equation based on the antenna-coupled
diode model (Fig. 5) 7,

0.25 T T

020 f= 100 GHz |

500 GHz

1THz

0051 2THz i

5THz

0.00 —
10

10 10° 10* 10°

Internal real impedance R, (Q)

Effective current responsivity p_, (A/W)

Fig. 6 Calculated effective current responsivity (fet)
as a function of internal real impedance (&) for the
Fe/ZnO/MgO/Fe MTJ prepared in this study. The
values are plotted for various frequencies (4 of the
input electromagnetic wave. The calculations were
conducted at a zero-bias voltage in the P state.
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Bett = Lo /Pin = 4Box[1+2x+(1+g*)x*]", (D

where /i is the rectified DC current, Bn is the power of
incident electromagnetic wave. The variable x is the
reduced junction resistance (= Rp/Ra), and ¢ is the
reduced frequency (= 2nfCRs). Note that x represents an
impedance matching between the junction and the
internal impedance whereas ¢ is related to the RC time
constant of the system. For Ab and fo, we employed the
experimental values in Fig. 4 (Bp =1.1 kQ and fo = 0.20
A/W), so that the calculation was conducted in the P
state. Inverse of junction capacitance (C 1) for the
present MTJ is given by (e0&zn0A/#n0) ! + (s0eMg0 Al Arig0) 1,
where & 1s the dielectric constant, and &zno and evgo are
the relative dielectric constants of rock-salt ZnO (1210)
and MgO (8.829), respectively. Consequently, fefr can be
determined when £ and Ra are given. Other possible
factors of propagation or energy losses in high
frequencies were not taken into account so that the
calculated fetr are the upper bounds in the MTdJ.

The calculated fetf are summarized in Figs. 6 and 7.
As shown in Fig. 6, each fetr—Fa curve took a maximum
at a certain Ka which corresponds to the matching
condition between FAp and Ra. For £ = 100 GHz, a
maximum fer (0.19 A/W) was approximately equal to fo,
indicating that the cut-off frequency is higher than 100
GHz. We confirmed no remarkable change in the fetr—Fa
relation below /= 100 GHz. When further increasing £
Pett starts to decrease, especially in a high Ka regime.
This is because the contribution of the RC time constant
(the parameter @) to fetr becomes significant in the high
PRa regime. It would be possible to improve the cut-off
frequency and thereby increase fett by reducing the RpA
down to a few Qum? 9. Nevertheless, fett with the
impedance matching condition still has a sizable value
of 0.09 A/W at 1 THz which is approximately half the
value of the best result obtained in experiments for
semiconductor-based diodes (~ 0.2 A/W at 1 THgz),
performed under similar conditions2%:2V. Note that, as
mentioned above, the ferr calculated in the present MTdJ
are the upper bounds. Therefore, from practical

1013
Bg (A/W)
0.000
¥
L 0.025
L.
> 0.050
c 10 0.075
)
=) 0.100
o
Q 0.125
(I
0.150
>0.175
1011

10° 10° 10 10°
Internal real impedance R, ()

10

Fig. 7 Calculated petr of the Fe/ZnO/MgO/Fe MTJ as
functions of fand FEa.
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viewpoint, it is crucial to exhibit maximum rectifying
performance by minimizing the propagation or energy
losses in high frequencies as much as possible.

It should be noted that the rectified DC current and
voltage in MTJ depend on the relative angle between
the magnetizations of the two FM electrodes according
to the changes in Ap and fo. The phenomenon as such
however, is impossible to accomplish in
semiconductor-based diode and conventional MIM
tunnel diode with a non-magnetic electrode(s). In other
words, MTdJ-based MIM diode provides
functionality regarding manipulation of the rectified
current/voltage by magnetic field in addition to the
traditional rectifier. This unique function of MTJ may
give rise to new device applications in high-frequency
technology.

novel

4. Conclusion

We fabricated fully epitaxial Fe/ZnO/MgO/Fe MTdJs
and theoretically estimated fefr in a terahertz regime as
a square-low detector. We obtained fetr up to 0.09 A/W at
1 THz under a zero-bias voltage condition at RT, which
is almost half the value of the best result obtained in
experiments for semiconductor-based diodes, performed
under similar conditions. The results strongly suggest
that this MTJ system has a great potential for a
rectifying element of a terahertz wave.
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Letter

Iron Loss and Hysteresis Properties of an Amorphous Ring Core
at High Temperatures under Inverter Excitation

A. Yao
Department of Electrical and Computer Engineering, Toyama Prefectural University, 5180, Kurokawa, Imizu 939-0398, Japan

Several researchers have recently studied high-temperature (HT) motor drive systems under harsh temperature environments. We

experimentally and numerically investigate iron loss and the magnetic hysteretic properties of amorphous magnetic materials (AMM)

at room temperature (RT) and HT under pulse width modulation (PWM) inverter excitation. We demonstrate that the iron loss of

AMM core fed by PWM inverter decreases as temperature increases similar like in the sinusoidal case. In addition, the temperature

dependence of the B — H hysteresis curves of AMM under PWM inverter excitation relies not only on major loops but also on minor

loops. Because the current at 300 °C is higher than that at RT, the torque of the motor with AMM at HT becomes large at a few

operating points. To realize low iron loss of HT motor drive systems, it is important to reduce eddy current losses of AMM cores at HT

under PWM inverter excitation compared with the cases at RT. These results facilitate further research in iron loss reduction of motor

systems based on studies of magnetic properties at HT under PWM inverter excitation.

Key words: amorphous magnetic materials, high-temperatures, iron loss, hysteresis property, inverter

1 Introduction

Recently, several researchers have studied high-temperature
(HT) motor drive systems under harsh temperature environments
(e.g. fire sites, aerospace, and automotive)'™. To perform the
speed and torque control of these systems, pulse width modula-
tion (PWM) inverters are commonly used®'®. When the PWM
inverter excites the magnetic core used in the motor, the iron
losses increase by 10%—50%'? compared with the case under
sinusoidal excitation owing to higher harmonic components. The
temperature dependence of iron loss properties of conventional
non-oriented (NO) electrical steel sheets (magnetic materials)
have been demonstrated®. In addition, in the previous study®,
there has been no report on the loss repartition properties.
To conduct fundamental research to develop high-efficiency
motor drive system at HT, it is necessary to figure out magnetic
characteristics of amorphous magnetic material (AMM) cores in
HT environments under PWM inverter excitation.

To carry out iron loss reduction of the motor core particularly
in high-frequency regions'”, a few researchers have studied the
motor cores using AMM'>!72% that result in low iron losses
compared with conventional non-oriented (NO) silicon steel.
AMM is a suitable core for high-speed (HS) motor systems>".
Further, in the HS motor system, the core is influenced by
temperature. It is important to examine iron loss, hysteresis,
and loss repartition (between the eddy current and the hysteresis
losses) properties of AMM at HT excited by a PWM inverter.

Based on both experiments and numerical simulations, we ex-
amine the iron loss and magnetic hysteretic properties of AMM
core at room temperature (RT) and 300 °C (HT) under PWM in-
verter excitation. This paper reports on the experimental iron loss
and hysteretic properties of a ring specimen with AMM under a

wide temperature range (RT and HT) condition. Here, the play

30

model with the Cauer circuit*>2*3% is used for numerical simu-
lations. We discuss the loss repartition between the eddy current
and the hysteresis losses at RT (about 27 °C) and 300 °C.

2 Experimental and Numerical Methods

Figure 1 shows the experimental system employed to measure
the iron loss properties of a ring specimen with AMM (SA1) un-
der a wide temperature range condition. The AMM alloy ribbons
are laminated and then impregnated with acrylic resin to fabricate
a block core. This laminated block core is cut in the shape of a
ring core. The AMM ring core with an outer and inner diameter
of 102 mm and 127 mm, respectively, is constructed. The space
factor & of the AMM core is approximately 93.5 %. The pri-
mary and secondary coils are wound into the ring core. The ring
specimen with AMM is set in the oven to examine temperature
dependence of iron loss properties. In this study, this ring speci-
men with AMM is set to either RT or 300 °C. More details of the
ring specimen can be found in Ref.3¥.

Here, we measure iron loss characteristics of the AMM ring
specimen at RT and HT excited by a PWM inverter (MWINV-
9R122C, Myway). The iron loss Wiy, of the ring specimen with

AMM ring core
.
Inverter

Oven
Inside oven

I

Fig. 1 Schematic of iron loss measurement system of AMM ring

specimen excited by PWM inverter.
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AMM is described by %>

1
Wring = T_prdB,

where H denotes the magnetic field intensity, B is the magnetic
flux density, T (= 0.02 s) is the period, and p (= 7180 kg/m?)
is the density of AMM. Here, H and B are represented as N,/
and f Vdt[(N,S &), respectively, where Ny (= 103) denotes the

number of turns in the exciting coil, / is the current flowing in

M

the primary coil of the ring core, [ (= 0.36 m) is the magnetic
path length, V is the voltage of the secondary coil, N, (= 103) is
the number of turns of the secondary coil, and S (= 87.5 mm?)
is the cross-sectional area of the ring core. The primary and the
secondary windings are set to have the same number of turns be-
cause it is important to measure higher harmonic (small voltage)
waves and to suppress the measurement error of the magnetic flux
density.

In this study, to simulate numerical B — H hysteresis curves of
the ring specimen fed by a PWM inverter under a wide tempera-
ture range (RT and HT) condition, we use the play model with the
Cauer circuit as a dynamic hysteresis model (See Refs. 33233
for details regarding the play model with the Cauer circuit.). The
B — H hysteresis curve in the play model with the Cauer circuit

is given by 432

7(B* - B+ 2L ns!

Hac(B) = Hpc(B) +

TReAt + 2L
3L (hE — HE
#, )
35RgAt
12
Rp = ——, 3
E= (3)

where Hpc(B) denotes the DC hysteresis curve calculated by the
play model, o is the electrical conductivity of AMM, At is the
time division, d is the thickness of AMM, k is the step number,
Ry is the resistance to express eddy currents, L’ is the equivalent
inductance to represent the magnetic flux caused by eddy cur-
rents, and « is the anomaly factor to represent anomalous eddy
currents. Here, L and « are fitting parameters. In our study, by
adjusting L', the numerical iron loss of the minor loop is fitted to
the measured loss. Then, « is adjusted to equalize the numerical
loss to the experimental one.

In our numerical simulations, L~ at the carrier frequencies of
1, 5, 10, 15, and 20 kHz is obtained as about 10, 4, 2, 0.8, and
0.4 mH, respectively, (8, 3, 1, 0.6, and 0.4 mH) at RT (300 °C).
It is thought that the ratio of iron loss based on L' in the minor
loops changes as temperature increases. « at f. = 1, 5, 10, 15,
and 20 kHz is about 278, 274, 260, 255, and 253 at RT (202, 200,
199, 197, and 194 at 300 °C), respectively. In our study, based
on the sheet tests to expose the ambient temperature variations
in the oven, o at RT and 300 °C is 7.7 x 10° 3% and 7.3 x 10°
S/m, respectively. The maximum magnetic flux density By,
fundamental frequency, modulation index, and switching dead

time are set to 0.8 T, 50 Hz, 0.7, and 3.5 us, respectively. Figure 2

shows the experimental DC hysteresis curves (Hpc(B)) without
harmonics at each temperature (RT and HT). These experimental
DC hysteresis curves #32) at each temperature are used to build
the play model. Five carrier frequencies f; (1, 5, 10, 15, and 20
kHz) are tested.

3 Results and Discussion

Figure 3 shows experimental and numerical B — H hysteresis
curves at RT and 300 °C of the AMM ring core, excited by the
PWM inverter with a carrier frequency of 5 kHz. The calculated
B — H curves are almost consistent with the experimental results.
Here, the iron losses of the AMM ring fed by PWM inverter at
fe =5 kHz are about 0.33 W/kg at RT and 0.20 W/kg at 300 °C.
The iron loss at 300 °C is smaller than that at RT.

Fig. 3(c) shows that the coercivity at RT is larger than that at
300 °C. As shown in Fig. 2, the coercivity of the DC hystere-
sis loops at HT becomes small because it is assumed that there
appears thermal fluctuation (thermal energy) at HT. The coerciv-
ity also becomes small when the eddy current loss due to low
conductivity at HT decreases for B — H hysteresis curves. In
Fig. 2, the amorphous ring core at RT and HT exhibits the hys-
teresis loss at 0.8 T of about 4.6 and 2.6 mJ/kg, respectively.
Therefore, it is considered that, owing to thermal fluctuation,

3D at HT Y. As mentioned above,

the hysteresis losses decrease
the electrical conductivity at 300 °C is smaller than that at RT.
The classical eddy current loss is proportional to the electrical

conductivity*3%39

. It is considered that the anomalous eddy cur-
rent losses caused by magnetic domain wall movement decrease
due to low conductivity at HT. Owing to the small electrical con-
ductivity at HT, the eddy current loss decreases as temperature
increases.

The torque of the motor depends on the current (magnetic field
intensity) through the motor core. Figure 3(b) shows that the
magnetic field intensity (current) at 300 °C is larger than that at
RT at a few operating points for the same magnetic flux density.
As shown in Fig. 2, the magnetic field intensity of DC hysteresis
curves near By, at HT is also larger than that at RT. It is con-
sidered that due to the thermal fluctuation the energy for aligning

the magnetic moment near By, increases with increasing tem-

(a) (b)
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Fig. 2 Experimental DC hysteresis curves (Byax = 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.8,0.9, and 1.0 T) used in our numerical sim-
ulations at each temperature: (a) RT and (b) 300 °C
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Fig. 3 B—H hysteresis curves of AMM ring at RT and 300 °C fed
by PWM inverter at By.x = 0.8 T and f. = 5 kHz. Blue and red

lines denote curves at RT and 300 °C, respectively. The enlarged

view shows curves near maximum magnetic field intensity and
minor loops of B—H curves: (a), (b), and (c) shows experimental

results, and (d), (e), and (f), the corresponding numerical results.
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Fig. 4 Iron loss properties of AMM ring specimen with respect
to carrier frequency at Bp,x = 0.8 T. Blue (red) points denote
results at RT (300 °C). Carrier frequencies f; is set to 1, 5, 10,
15, and 20 kHz.

peratures. Because the current at 300 °C increases, the torque of
the motor with AMM increases at a few operating points.

Fig. 3(c) shows that the area of the minor loop is about 8.4 and
7.9 mJ/m? at RT and 300 °C, respectively. The area of the minor
loops of the AMM ring core decreases as temperature increases
(See Ref.? for details of the minor loops.). This is because it is
considered that, due to the influence of heat, the hysteresis and
eddy current losses decrease as temperature increases. The tem-
perature dependence of the B — H hysteresis curves of AMM ring
core relies not only on major loop but also on minor loops.

Figure 4 shows the iron losses as a function of carrier fre-
quency of the AMM ring specimen at RT and 300 °C under PWM
inverter excitation. For every tested carrier frequency, the iron
losses of the inverter-excited AMM ring decrease as temperature

32
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Fig. 5 Iron loss repartition between the hysteresis (red points,
Whys) and eddy current (blue points, Wegqy) losses under PWM
inverter excitation at By.x = 0.8 T with Eq. (4): (a) RT. (b) 300
°C.

increases. The iron loss at high carrier frequency becomes larger
than that at low carrier frequency under this operating point at
HT. The relationship between iron losses and higher carrier fre-
quency at HT will be examined in a future presentation.

Figure 5 shows the loss repartition between the eddy current
and the hysteresis losses at RT and 300 °C under PWM inverter
excitation. Here, the hysteresis loss Wy, is calculated at o =
0 with Egs. (2) and (3). Then, the eddy current loss Weqqy is

obtained by*”

Weddy = Wring - Whys~ “)

We can achieve highly accurate calculations for loss separation
because fitting parameters and the experimental DC hysteresis
curves are used in our numerical simulations. The average Weaay
of the inverter-excited AMM rings at RT and at 300 °C accounts
for 31% and 37% of the total iron losses, respectively. The ratio
of Weddy t0 Wiing at 300 °C is larger than that at RT. To realize low
iron loss of HT and HS motor drive systems, it is important to re-
duce eddy current losses of the AMM cores at HT excited by in-
verter compared with the cases at RT. In addition, understanding
the dynamic hysteresis properties also leads to simulating accu-
rate motor loss characteristics*"). These results facilitate further
research in loss reduction of HT and HS motor systems based on

studies of magnetic properties under PWM inverter excitation.
4 Conclusion

Based on both experiments and numerical simulations, this
study for the first time investigated iron loss and hysteretic prop-
erties of AMM ring core at RT and 300 °C under PWM inverter
excitation. Owing to low electrical conductivity and thermal fluc-
tuation at HT, the iron loss of AMM core fed by PWM inverter
decreased as temperature increased similar like in the sinusoidal
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case. The torque of the motor with AMM became large at a few
operating points under the same magnetic flux density. This was
because the current (magnetic field intensity) at 300 °C was larger
than that at RT at a few operating points. To realize low iron
loss of HT and HS motor drive systems, it was important to re-
duce eddy current losses of AMM cores at HT excited by inverter
compared with the cases at RT. These results facilitate further re-
search regarding the loss reduction of HT and HS motor systems
based on the iron loss and hysteretic properties of AMM core at
HT under PWM inverter excitation. The future work will address
further numerical and experimental studies under a wider range
of magnetic flux density and temperatures to reveal general mag-

netic properties of AMM at HT under inverter excitation.
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Information Stability
in Three-Dimensional Heat-Assisted Magnetic Recording

T. Kobayashi, Y. Nakatani®, and Y. Fujiwara
Graduate School of Engineering, Mie Univ., 15677 Kurimamachiya-cho, Tsu 5614-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan

The anisotropy constant ratio K, /K, necessary for information stability in three-dimensional heat-assisted
magnetic recording (3D HAMR) of 2 Tbpsi (total density of 4 Tbpsi) is evaluated by employing a bit error rate
calculation using grain error probability. The minimum K, /K,, value of a high Curie temperature (HC) layer is
limited by the information stability in the HC layer while writing in a low Curie temperature (LC) layer, and a high
K, /K., is necessary for the HC layer. The minimum K, /K, , value of the LC layer is limited by the information
stability in the LC layer for 10 years of archiving, and a high K /K, is also necessary for the LC layer since the
anisotropy constant of the LLC layer is intrinsically low at the storage temperature due to its low Curie temperature.
At 9 grains/bit, the K, /K., values required for 3D HAMR are 0.85 and 0.86 for the HC and LC layers,
respectively, taking account of certain variations, namely, standard deviations of 2 % for the Curie temperature and

15 % for the grain size.

Key words: 3D HAMR, anisotropy constant ratio, bit error rate, probability

1. Introduction

Heat-assisted magnetic recording (HAMR) is a
promising candidate as a next generation magnetic
recording method capable of operating beyond the
trilemma limit?. HAMR is a recording method in which
the medium is heated to reduce coercivity during the
writing period. We have introduced a HAMR design
parameter, namely, the medium anisotropy constant
ratio K, /K, , ? in place of the medium anisotropy
constant K since the K, value is a function of the
medium Curie temperature 7T,. K, /K, 1is the
intrinsic ratio of the medium K, to bulk FePt K|
regardless of T, where FePt is a candidate HAMR
medium material thanks to its large K, and relatively

low T..Alow T, is advantageous for writing in HAMR.

However, a larger K /K, , is needed for a low T,
medium for 10 years of archiving?. And a medium with
a high K, /K,,, eg 06 -10, is difficult to
manufacture regardless of 7, (Figure 2 (a) in reference
4)).

Three-dimensional magnetic recording is useful for
increasing the recording capacity. Three-dimensional
HAMR (3D HAMR) has been proposed® where the
medium consists of a high Curie temperature (HC)
layer and a low Curie temperature (LC) layer with no
interlayer exchange-coupling. With 3D HAMR, after
writing data in the HC layer, other data can be written
in the LC layer by employing lower temperature
heating.

In this paper, we discuss the information stability in
the HC layer while writing in the LC layer, and the
information stability in the HC and LC layers for 10
years of archiving for 3D HAMR at 2 Tbpsi (total
density of 4 Tbpsi) employing a K, /K,,, value.

2. Calculation Method

The anisotropy constant ratio K, /K, needed for
information stability was evaluated by employing a bit
error rate calculation using the grain error probability

P

P=1- exp(—fol eXP(_Kﬂ ))’

2 2
K, KV (K ) (DY),
kT \K,. ) \D, H,

(IH,| <H,)

o

under a writing field H, < O antiparallel to the
recording direction where f,, t, K, V., k. T, K
D, and H, are the attempt frequency, time, the mean
grain anisotropy constant, the grain volume for mean

u?

grain size D, _, the Boltzmann constant, temperature,
the grain anisotropy constant, the grain size, and the
grain anisotropy field, respectively?.

The attempt frequency f, has been calculated as

3 2
o= yaz /MSHkV 1- H, 1_'_HW
l+a 2mkT H, H,

(IH,| <H))

&)

where y, a, M, and V are the gyromagnetic ratio,
the Gilbert damping constant, the grain magnetization,
and the grain volume, respectively®.

The temperature dependence of M was determined
by employing a mean field analysis?”, and that of K|
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T. value

c

was assumed to be proportional to MfS). The
was adjusted by the Cu simple dilution of
(FeysPtys),_.Cu,. M (T, T) is a function of T, and
T, and M (T,=770K,T =300K) = 1000 emu/cm3
was assumed for FePt (Cu composition z =0). K, (T,
K,/K,,T) is a function of T,, K, /K, , and T
where K, /K, 1is the intrinsic ratio of the medium
K,T..K,/Kyu,T) tobulk FePt K (T, K, /K, =1,
T) atthe same T. and T, namely,

Ku (Tc’ Ku /Kbulk’ T)

. 3)
Ku(Tc’ Ku /Kbulk = l’ T)

Ku /Kbulk =

Although K, (., K,/K,, . T) is a function of T, and
T, K,/K,,, is independent of 7, and T. A medium
with a high K /K,, 1is difficult to manufacture.
KT, =7TI0K,K, /K, =1, T=300K) = 70 Merg
/em3 was assumed for FePt (z =0).

The recording density is 2 Tbpsi (total density of 4
Tbpsi), and the area S of a bit is 323 nm?2 The
medium was assumed to be granular in which each bit
had n grains/bit. The mean grain size D, was
determined by

Dm=\/E_A (4)
n

where the non-magnetic spacing A was assumed to be
1 nm. The D, values were 8.0 and 5.0 nm for n
values of 4 and 9 grains/bit, respectively. The grain
volume V_ for D, was D xD, xh where h is the
grain height.

We assumed that the grain size distribution was
log-normal with a standard deviation o, and that the
Curie temperature distribution was normal with a

mean Curie temperature 7. and standard deviation

cm
O . No intrinsic distribution of K, was assumed.
However, there was a fluctuation of K, caused by
O

The bit error rate was calculated using each grain
error probability P.?. For example, for 4 grains/bit, the

1 grain-error bit error rate ,bER, is expressed as

JBER, =ErnP(1-P)1-P)1-P)+

,

+Er, (1-R)(1=P,)(1- PP,

the 2 grain-error bit error rate ,bER,
4bER, =En,AP,(1-P)(1-P)+--- ©
+Er,,(1- B)(1-P,)P,P, ’

the 3 grain-error bit error rate ,bER;,
4bER; = EnpsPP,P;(1-P,) + -+ 0
+Ery,,(1- B)P,P,P,

and the 4 grain-error bit error rate ,bER,
,bER, = BP,P.P, ®

where

SM, T, THD;
Er; = 1, if - M. T)D? <05, and
. n- N cm? m
EMsi(Tci’ T)D12
Er.=0,if - =>0.5
! n-M,T,,T)D,
©))

Errors occur in some grains of a bit. We assume that if
the surface magnetic charge Y M (T T)D,.2 of the

ci?
grains where the magnetization turns in the recording
direction is more than 50 % (signal threshold) of the
total surface magnetic charge n-M (T, T)Dj1 in a
bit, the bit is error free where M, T, and D, are

the magnetization, the Curie temperature, and the

m °

grain size of the i-th grain, respectively.
In conclusion, the total bit error rate ,bER is the
summation of each bit error rate ,bER, as follows

4bER =Y ,bER, . (10)
k
To simplify the model calculation, neither the
demagnetizing nor the magnetostatic fields were
considered in this paper. The problem posed by these
fields is a future subject.

3. Calculation Results

3.1 Information stability in HC layer while
writing in LC layer

First, we discuss the information stability in a high
Curie temperature Ty (HC) layer while writing in a
low Curie temperature T,. (LC) layer. The calculation
conditions are summarized in Table 1. The calculation
bit number was 107.

Table 1 Calculation conditions for information
stability in an HC layer while writing in an L.C layer.
Recording density (Tbpsi) 2
Total density (Tbpsi) 4
Non - magnetic spacing A (nm) 1
Signal threshold 05
Bit number (bits) 107

4 grains/ bit T =750 K
1E+0 g E
E Ku/Kbulk =02 E
o Bl & 06 3
s F h=4nm 3
5 1E2 Ot/ Ten =0% .
E Eop/D, =10% 3
';:EIE3‘HW=—lOkOe 7
T Ea=01 3
Et=1ns ]

1E_4 1111 | 1111 1 1 1 I | 11 1

550 600 650 700 750

Temperature (K)
Fig. 1 Temperature dependence of bit error rate for
various anisotropy constant ratios K, /K, -
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Figure 1 shows the temperature dependence of the
bit error rate (bER) for various K, /K,, values under
the conditions indicated in the figure.

When the error level is low, Eq.
approximated as Eq. (11).

2 2
K. V. (K D H
P=forexp - kT(K)(D—) (IH—) :
um m k

(11)

(1) can be

The variables in an exponential function become
parameters with a strong impact on bER, for example,
T. Furthermore, K, (T.,K,/K,,,T) also has a
strong effect. The bER increases rapidly as the
temperature increases or K /K, , decreases.

When K, /K, = 0.2, the bER apparently becomes
zero at about 710 K where |H_ | =H,
l1+H,/H, =0 in Eq. (2), and f, becomes zero.
Equations (1) and (2) cannot be applied around the
temperature  where |H,| =H, the
magnetization reversal is not a matter of probability.
When K, /K, =0.2and 650K, bER is almost 1, and
K, /K, of 0.2 is insufficient for information stability
at high temperature. Although a medium with
K, /K, > 0.6 is difficult to manufacture, K /K, >
0.6 is preferable for the information stability at 650 K
when we take account of grain size and Curie
temperature variations (see Fig. 10 (a)). It may be
necessary to increase K, /K, .

since

1E+O § I4.IgII.a‘1Irl|S/Ib1It T | T IHCI - 750 K §
E K, /Ky =03 3
o 1E-1 = h=8nm .
s F 3
5152 Lot/ Ten =0% 06 ]
5 Eop/D, =10% 4 nng
A H, =-10kOe .
1E-3 Ea=01 3
Ft=1ns / / ]

1E_4 | I | 111 1 | 1 1 1 | 111 1

550 600 650 700 750
Temperature (K)

Fig. 2 Temperature dependence of bit error rate for
(K,/Kyy =06, h =4nm)and (K, /K,, =03, h =
8 nm) combinations.

Although K, /K, , > 0.28 is necessary for 10 years
of archiving (see Table 3), K, /K,, > 0.6 is required
for information stability while writing in the LC layer.
Therefore, we consider the grain height 4 to reduce
K, /K, - Figure 2 shows the temperature dependence
of the bER for (K,/K,, = 06, h = 4 nm) and

( K, /Ky 0.3, h = 8 nm) combinations. The
K, V=K, (D*h) values are the same for both
combinations. However, the bER for (K, /K,, = 0.3,

h = 8 nm) is higher since the H, =2K,/M_ value in
Eq. (11 for (K, /K,,, =0.3, h =8nm) is lower. When

H, =0,(K,/K,, =06, h =4nm) and (K, /K, =
0.3, h = 8 nm) are equivalent for the information
stability. However, when H_ = 0, K, /K, cannot be
halved by doubling the height h.

4 grains/ bit T..=750K
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Fig. 3 Temperature dependence of bit error rate for

various standard deviations o0 /T, of Curie
temperature.
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Fig. 5 Temperature dependence of bit error rate for
various standard deviations o, /D, of grain size.

The HAMR medium has various variations, for
example, the Curie temperature and grain
variations. Figure 3 shows the temperature dependence
of the bER for various o, /T, values. When o /T,
=4 %, the bER is particularly high.

This is explained using the temperature dependence
of K, as shown in Fig. 4. The T, variation causes the

c

K, fluctuation (K,/K,,) in Eq. (11). The standard

size
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deviation oy, /K, of K, caused by o /T, of 4 %
is only 9 % at 300 K. Therefore, the existence of
o /T,, = 4 % has a weak effect for 10 years of
archiving at 300 K®. However, o, /K, reaches about
31 % at 650 K. Therefore, a small Curie temperature
variation is required for 3D HAMR.

The temperature dependence of the bER for various

o, /D, values is shown in Fig. 5. The change in D
caused by (gD corresponds to (D/D,, )?
= ((Dm —GD)/Dm) in Eq. (11). Therefore, a o, /D,, of

20 % has a strong impact on the bER. And a small
grain size variation is also required for 3D HAMR.
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Fig. 6 Temperature dependence of bit error rate for
various writing fields H .
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Fig. 8 Temperature dependence of bit error rate for
various times 7.

As described below in 3.3, a high K, /K,, is
required in the LC layer for 10 years of archiving. And
a relatively high field is necessary while writing in the
LC layer due to its high K, /K, *. Figure 6 shows the
temperature dependence of the bER for various H,
values while writing in the LC layer. The H, value is
a parameter that has a strong impact on the bER since
H, is an exponential variable in Eq. (11). It may be
necessary to increase the writing field sensitivity in the
LC layer.

The damping constant o is only related to f,, and
so neither o nor time ¢ are exponential variables in
Eq. (11). Therefore, o and ¢ are parameters with a
weak impact on the bER as shown in Figs. 7 and 8,
respectively.

There is a critical temperature, and information
degradation will occur rapidly if this temperature is
exceeded even for a short time as shown in Fig. 8.

9 grains/ bit T =750 K
1E+0 g .
E K, /Ky =04 E
E E h=4nm 085 3
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M =-10kOe 7
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1E_4 1111 | 171 1 1 | L 1/ 1 | 111 1

550 750

Temperature (K)
Fig. 9 Temperature dependence of bit error rate for

various anisotropy constant ratios K,/K,, ©
grains/bit).
Since increasing the grain number per bit is

advantageous for increasing writing field sensitivity

owing to a 7. variation problem?, we consider a

condition of 9 grains/bit as shown in Fig. 9 in addition
to that of 4 grains/bit as shown in Fig. 1. A higher
K, /K, > 0.85 than that for 4 grains/bit is preferable
for the information stability at 650 K due to the smaller
grain size when we take account of grain size and Curie
temperature variations (see Fig. 10 (b)). Although a
medium with K /K., > 0.6 is difficult to
manufacture, K /K, , must be increased in the HC
layer.

In short, when a high K /K,
achieved, the information in the HC layer appears to be
stable up to about 650 K for T,. of 750 K as shown in
Fig. 10. At h of 4 nm, K,/K,, values of about (a)
0.6 and (b) 0.85 are required for 4 and 9 grains/bit,
taking account of certain variations,
of 2% anda o, /D, of 15 %.

value can be

respectively,
namely,a o /T,
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Fig. 10 Temperature dependence of bit error rate for
(a) 4 and (b) 9grains/bit.

3.2 Determination of 7. and 7

Next, we determine the Curie temperatures of T
and T\.

Figure 11 shows the temperature profile for the
cross-track direction where T, is the peak
temperature while writing in the LC layer, and D, is
the track width. The temperature was approximated
using a linear profile with the thermal gradient JT /dy
for the cross-track direction.

Temperature
SN\
»
¥
S TS
5 |2
=
8

ay
Cross- track direction

Fig. 11 Temperature profile for cross-track direction.

The temperature difference AT} between Ty. and
T e is a function of the information stability in the
HC layer while writing in the LC layer, and ATy was
estimated to be about 100 K as discussed in 3.1.

The temperature difference AT;. between T

and T, isa function of JT /dy and D, as

peak

AT, ~ L. Pr
ay 2

(12)

AT, was estimated to be about 100 K when using a

dT /dy of 10 K/nm and a D; value of 20 nm.
Although a lower T, namely, a lower writing
temperature, is better in terms of the heat resistance of
the writing head and/or the surface lubricant, a higher

T. medium for 10

c

K, /K, 1is required in a lower
years of archiving as described below in 3.3. And a
high K, /K,, is difficult to
manufacture regardless of T,. Therefore, we
determined T} and T;. values of 750 and 550 K,
respectively, taking account of the results for AT
and AT;..

medium with a

3.3 Information stability in HC and LC layers
for 10 years of archiving

Finally, we discuss the information stability in the
HC and LC layers for 10 years of archiving. We have
already reported the information stability in HAMR for
10 years of archiving as regards h of 8 nm?. The
calculation conditions are summarized in Table 2
taking account of certain variations, namely, a o /T,
of 2% and a o, /D,, of 15 %. The storage temperature
was 350 K. The maximum ambient temperature of a
hard disk drive appears to be about 330 K. We take
account of a certain margin of K, /K, for
temperature since the bER increases rapidly as the
temperature increases?. The K, /K., value was
calculated for a bER of 1E-3 under H , =0.

Table 2 Calculation conditions for 10 years of
archiving in HC and LC layers.

Curie temperature T, (K) 750

Curie temperature T, . (K) 550

Grain height /2 (nm) 4
Standard deviation of Curie temp. o /T, (%) 2

cm

Standard deviation of grain size o, /D, (%) 15
Gilbert damping constant o 0.1
Storage time ¢ (years) 10
Storage temperature 7" (K) 350
Signal threshold 0.5
Bit number (bits) 10’
Allowable bit error rate 1IE-3

The required K,/K,, values for the HC and LC
layers are summarized in Table 3 for 10 years of
archiving as are those for the HC layer while writing in
the LC layer where h is 4 nm. High K /K, values
of 0.6 and 0.85 are necessary for the HC layer to realize
the temperature difference AT,. of 100 K needed for
information stability while writing in the LC layer at 4
and 9 grains/bit, respectively. Although relatively low
K, /K., values are required for the HC layer for 10
years of archiving, high K /K, values of 0.64 and
1.29 are necessary for the LC layer due to its low T, at
4 and 9 grains/bit, respectively. This can be explained
using Fig. 12 in that the K, (350K) value for a
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medium with a low T, is intrinsically low when we
compare the K (350K) values for T, = 750 and 550
K with the same K, /K, of 0.44. Therefore, a larger
K, /K., of 1is needed for a medium with a low T, of
550 K if we are to obtain the same K (350 K) value as
that for a medium with a high T, of 750 K.

As shown in Table 3, the required K, /K, value at
9 grains/bit exceeds 1 for the L.C layer. If & of 6 nm is
realized, the required K, /K, value can be reduced
from 1.29 to 0.86.

Table 3 Required K, /K,, values for HC and LC
layers in 3D HAMR.

h=4nm HC layer| LC layer
4 grains /bit (D = 8.0 nm)

Stability while writing in LC layer | >0.6

Stability for 10 years of archiving | >0.28 >0.64
9 grains/bit (D, = 5.0 nm)

Stability while writing in LC layer | >0.85

Stability for 10 years of archiving | >0.56 >1.29%

%0.86 (h = 6 nm)

10 —
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Fig. 12 Temperature dependence of anisotropy

constant for Curie temperatures T, of 750 (K, /K, , =

c

0.44) and 550 K (K, /K, =0.44 and 1).
4. Conclusions

We considered the information stability in a high
Curie temperature Ty (HC) layer while writing in a
low Curie temperature T,. (LC) layer, and the
information stability in HC and LC layers for 10 years
of archiving for three-dimensional heat-assisted
magnetic recording (3D HAMR) at 2 Tbpsi (total
density of 4 Tbpsi) employing an anisotropy constant
ratio K, /K, -

The temperature difference AT} between Ty. and
the peak temperature Tpe&k while writing in the LC
layer is a function of the information stability in the HC
layer, and it was estimated to be about 100 K for a
grain height of 4 nm under a writing field of -10 kOe.

The temperature difference AT,. between T,
and T, is a function of the thermal gradient and the
track width, and it was estimated to be about 100 K.

We determined Ty and 7. values of 750 and 550
K, respectively, taking account of the results for AT
and AT;..

Ahigh K, /K, isnecessary for the HC layer due to
the information stability required while writing in the
LC layer. A high K /K, is also necessary for the L.C
layer when we consider 10 years of archiving since the
anisotropy constant of an LC layer with a low T). is
intrinsically low at the storage temperature due to its
low Curie temperature. A medium with a high
K, /K, mustbe manufactured if we are to realize 3D
HAMR.
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Micromagnetic Simulation of Voltage-Induced Spin Wave Resonance
Properties in Ferromagnetic Nanowires with Perpendicular Anisotropy

X. Ya, R. Imai, T. Tanaka and K. Matsuyama
Faculty of Information Science and Electrical Engineering, Kyushu Univ., Motooka 744, Nishi-ku, Fukuoka 819-0395, Japan

A fundamental issue in developing spin wave (SW) devices with ultralow power consumption is exploring
energy-efficient excitation with nanoscale spatial resolution. We numerically studied the voltage-induced excitation
of a geometrically confined standing spin wave (SSW), which is suitable for the downsizing of various SW devices.
The micromagnetic configuration of the excited SSW, the resonance spectrum, and the structural size effects were
investigated. In addition, a possible application to a SSW-based logic operation was demonstrated in a nanowire with

lateral dimensions of 20 nm X 100 nm.

Key words: spin wave, ferromagnetic resonance, magnetic anisotropy, micromagnetic simulation

1. Introduction

In solid-state physics, spin dynamics in magnetic
nanostructures is an active research field®. In
particular, the collective and coherent magnetization
precession of spin waves (SWs) has attracted intense
research interest4?. The promising abilities of SWs
have resulted in the novel research field of so-called
magnonics®®, where the phase or amplitude of a
propagating SW is used as a novel information carrier
or a signal-processing medium. Energy-efficient
excitation or manipulation of SWs is essential to exploit
the potential ability of SW-based devices. Two different
approaches to this problem, parametric pumping (PP)V
and voltage-controlled magnetic anisotropy (VCMA)?,
have been intensively studied over the past years. PP is
based on the nonlinear aspect of the spin dynamics,
resulting in the excellent frequency-resolved excitation
of short wavelength SWs, as experimentally observed in
ferromagnetic oxide yttrium iron garnet!o!? and
metallic thin films!319, Voltage-induced manipulations
of magnetic properties have also been attracting intense
research interest2029, The superior performance of
VCMA has been experimentally confirmed as being an
ohmic dissipation free excitation of the ferromagnetic

resonance2527, as opposed to conventional Oersted fields.

In particular, the cooperative performance of PP and
VCMA can be effectively exerted in a material system
with perpendicular magnetic anisotropy?8. Recently, the
parametric excitation of propagating SWs via VCMA
has been investigated using both theoretical?® and
numerical3® approaches. However, the long distance
propagation of SWs is still a challenging issue. In this
study, the possibility of spatially resolved excitation of
geometrically confined standing spin waves (SSWs) in
magnetic nanostructures is addressed. A fundamental
SW-based logic operation and its design considerations
are also studied in the context of an application.

2. Numerical Model

Figure 1(a) shows a schematic figure of the
investigated device structure, which consists of a
perpendicularly magnetized nanowire and an overlaid
gate electrode to apply electric fields for the local
modulation of the perpendicular magnetic anisotropy
(PMA). The following structural and magnetic
parameters were adopted in the present study assuming
ferromagnetic nanowires with  interface-induced
perpendicular anisotropy, such as the CoFeB/MgO
system: the film thickness was ¢ = 0.8 nm, the
saturation magnetization was M = 1600 emu/cm?, the
exchange stiffness constant was A = 1.0 perg/cm, the
effective uniaxial perpendicular anisotropy field was Hk
= 20 kOe, the gyromagnetic ratio was y = 1.76 x 107
rad/s Oe, and the Gilbert damping constant was « =
0.01. The electric field-induced modulation of the PMA
was numerically modeled by the local sinusoidal Hx
change using the amplitude of AHx under the gate
electrode. The assumed maximum value of AHi (500 Oe)
corresponds to an areal anisotropy energy change of
32.5 pd/m?2, which is comparable to the experimentally
reported values of several tens of ud/m2.243132 The
dynamics of the SW caused by the electric field-induced
PMA modulation was simulated by numerically
integrating the Landau-Lifshitz—Gilbert equation.
Subtle thermal agitation as a parallel PP seed was
introduced via effective Langevin fields3?. The Langevin
fields with an amplitude based on fluctuation
dissipation theorem and random orientation were
applied to micromagnetic numerical cells at each time
step3?. The fourth-order Runge—Kutta method was
adopted as a numerical scheme. The magnetization was
assumed to be uniform along the film thickness and the
wire width direction, taking into consideration that the
dominant magnetization change was along the long axis
of the Therefore, the
discretized into a one-dimensional dipole array with a

nanowire. nanowire was

separation of 1 nm, and the dipole coupling was
computed using an apparent surface charge model. A

40 Journal of the Magnetics Society of Japan Vol.44, No.2, 2020



Gate conductor ¥, H,
(a) P b
A |
< > 0

X

04—

N i 0.4 T T T T
0.3Hb) 1 02—~
202f O] ]
0.1* T _02\___//
) _04 L Il L Il L Il L Il L
(;2 3 4 5 6 0 20 420 (nn61§) 80 100
Jne (GHz) ’
0.2 : :
[ (d) 1
5 O1F .
ta) 4
E 1
0P 272 273

Frequency (GHz)

Fig. 1 (a) Schematic of a ferromagnetic nanowire
with an overlaid gate electrode for SSW excitation,
(b) dependence of the precession amplitude on the
excitation frequency, @© micromagnetic
configuration of the SSW, and (d) the frequency
spectra of the magnetization precession under the
gate electrode.

force-free boundary condition was assumed at the wire
edge. The spatial discretization and the time step (1015
s) were preliminarily optimized via the micromagnetic
standard problem No. 4.3

3. Results and Discussion

Tigure 1(b) presents the precession amplitude of the
magnetization excited with a sinusoidal modulation of
the perpendicular anisotropy field (AHx = 500 Oe) under
a gate electrode with a width of W; = 10 nm, located at
the center of a wire with lateral dimensions of 20 nm X
100 nm. The in-plane component of the normalized
magnetization my at the wire center is plotted as a
function of the excitation frequency, foxe. The precession
amplitude sharply decays below the resonance region
(£xc < 5.43 GHz) while gradually decreasing above the
resonance region. The resonance frequency, fes of 5.44
GHz, is twice the excited precession frequency, as
shown in the frequency spectra of the magnetization
precession (Fig. 1(d)), calculated from the digital
Fourier transform of my. The micromagnetic
configuration of the magnetization precession exhibits a
first-order SSW along the long axis of the wire, as
shown in Fig. 1(c). These results confirm that the
additional in-plane shape anisotropy of ferromagnetic
wires with a mnanoscale finite length causes an
anisotropic precession trajectory accompanied by a
time-varying m. component with a frequency that is
twice the precession frequency, which is essential as a
seed for parallel parametric excitation. The results also
reveal that the parametrically excited SSW exhibits an
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Fig. 2 Elliptic precession trajectory and phase
relationship between the sinusoidal perpendicular
anisotropy modulation and the magnetization
components.
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Fig. 3 SSW resonance properties at various
external fields Ab applied along the long axis of
the wire.

asymmetric resonance profile, similar to the case of a
propagating SW30, The relative phase relationship
between the time-varying PMA, mx, and m, indicates an
apparent negative susceptibility, as shown in Fig. 2.
That is, the increase in the perpendicular anisotropy
field Hx leads to a decrease in m,, and vice versa,
reflecting the coherent SW resonance behavior.

The external bias field A, applied along the long axis
of the wire causes an additional linear mode excitation
of the SSW, where the precession frequency is the same
as the excitation frequency, as shown in Fig. 3.
Conversely, the parametric mode disappears for Hp
larger than 200 Oe. It can be reasoned that the
precession axis is inclined to the x-axis due to the
application of Hp, which results in the disappearance of
the double period change in m. necessary for a parallel
parametric excitation seed. As can be seen in Fig. 3, the
resonance profile of the parametric mode is markedly
narrower than that of the linear mode, which would be
suitable for frequency-selective SW-based device
operations. Figure 4 compares the dependence of the
resonance precession amplitude my on the PMA
modulation amplitude AHx for the parametric and linear
excitation modes at H, = 100 Oe. my for the linear mode
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Fig. 4 SSW precession amplitude as a function of
the sinusoidal anisotropy field amplitude AHx for
parametric and linear excitations.

linearly increases with increasing A4Hx up to
approximately 150 Oe and deviates from a linear
response for larger AHk. Conversely, the precession
amplitude of the SSW in the parametric mode was
found to be insensitive to the PMA modulation intensity
for AHx smaller than 350 Oe, resulting in mostly
constant values of my due to the thermal disturbance.
The observed threshold for triggering the parallel
parametric excitation has been theoretically predicted
for a propagating SW29.30,

The dependences of the parametric excitation
properties on representative structural parameters are
presented in Figs. 5 and 6. Figure 5(a) compares the
resonance profile of SSWs excited in wires with various
wire lengths Ly and a fixed gate electrode width (W, =

0.6* T T T Lx (nm)
L (a) { ——50
i i 80
0.4 ——100
£t { ——150
02 a
=56 7 8

Jexe (GH2)

1
100
L, (nm)
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Fig. 5 Dependence of the SSW properties on
the wire length Ly (a) the resonance spectra and
(b) the the
amplitude along the wire.
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Fig. 6 Dependence of the SSW properties on the
gate electrode width wire length Wy (a) the
resonance spectra and (b) the nonuniformity of
the precession amplitude along the wire.

10 nm). The values of £y, at which the precession
amplitude reaches its maximum value, increase from
4.8 GHz to 6.7 GHz with Lx decreasing from 150 nm to
50 nm, reflecting the dispersion relation between the
SW length and the excitation frequency. The observed
broad spectrum in the short length wire can be
associated with the large amplitude precession,
geometrically confined in the narrow region; my = 0.45
(Lx = 50 nm), my = 0.16 (Lx = 150 nm). Figure 5(b) shows
the relative ratio of the precession amplitude at the
center (mycenter) and edge (myedee) of the wire. The
variation of the precession amplitude along the wire
axis markedly decreases with decreasing Lxand closes
to the ferromagnetic resonance mode.

Even though f£pt and the nonuniformity of the
precession amplitude also depend on the gate electrode
width W, as shown in Fig. 6(a), (b), this dependency is
relatively weak compared to that on the wire length.
That is, the increase in the values of W;, which ranged
from 10 nm to 100 nm, resulted in 15% and 18%
increases in fpt and my.edge/ My.center, respectively. Figure
6(a) shows that the precession amplitude monotonously
increases with increasing W;. These results indicate a
spatial integration effect in the voltage-induced
excitation of the SSW, which can be applied to a logic
operation as follows.

Figure 7(b) presents the frequency spectra of the
precession amplitude excited with two electrodes located
25 nm and 75 nm from the wire end (Fig. 7(a)). The
values of Ix and W; were chosen to be 100 nm and 10
nm, respectively. A bias field of 100 Oe was applied
along the wire axis. The two plots show the results for
the different phase differences A¢ (=0, 1) between the
sinusoidal anisotropy changes in the two electrodes.
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Fig. 7 (a) Schematic of two-generator device. (b)
Comparison of the frequency spectra between the
in-phase (4¢ = 0) and opposite-phase (4¢ = )
excitations with two electrodes located along the
wire.

Two resonance peaks similar to those excited with one
electrode are observed in the in-phase excitation (4¢ =
0). Conversely, no distinguished excitation of the SSW
was caused by the opposite-phase excitation (4¢ = n).
This result indicates that opposite PMA changes at
different positions cancel out through the wire for both
of the linear and parametric mode excitations, which
can be used as phases comparing microwave voltages
Another example of spatial integration of the
voltage-induced SSW excitation with two electrodes is
demonstrated in Fig. 8. The same device structure, as
that shown in Fig. 7, was assumed. When an in-phase
PMA modulation with fixc= 5.44 GHz was applied with
two electrodes (Ga:l, Gg:l), a parametric SSW was
excited with AHk larger than 200 Oe. A micromagnetic
configuration of the SSW excited with two electrodes is

03—
22 .
0.1F -1
00100 200 300 200 300
AH, (Oe)
_ 0.1¢ Gul, Gyl E
T o0k AH =5000c
“02f —
'0'30 20 40 60 80 100
Ly (nm)

Fig. 8 (a) Comparison between the SSW
precession amplitude for the one-gate (Ga:0, Gg:1)
and two-gate  (Gall, Gsil)
excitations. (b) Micromagnetic configuration of the
SSW excited with two electrodes.

simultaneous

Journal of the Magnetics Society of Japan Vol.44, No.2, 2020

shown in Fig. 8(b). Conversely, an SSW was not formed
with a single-electrode excitation (Ga:0, Gz:1), even
when A4Hx was larger than twice the excitation
threshold for the two-electrode excitation. Note that the
precession amplitude for the single-electrode excitation
was suppressed within the thermal noise level due to
the existence of a threshold on the parallel parametric
excitation. These results should be applicable to the
AND gate operation for nanostructured SW logic devices.
Noise floor for the AHxlower than 200 Oe (Ga'l, Gg:1)
was somewhat smaller than that shown in Fig.7 (4¢ = 0),
since the higher AHx of 500 Oe was assumed in the
spectra simulations of Fig. 7. The noise level of the
single-electrode excitation also exhibits smaller value
independent on the value of AHk.

4. Conclusions

The voltage-induced excitation of geometrically
confined SSWs in nanowires with perpendicular
anisotropy was numerically studied via micromagnetic
simulations. Sinusoidal modulations of perpendicular
anisotropy fields were found to cause linear and
parametric mode excitations of SSWs depending on the
external field. The dependence of the SSW resonance
properties on the structural parameters was
systematically examined. A possible application to a
SSW-based logic operation was demonstrated in a
nanowire with lateral dimensions of 20 nm X 100 nm,
where the spatial integration effect of the
voltage-induced anisotropy modulation was used.
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In this paper, we propose an interior permanent magnet synchronous motor (IPMSM) with an asymmetric

magnetic pole structure that uses bonded neodymium magnets. By adopting the asymmetrical magnet arrangement,
the current phase angle, where the magnetic torque is maximized, can be set to almost the same phase while

maximizing the reluctance torque. To verify the usefulness of the proposed motor, we prototyped an actual motor on
the basis of our proposed motor and compared the characteristics with a conventional IPMSM that uses sintered

neodymium magnets. Although the torque of the proposed motor was smaller than the conventional motor due to a
problem with the dimensions of the bonded neodymium magnets, it was shown that an IPMSM with an
asymmetrical magnetic pole structure that uses Dy-free bonded neodymium magnets can achieve performance
equivalent to conventional IPMSMs that use sintered neodymium magnets.

Keywords: permanent magnet synchronous motor, interior permanent magnet synchronous motor, neodymium
bonded magnet, asymmetric pole structure, heavy rare earth free

1. Introduction

In recent years, interest in protecting the global
environment and conserving energy has been growing.
Among electric motors, permanent magnet synchronous
motors (IPMSMs) using high-performance rare earth
magnets for high-efficiency motors have been applied to
various fields. Neodymium (Nd) and dysprosium (Dy)
are key elements for improving the performance of
PMSMs; however, the production of Dy, a heavy
rare-earth element, depends on specific countries.
Therefore, developing high-efficiency motors without
using Dy is required.

Although neodymium bonded magnets have a lower
residual magnetic flux density than neodymium
sintered magnets, they are expected to be applied to
motors as Dy-free magnets because of their advantages,
such as a stronger residual magnetic flux density than
ferrite magnets, high degree of freedom in terms of
shape, and zero generation of eddy currents.

Since IPMSMs can utilize reluctance torque in
addition to magnetic torque, a higher torque can be
expected compared with PMSMs that do not utilize
reluctance torque. Although it has been reported that
reluctance torque is used to achieve the same output
characteristics, power density, and efficiency
characteristics as rare earth magnets even when ferrite
magnets are used?, it is difficult to produce a torque
density equivalent to that of a rare earth magnet motor
only with a ferrite magnet. In examining the optimum
shape of an IPMSM using a rare-earth bonded magnet,
a torque equivalent to that of rare earth sintered
magnet IPMSMs has been realized, but the rotor has an
overhang structure, and there are still problems with
further downsizing these IPMSMs?.

Generally, an IPMSM has a phase difference of 45
degrees between the current phase angle at which the
magnetic torque is maximized and the current phase
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angle at which the reluctance torque is maximized.
Therefore, there has been study on improving the total
torque by arranging the magnets asymmetrically and
shifting the phase of the magnetic torque®®. In
asymmetric rotor designs for the permanent
magnet-assisted synchronous reluctance motor, the
total torque was increased by designing the rotor to
have an asymmetric structure, but the reluctance
torque was reduced compared with the conventional
structure®-6),

In this study, we design and prototype an
asymmetric pole rotor for an IPM motor with improved
reluctance torque compared with the previous model
studied?.

2. Principle of improving torque with asymmetric pole
structure

Here, we use a 2-pole inset-type PMSM rotor
having saliency to explain the principle of improving
the torque with the asymmetric pole structure. Fig. 1 (a)
and (b) show the torque generation principle of an
inset-type PMSM. The center of the north pole of the
magnet is the d-axis, and the direction advanced 90
degrees from the d-axis in the rotational direction is the
gaxis. The magnetic torque generated by suction and
repulsion forces acting between the pole of the rotating
magnetic field and the pole of the permanent magnet
placed on the rotor is maximized by the magnetic field
rotating in the gaxis direction as shown in Fig. 1 (a).
The reluctance torque that is generated by the suction
force acting between the salient pole of the rotor and
the rotating magnetic field is maximized by the
magnetic field rotating in the direction advanced 45
degrees from the g-axis as shown in Fig. 1 (b). Therefore,
the maximum value of both torque components cannot
be generated simultaneously.

To generate the maximum value of these two
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torque components simultaneously, the phase of the
magnets is advanced without changing the phase of the
rotor saliency shown as Fig. 2. In Fig. 2, the magnets
are divided and arranged in a phase-shifted manner,
while the phase of the rotor saliency remains the same
as the conventional inset-type PMSM as shown in Fig. 1
(a). If the phase shift of the magnet poles can be
advanced 45 degrees from the g¢-axis direction, the
maximum torque of the two components can be
generated at the same phase, and the total torque can
be improved.

Attraction

g-axis

Repulsior&

(a) Magnetic torque

d-axis

g-axis

45 deg.

(b) Reluctance torque
Fig. 1. Principle of torque generation of 2-pole
inset-type PMSM

d-axis

Repulsion

N

Fig. 2. Principle of magnetic torque generation when
magnets are divided and arranged in phase-shifted
manner
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3. Analysis of examined motors

3.1 Overview of examined motors

Fig. 3 (a) shows the conventional IPMSM with
4-pole sintered neodymium magnets (base model), and
Fig. 3 (b) shows the proposed IPMSM with a 4-pole
asymmetric rotor structure using bonded neodymium
magnets. The stator is common to both models. Table 1
shows the motor specifications. The residual magnetic
flux density of the sintered neodymium magnets used in
the base model and bonded neodymium magnets used
in the proposed model are 1.27 T and 0.71 T,
respectively.

Fig. 4 (a) and (b) show the rotor shapes and
magnetization directions of the base and proposed
models. The void arrows in the figure indicate the
magnetization direction of the magnet. The part
highlighted on the rotor surface with the solid line
represents the N pole, and that highlighted with the
broken line represents the S pole. The magnetization
direction of the base model faces the same direction as
the draxis direction. In the rotor of the proposed model,
since the magnets are arranged asymmetrically, the
magnetic pole center exists at a position shifted from
the d-axis direction.

— 112 mm

(b) Proposed model

Fig. 3. Shape of motors under consideration

(a) Base model

Tablel Specifications of analytical models

Parameter Base Proposed
. Neodymium | Neodymium
Permanent magnet material sinfered bonded
Core material 50A350
Coil Copper
Stator outer diameter (mm) 112
Rotor outer diameter (mm) 55
Gap width (mm) 0.5
Stack length (mm) 30
Number of winding turns/slot 35
Number of slots 24
Number of poles 4
Residual flux density B, (T) 1.27 0.71
Coercive force H, (kA/m) 876 470
Recoil permeability x 1.05 1.20
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(a) Base model

g-axis
Center of magnetic pole

N d-axis

(b) Proposed model
Fig. 4. Magnetization direction

3.2 Comparison of torque characteristics

Fig. 5 shows the torque characteristics of the
examined motors. The magnetic torque is indicated by
the broken line, and the reluctance torque is indicated
by the dotted line. The solid line is the total torque, that
is, the sum of the magnetic torque and reluctance
torque. The maximum magnetic torque of the base
model was 0.85 N'm when the current phase angle £
was 0 degrees, and the maximum value of the
reluctance torque was 0.20 N 'm when the current phase
angle £ was 45 and —135 degrees. The maximum
magnetic torque of the proposed model was 0.77 N'm
when the current phase angle £ was 40 degrees, and the
maximum reluctance torque was 0.18 N'm when the
current phase angle £ was 50 and —140 degrees.
Therefore, the phase of the magnetic torque of the
proposed model was shifted by 40 degrees compared
with the base model, and it was confirmed that the
current phases at which the magnetic and reluctance
torques were maximum were almost the same.
Comparing the maximum values of the total torque, the
base model was 0.92 N 'm when the current phase angle
6 was 20 degrees, and that of the proposed model was
0.94 N'm when the current phase angle £ was 45
degrees. The proposed model obtained a maximum total
torque equivalent to the base model when the phase of

Journal of the Magnetics Society of Japan Vol.44, No.2, 2020

the magnetic torque was shifted by 40 degrees.

Maximum magnetic torque
1.2

0.8

Torque (N-m)

—Total torque - - -Magnetic torque - Reluctance torque

-1.2
-180 -135 90  -45 0 45 90 135 180
Current phase angle f§ (deg)
(a) Base model
Maximum magnetic torque
1.2

0.8 T/Q

Torque (N-m)

—Total torque - --Magnetic torque - Reluctance lorque‘

-1.2

-180 -135 -90 45 0 45 90 135 180

Current phase angle f (deg)

(b) Proposed model
Fig. 5. Torque characteristics of examined motors

4. Experimental verification of motor performance

4.1 Experimental setup

Fig. 6 shows photographs of a prototype stator and
rotors used in an experiment. The same stator was used
to measure the characteristics of the two motors. Fig. 7
shows a photograph of the experimental apparatus. The
waveform of back electromotive force (EMF) was
recorded by using a memory high coder. The input
electric power of the motor Pi» was measured by using a
power meter connected just before the motor, and the
mechanical output power of the motor Pour was obtained
from the product of the average torque 7' and the
rotational angular velocity @ measured by the torque
detector shown in the figure.

4.2 Comparison of calculated and measured values

Fig. 8 (a) shows the back EMF waveform of the
base model at 1300 rpm, and Fig. 8 (b) shows that of the
proposed model. In the figures, the measured and
calculated values are compared with each other.

The fundamental wave component was extracted
from these waveforms with a fast Fourier transform
(FFT) The relationship between the rotational speed
and the fundamental component of the back EMF is
shown in Fig. 9; Fig. 9 (a) is the base model, and Fig. 9
(b) is the proposed model. Comparing the calculated and
measured values at 1300 rpm, the experimental value
of the base model was 6.17% smaller than the
calculated value, and the experimental value of the
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proposed model was 17.9% smaller than the calculated ——TU-phase cale, ——V-phase calc. ——W-phase calc.
value. The reason for the larger error for the proposed ~  __ [== U-phase meas. ———V-phase meas. -——-W-phase meas.
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variation in the prototype magnet dimensions. S 10
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(a) Base model
——U-phase calc. ——V-phase calc. ——W-phase calc.
o U-phase meas. ----- V-phase meas. ----- W-phase meas.
20
15 +
S 10 |
= ok
Z 0
2 5
& -10
-15
-20
-25
0 0.005 0.01 0.015 0.02 0.025
Time (s)
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Fig. 8. Back EMF waveform at 1300 rpm
(b) Rotor (Base model) (c) Rotor (Proposed model) 20 5
. . - L .
Fig. 6. Actual machines ‘2 18 o Caleulated
W § - 16 r * Measured o
m Power E.a 14 .
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Control PC £ g; 10 F
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. . Rotational speed (rpm)
Fig. 7. Experimental apparatus (a) Base model
Fig. 10 shows the relationship between the current 20
amplitude and torque of the base and proposed models - 18 o Calculated o
at rotation speeds of 500, 1000, and 1300 rpm. The ; 16 « Measured
calculated values are indicated by the solid lines, and §; 14 r o .
the measured values are indicated by the symbols. The g‘; 12 +
current amplitude used for the horizontal axis of the 2210 - *
graphs was the fundamental wave amplitude extracted z g L
by FFT from a current waveform including harmonic g‘ 6 & o]
components as shown in Fig. 11. The current phase was E 4 | *
selected so that the output torque was maximized for
each current amplitude. From Fig. 10, the calculated 2
0 L 1 | 1 1 |

value of the torque of the base model almost agreed
with the experimental value at all rotational speeds, 0 200 403 " ﬁ6001 8?‘0 1?00 1200 1400
while the calculated value of the proposed model was ofational speed (rpm

. (b) Proposed model
larger than the experimental value. These results also Fig. 9. Relationship between rotational speed and

fundamental component of back EMF.
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show that the proposed model could not be prototyped
as designed due to variation in the magnet dimensions.
It was shown that an asymmetrical magnetic pole
structure for an IPMSM wusing Dy-free bonded
neodymium magnets could achieve performance
equivalent to the conventional IPMSM using sintered
neodymium magnets if we can eliminate the error of the
dimensions.

1.2
1+ .

e
[= N ]
T T

—Calculated

Torque (N-m)
e o o
|5 I SN

* Measured

[

0 5

1 2 3 4
Current amplitude [A]

(a) Base model at rotational speed of 500 rpm

1.2

[a—y
T

—Calculated

Torque (N-m)

e = o ©

(3 T S = e -]
T

o Measured

(=]

0 5

| 2 3 4
Current amplitude [A]

(b) Proposed model at rotational speed of 500 rpm
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N oo
T T
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i
CRS

e Mecasured
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(c) Base model at rotational speed of 1000 rpm
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(d) Proposed model at rotational speed of 1000 rpm
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(e) Base model at rotational speed of 1300 rpm
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(f) Proposed model at rotational speed of 1300 rpm.

Fig. 10. Relationship between current amplitude and

torque
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Fig. 11. U-phase current waveform at maximum torque

at 1300 rpm
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09 m Magnetic torque
Reluctance torque
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Current amplitude (A)

(a) Base model

09 W Magnetic torque
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Current amplitude (A)
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Fig. 12. Relationship between current amplitude and
separated torque components at 1300 rpm

Calc. Meas
4

Fig. 12 shows the relationship between current
amplitude and separated torque components at 1300
rpm. The components were separated by using the
following equations.

_W

v, (1)
w

Tn=Pn %y (2

T,=T-Tn (3)

Here, Vo, w, Pn, Wa, iq, Tm, T, and T are values converted by
the d-¢g transformation of the back EMF, angular
velocity, number of pole pairs, magnetic flux of magnets,
g-axis current, magnetic torque, reluctance torque, and
total torque obtained in the experiments and
calculation. The magnetic torque was calculated by
multiplying ¥, P»and i, The reluctance torque was calculated
by subtracting 7 from T.

100
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E —Calculated
R 20 ¢ Measured
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(a) Base model at rotational speed of 500 rpm
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(b) Proposed model at rotational speed of 500 rpm
100
e
g 80 |- * $e
g 60 r
=
.;,".: 40 F
E 20 - —Calculated
* Measured
0 1 | 1 1
0 1 2 3 4

Current amplitude (A)

(c) Base model at rotational speed of 1000 rpm
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(d) Proposed model at rotational speed of 1000 rpm
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(e) Base model at rotational speed of 1300 rpm
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(f) Proposed model at rotational speed of 1300 rpm
Fig. 13. Relationship between current amplitude and

efficiency
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The magnetic torque is indicated by the filled bars,
and the reluctance torque is indicated by the hatched
bars. It can be seen from this figure that the
experimental value of the proposed model’s magnetic
torque is lower than the calculated value.

Fig. 13 shows the relationship between the current
amplitude and the efficiency of the base and proposed
models at rotation speeds of 500, 1000, and 1300 rpm.
The calculated values are indicated by the solid lines,
and the experimental values are indicated by the
symbols. In the figures, the experimental values of
efficiency were smaller than the calculated ones at all
rotational speeds because the effect of the increase in
iron loss due to harmonics and mechanical loss were not
considered for the calculated values. The maximum
efficiency of the measured values was 85.6% for the
base model and 85.4% for the proposed model; the
maximum efficiency of both models had almost the
same value.

5. Conclusion

In this paper, we proposed an asymmetrical
magnetic pole structure for an IPMSM using bonded
neodymium magnets. We prototyped the proposed

motor and compared the characteristics with a
conventional IPMSM wusing sintered neodymium
magnets. By adopting the asymmetrical magnet
arrangement, the current phase angle, where the

magnetic torque is maximized, could be set to almost
the same phase by maximizing the reluctance torque.

Journal of the Magnetics Society of Japan Vol.44, No.2, 2020

Although the torque of the proposed motor was
smaller than the conventional motor due to a problem
with the dimensions of the bonded neodymium magnets,
it was shown that this asymmetrical magnetic pole
structure for IPMSMs using Dy-free bonded neodymium
magnets could achieve performance equivalent to the
conventional IPMSM using sintered neodymium
magnets.

As future work, we plan to simplify the shapes of
the magnets to prevent dimensional errors.
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