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Miniaturized Permanent Magnets
Applied to Extremely Small Stepping Motors

Masaki Nakano
Graduate School of Engineering, Nagasaki University, 1-14 Bunkyo-machi, Nagasaki, Nagasaki 8562-8521, Japan
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This is a review paper on the fabrication of Pr-Fe-B thin magnets using a PLD (Pulsed Laser Deposition) method.
It is generally known that conventional isotropic Nd-Fe-B bonded magnets including resin have been used for small
motors such as stepping motors. In this study, Pr-Fe-B magnet powders without resin were consolidated on a small
shaft obtain a small magnet instead of a bonded magnet. After annealing the as-deposited sample, multi-pole
magnetization was carried out for the sample using a micro-magnetization process. As a result, the stable operation
of an ultra-small stepping motor with a diameter less than 3.0 mm that contained the above-mentioned magnet was
demonstrated. It was confirmed that the size of stepping motors could be further reduced in the study.

Key words: Pr-Fe-B magnet, PLD (Pulsed Laser Deposition), micro-magnetization, stepping motor

1. Introduction

Several researchers have reported the size reduction
of a motor equipped with miniaturized permanent
magnets. In 1991, Yamashita and Yamasaki prepared a
milli-size motor containing a sputtering-made Nd-Fe-B
thin-film magnet?. Our group demonstrated an axial
gap type DC brushless motor with thickness of 0.8 mm
and outer diameter of 5 mm. In the motor, a 0.2
-mm-thick Nd-Fe-B film magnet fabricated by a PLD?
was applied. A DC brush-less micro-motor was also
reported by Machida et al through improving the
magnetic properties of a small-sized Nd-Fe-B bulk
magnet?. In the case of a miniaturized nano-composite
magnet, the consolidation of a-Fe/PrzFe1sB-based
thick-films enabled us to enhance the magnetic torque
of cylindrical micro rotors?. In addition, Shinshi et al?
demonstrated a MEMS Micro Electro Mechanical
Systems) linear motor utilizing a thin film permanent
magnet deposited on a Si substrate through sputtering.

Here, the size reduction of a stepping motor was
focused on®?. Rare earth-based bonded magnets have
been widely used in commercial small motors including
stepping motors. However, it is difficult to enhance the
values of residual magnetic polarization and (BH)max
because of the existence of non-magnetic material such
as thermosetting resin in the magnets. We, therefore,
consolidated permanent magnet powders without resin
by utilizing the PLD method. Considering the
demagnetization field due to the structure of the desired
small motor, we need to increase the coercivity up to
1000 kA/m, the reson being that the permeance
coefficient in the demagnetization curve is estimated at
1.0. Since the magnetic crystalline anisotropy constant
of a PrzFeuuB phase (Ku = 6.8 MJ/m3) is larger by
approximately 2.3 MdJ/m3 when compared with a
NdeFe14B phase (Ku = 4.5 MJ/m?)?®, Pr-Fe-B thick-film
magnets were chosen over Nd-Fe-B thick films.

In this study, Pr-Fe-B magnet powders with a
coercivity (H;) exceeding 1000 kA/m were deposited on a

thin stainless shaft wusing the PLD method.

Furthermore, an extremely small stepping motor
containing the above-mentioned Pr-Fe-B magnet with
multi-pole magnetization was demonstrated.

2. Experimental

A PrxFeisB (X = 1.6~2.4) target was ablated with a
Nd-YAG pulse laser (wavelength: 355 nm) at a
repetition rate of 30 Hz in a vacuum. The laser power
was approximately 4 W. Before the ablation, the
chamber was evacuated down to about 2.0~4.0x10% Pa
by using a rotary pump together with a molecular turbo
pump. The distance between the target and stainless
plate used in the chamber was fixed at 10 mm. The area
of all films obtained on the stainless plates was 5x5
The average deposition rate exceeded
approximately 40 pm/h. In the case of the stainless
shaft, the distance between the target and shaft, which
had a diameter of approximately 0.75 mm, was fixed at
5 mm. The deposition was carried out using eight
different positions to surround a film on the shaft.
Pr-Fe-B film could be made to cover the whole shaft by
repeating the deposition eight times. Pulse annealing
(PA) 9 was carried out to crystallize the films because
all the films, as-deposited, had an amorphous structure.

After the annealing process, samples were
magnetized up to 7 T with a pulse magnetizer.
Hysteresis loops were measured with a VSM (Vibrating
Sample Magnetometer) which could apply a magnetic
field up to approximately 2000 kA/m reversibly. The
in-plane magnetic field was applied for the stainless
plate. In the case of the stainless shaft, the magnetic
field was applied in the longitudinal direction. The
composition of the obtained films was evaluated with
SEM (Scanning Electron Microscope)-EDX (Energy
Dispersive X-ray spectrometry), and the surface was
also observed by using a SEM. The average thickness
was measured with a micrometer or estimated by
measuring each weight.

The Pr-Fe-B thin magnets on the shaft were polished
to obtain a smooth surface and then micro-magnetized.

mm?.
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Fig. 1 2nd quadrant of B-H curves of three Pr-Fe-B
film magnets with different Pr contents and
conventional Nd-Fe-B bonded magnet.

Multipole magnetization was carried out as follows!?.
To adjust the magnetization characteristics, the Pr-Fe-B
magnets were thermally magnetized. After rapidly
heating the Pr-Fe-B magnets to temperatures above the
Curie point in the air, they were cooling it in the
magnetizing field of permanent magnets. Sm-Co
sintered magnets were used to facilitate magnetization,
and a heater in the magnetizing area was prepared. The
above-mentioned micro-magnetization equipment
enabled us to obtain 10 magnetic poles per magnet.
Each thin magnet with multi-pole magnetization was
loaded in a stepping motor with a diameter of 2.9 mm,
and the operation of the motor was observed by using a
conventional test device (MCH-5B, NPM Corporation).

3. Results and Discussions

We have already reported the preparation of Pr-Fe-B
film magnets with He =1000 kA/m in the reference 7).
Figure 1 shows the 2nd quadrant of the B-H curves of
three Pr-Fe-B film magnets with different Pr contents
on stainless plates and conventional Nd-Fe-B bonded
magnets. The 350-pm-thick conventional bonded
magnets® (H : 740 kA/m, o; : 0.6 T) have been used in
commercial stepping motors. Two of the Pr-Fe-B films
with Pr contents [Pr/(Pr+Fe)]l of 12.7 and 14.6 at.%
showed superior values of coercivity (H) and residual
magnetic induction (B) compared with those of the
bonded magnet. We evaluated the values of the energy
product [(BH)| at P. = 1.0 as a function of rare earth (Pr
or Nd) content in the Pr-Fe-B film magnets on stainless
plates. (see Fig. 2) Here, the values of the conventional
Nd-Fe-B bonded magnets are indicated. It was clarified
that the (BH) values of almost all the Pr-Fe-B films
were higher than those of the Nd-Fe-B bonded magnets.
Examination on the mechanical characteristics of
applying the above-mentioned Pr-Fe-B films to a
stepping motor revealed that films, as-deposited with a
Pr content above 15 at.%, peeled off from the stainless

Journal of the Magnetics Society of Japan Vol.45, No.2, 2021
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Fig. 2 Energy product [(BH)] at permeance
coefficient of 1.0 as function of rare earth content
on PLD-made Pr-Fe-B film magnets and
conventional Nd-Fe-B bonded magnets.
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Fig. 3 Cross-sectional view of Pr-Fe-B thin magnet
deposited on thin stainless shaft. Surface of magnet
was polished to obtain uniform thickness of
approximately 250 pm.

plates. We suppose that the peeling phenomenon
occurred due to the different values of each linear
expansion coefficient of the stainless plate (10.3x10°6
K1) and Pr element (6.7x10¢ K1). It was found that
controlling the Pr content is indispensable when trying to
achieve not only high coercivity but also an increase in
thickness without mechanical destruction such as peeling.

Figure 3 shows photographs of an approximately 250-
um-thick Pr-Fe-B magnet after polishing the surface.
Judging from the cross-sectional photo, it was confirmed
that the thin magnet uniformly surrounded the shaft.
Moreover, the influence of thermal damage in the air
during micro-magnetization was evaluated. Figure 4
shows each value of the energy product [(BH) at P =
1.0 of five Pr-Fe-B thin magnets with different Pr
contents crystallized through rapid heating in the air
without a magnetic field. The heating temperature
exceeded 620 K, which is higher than the Curie
temperature of the ProFe1sB magnetic phase (569 K).
The heating process in the air did not degrade the
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Fig. 4 Comparison of values of energy product [(BHJ
at P = 1.0 before and after thermal exposure at
temperature above 630 K in air without magnetic
field. Here, Pr-Fe-B thin magnets with various Pr
contents were prepared.

Fig. 5 Micro-magnetized Pr-Fe-B magnet on
magnetic view sheet (product name). We confirmed
multi-pole magnetization using micro-magnetization
through rapid annealing and cooling process.

Fig. 6 Two containing 250-

stepping motors
pm-thick Pr-Fe-B thin magnet and Nd-Fe-B bonded
magnet, respectively. Reduction in size could be
achieved by using PLD-made thin magnet.

Test device

Fig. 7 Test device (inset) for evaluating performance
of an ultra-small stepping motor. Stable operation of
the stepping motor with a diameter less than 3.0
mm was demonstrated.

energy product of any of the samples. Then, multipole
magnetization for the above-mentioned Pr-Fe-B
isotropic magnets was carried out. The magnetization
characteristic of the sample seen in Fig. 3 was observed
(see Fig. 5). A magnetic pattern was drawn on a
magnetic view sheet (Product name) by rolling the
sample. We, therefore, assembled a small stepping
motor using the micro-magnetized Pr-Fe-B thin magnet.
Figure 6 shows a stepping motor with a diameter of 2.9
mm containing the PLD made magnet. A conventional
stepping motor including a Nd-Fe-B bonded magnet is
also shown. At present, it was difficult to measure the
motor performance on the basis of concrete physical
(mechanical) values due to the ultimately small value.
Instead, as displayed in Fig. 7, the motor performance
was observed using a conventional test device that
enabled us to set the rotation direction, speed control,
position control, operation mode, and stop time of the
stepping motor. Here, another conventional motor
(diameter: 4.3 mm) including a Nd-Fe-B bonded magnet
was also used. We confirmed that the operational
stability of the wultra-small stepping motor was
comparable with that of commercial motors.

4. Summary

The wutilization of PLD-made Pr-Fe-B thin magnets
enabled us to prepare an ultimately small stepping
motor with stable operation. In the future, the motors
with the diameter less than 3 mm are expected to be
applied in various fields such as medical devices.

14 Journal of the Magnetics Society of Japan Vol.45, No.2, 2021
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<Paper>

Medium Layer Structure
in Three-Dimensional Heat-Assisted Magnetic Recording

T. Kobayashi, Y. Nakatani®, and Y. Fujiwara
Graduate School of Engineering, Mie Univ., 1677 Kurimamachiya-cho, Tsu 614-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan

We examine a medium layer structure in three-dimensional heat-assisted magnetic recording (3D HAMR) at 2 Tbpsi
per layer (total density of 4 Thpsi) where the medium consists of a high Curie temperature (HC) layer and a low Curie
temperature (LC) layer. We perform a heat transfer simulation for 3D HAMR media including the isolation layer. To
evaluate the grain error distribution, the expected value of the magnetization is calculated using the grain error
probability. The error threshold and the time dependence of the bit error rate are discussed for 10 years of archiving.
The information stability in the HC layer while writing in the LC layer is estimated using the temperature profile
calculated by the heat transfer simulation. An LC (upper, namely, surface) / HC (lower) layer structure is compared
with an HC (upper) / LC (lower) layer structure. The former is disadvantageous in relation to the medium surface
temperature as regards writing in the HC layer. The latter may be disadvantageous in relation to the difference

between the thermal gradients for HC and L.C writing.

Key words: 3D HAMR, heat transfer simulation, temperature profile, information stability, error distribution

1. Introduction

Microwave-assisted magnetic recording (MAMR),
heat-assisted magnetic recording (HAMR), and three-
dimensional magnetic recording are candidates as next
generation magnetic recording methods for achieving a
high recording capacity. HAMR is a recording technique
where the medium is heated to reduce coercivity during
the writing period.

Three-dimensional HAMR (3D HAMR) has been
proposed? where the medium consists of a high Curie
temperature Ty (HC) layer and a low Curie
temperature T (LC) layer with an isolation layer
inserted between the two layers to suppress exchange
coupling between them. With 3D HAMR, once data have
been written in the HC layer, other data can be written
in the LC layer by employing lower temperature heating.

We have previously discussed the information
stability in the HC and LC layers for 10 years of
archiving, and the stability of the information in the HC
layer while writing is under way in the LC layer?. We
have also discussed 3D HAMR media design®. We used
these results to roughly determine the preferable layer
structure for 3D HAMR, namely an LC (upper, namely,
surface) / HC (lower) layer, where the LC layer has a Tj¢
of 625 K and a layer thickness h;¢ of 4.5 nm, and the
HC layer has a Tyc of 750 K and an hyc of 6.0 nm.
However, we analytically estimated the temperature
profile in it using previously published data where the
recording layer thickness was 8.0 nm without the
isolation layer.

In this paper, we carry out a heat transfer simulation
for 3D HAMR media where the recording layer thickness
is 11.5 nm including an isolation layer of 1.0 nm. To
evaluate the grain error distribution, the expected value
of the magnetization is calculated using the grain error

probability. We discuss both the error threshold and the
time dependence of the bit error rate for 10 years of
archiving. We then estimate the information stability in
the HC layer while writing in the LC layer using a
temperature profile calculated by using a heat transfer
simulation. Furthermore, we examine two layer
structures consisting of an LC/ HC layer and an HC/LC
layer.

2. Calculation Method

2.1 Magnetic properties

The temperature dependence of the magnetization M
was calculated by employing a mean field analysis®, and
that of the anisotropy constant K, was assumed to be
proportional to M2%. M(T,,T) is a function of the Curie
temperature T, and temperature T . And M (T. =

INDEX

770 K,T = 300 K) = 1000 emu/cm? was assumed for FePt.

We introduced an HAMR design parameter, namely,
the medium anisotropy constant ratio K,/Kp,® since
the K, value is a function of T.. K,/Kpux 1s the
intrinsic ratio of the medium K, to bulk FePt K,
regardless of T,. Although a low T, medium is easy to
write when employing HAMR, a high K,/Kyux 1s
needed for a low T. medium for 10 years of archiving?,
and a medium with a high K,/Kyy 1s difficult to
manufacture regardless of T.®. Moreover, a high K,/
Kpux must be achieved in 3D HAMR to realize
information stability in the LC layer for 10 years of
archiving, and to realize information stability in the HC
layer while writing in the LC layer?. K, (T., Ky/Kpu T)
is a function of T., K,/Kpux, and T. And K (T, =
770 K, Ky /Kpuk =1, T =300K) = 70 Merg/cm?® was
assumed for bulk FePt. We used K, /Kpuk = 0.8 in this
paper.

The T, value can be adjusted by adjusting the Cu
composition z for (FeysPtgs),_,Cu,.

16 Journal of the Magnetics Society of Japan Vol.45, No.2, 2021



2.2 Field strength

We assumed the medium to be granular and the
recording density to be 2 Thpsi per layer (total density of
4 Thpsi). The magnetic field strength from the upper and
lower layers, as shown in Fig. 1, was calculated using an
analytical equation. One bit has m = 3 grains for the
cross-track direction and n = 3 grains for the down-
track direction, namely, there are m x n = 9 grains/bit.
The bit aspect ratio is one. The grain size D, and the
intergrain spacing Ag; are 5.0 nm and 1.0 nm,
respectively, with no grain size distribution. The grain
heights (layer thicknesses) and the magnetizations for
the upper and lower layers are hy, hy, Mgy, and Mg,
respectively. The flying height hg, = 4.0 nm is the
distance between the magnetic head reader and the
upper layer surface.

The isolation layer is used to suppress the exchange
coupling between the upper and lower layers. That layer
thickness hys, must be thinner due to the higher field
strength from the lower layer at the reader since the
field strength decreases exponentially with an hg, +
hy + hiso value of more than 3 nm®. On the assumption
that we had selected an appropriate material for the
isolation layer, we chose an h;s, value of 1.0 nm.

(a) Top view

fly

overine (O O 1o
jevels; 1y nininin gy
MSL

pg—lld
Dm

(b) Side view

Fig. 1 Grain arrangement for field calculation. (a) Top
and (b) side views.

2.3 Temperature profile

We needed to determine the temperature profiles of
the LC and HC layers at the time of writing for the 3D
HAMR design. A heat transfer simulation was carried
out using Poynting for Optics (Fujitsu Ltd.). Figure 2
shows a schematic illustration of the structure of a
medium that consists of four layers, namely, a recording
layer (RL) (FePt base, upper + isolation + lower layers =
11.5 nm), interlayer 1 (IL1) (MgO base, 5 nm), interlayer
2 (IL2) (Cr base, 10 nm), and a heat-sink layer (Cu base,
30 nm). Since suitable intergrain and isolation layer
materials are currently unknown, we used the optical
and thermal constants of FePt for these materials. The
total layer thickness of the LC and HC layers was 11.5
— 1.0=10.5nm. IL.1 is a layer for the c-axis orientation
control of RL, and 1.2 is a seed layer for IL1. The x, y,

and z axes are the down-track, cross-track, and film
normal directions, respectively, where y =0 at the track
center and z = 0 at the RL surface. The writing
temperature of the grains at the track edges y = +6.0
nm was assumed to be Ty, + 201c for the HC and LC
layers where T., and orc are the mean Curie
temperature and the standard deviation of T,y ,
respectively, taking account of the Curie temperature
variation.

. daT / ax, oT / dy

Tous Upper layer
%O Recording layer 11.5 nm_[—\Isolation layer > ATy
Interlayer 1 5 nm Lower layer
Interlayer 2 10 nm MgO base
Heat -sink layer 30 nm Cr base
Cu base
Glass substrate

Fig. 2 Medium structure for heat transfer simulation.

Table 1 (a) Calculation conditions, (b) optical constants,
and (c) thermal constants for heat transfer simulation.

()
Wavelength A (nm) 780
Light - spot diameter D, (nm) 9.0 (FWHM)
Linear velocity v (m/s) 10
Ambient temperature T, (K) 330

(b)
Refractive index Extinction coefficient
Recording layer 3 4
Interlayer 1 1.73 0
Interlayer 2 4.11 435
Heat - sink layer 0.242 4.85
Glass substrate 15 0
(0)
Specific heat Thermal conductivity
200 J / (kgK)
Recording layer 37/(em’K) 100 W / (mK)
500 J / (kgK)
Interlayer 1 21/(em’K) 4 W /(mK)
360 J / (kgK)
Interlayer 2 257 /(cm’K) 100 W / (mK)
440 1/ (kgK)
Heat-sink layer 47/(cm’K) 400 W / (mK)
1000 J / (kgK)
Glass substrate 21/ (em’K) 1 W /(mK)

Journal of the Magnetics Society of Japan Vol.45, No.2, 2021 17
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We focused on the medium surface temperature Tgy,¢
while writing in the HC layer, the thermal gradients for
the down-track 0T/0x and cross-track dT/dy
directions while writing in the LLC and HC layers, and
the grain temperature difference ATy; between the HC
and LC layers while writing in the LC layer at the track
edges y = 16.0 nm.

Table 1 summarizes (a) calculation conditions, (b)
optical constants, and (c) thermal constants used in the
simulation. The light spot diameter (FWHM) is about 9.0
nm for the down-track and cross-track directions. The
linear velocity is 10 m/s. The ambient temperature is the
maximum working temperature of the hard disk drive,
and is assumed to be 330 K.

2.4 Information stability

The information stability in 3D HAMR was estimated
using the grain error probability P2, taking account of
the shape anisotropy MgHy3/2 using a self-
demagnetizing field Hy?®. The conditions used when
calculating the information stability in the LC and HC
layers are summarized in Table 2.

We assumed that the grain size distribution was log-
normal with a mean grain size D, of 5.0 nm and a
standard deviation op/Dy, of 15 %. The T, distribution
was assumed to be normal with a mean Curie
temperature T, and a standard deviation orc¢/T., of
2 %. No intrinsic distribution of K, was assumed.
However, there was a fluctuation in K, caused by ore.

The result calculated with a heat transfer simulation
in 2.3 was used as the temperature profile for the cross-
track direction while writing in the LC layer.

To evaluate the grain error distribution, we calculated
the expected value of the magnetization E[M]

E[M{] = (1 — P)My + P(—M,) = (1 — 2P)M,. (1)

The E[M,] value was averaged over one-bit grains
(mxn =9) to give the information stability during 10
years of archiving,

m n
m 3% (1-2P;)Mg;i(T¢ij, 330K)
i=14j=1 ij)Msij cij

E[M] = o , (2

and was averaged over one-row grains (n = 3) for the
information stability in the HC layer while writing in the
LC layer,

1 (1-2P;j)My;j(Tcij, 330 K)

E[My] = , (3

n

since there is a temperature distribution for the cross-
track direction.

Furthermore, we introduced an error threshold Ey, to
estimate the bit error rate (bER). Errors occur in some
grains of a bit. We assume that if the ratio of the surface
magnetic charge ¥; ;i Mg;;(Te;, 330 K)Dizj of the grains
where the magnetization turns in the recording direction
to the total surface magnetic charge (mx
M)Mg(T.,, 330K)DZ in a bit is more than E,, namely,

2
XijMsij(Tcij, 330 K)Djj
(Mmxn)Mg(Ter, 330 K)DZ,

> Ey, 4

the bit is error free where M;;, T;;, and D;; are the
magnetization, the Curie temperature, and the grain
size of the ij-th grain, respectively.

The readout magnetic field at the reader will be
degraded after 10 years of archiving or writing in the LC
layer. The lowest normalized magnetic field H, that
must be readable without error can roughly be
represented by Ey, as

Hy = 2Ey, — 1. (5)
Table 2 Calculation conditions for information stability.
Recording density (Tbpsi/layer) 2
Total density (Tbpsi) 4
Grain number m x n (grains / bit) 3x3
Intergrain spacing A ; (nm) 1.0
Mean grain size D, (nm) 50
Standard deviation o, /D, (%) of D, 15
Bit pitch D, (nm) 18.0
Track width D, (nm) 18.0
Bit aspect ratio Dy / Dy 1.0
Standard deviation oy /T, (%) of T, 2
Anisotropy constant ratio K, / K, 0.8
Gilbert damping constant o 0.1

3. Calculation Results

3.1 LC/ HC layer structure

First, we discuss the structure as shown in Fig. 3 (a)
where the upper layer is LC with T = 650 K and h;¢
= 4.5 nm, and the lower is HC with Tyc =750 Kand hyc
= 6.0 nm. The T;. value was revised to 650 from 625 K
in a previous paper? due to information stability in the
LC layer during 10 years of archiving.

Figure 3 (b) shows the z component H, of the
magnetic field at the track center and the reader position
from the LC and HC layers for the down-track direction
using 3 grains for the cross-track direction. The peak z
component Hypeax values are 1151 and 570 Oe from the
LC and HC layers, respectively, where hgy, is 4.0 nm.

3.1.1 Temperature profile

Figure 4 shows the temperature profiles calculated
employing a heat transfer simulation for the cross-track
direction. The solid lines indicate the temperatures at
the layer boundaries, and the dotted lines indicate those
at the layer centers.

(a) When writing in the LC layer (LC writing), the
temperature at y=+6.0 nm and z=-2.25 nm is
Tuc + 20tLc =676 K at which 9Ty /0y is 12.0 K/nm. The
ATy, valueis —42 K.
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Fig. 8 (a) Layer structure for LC / HC and (b) field
strength H, from LC and HC layers for the down-track
direction.

(b) When writing in the HC layer (HC writing), the
temperature at y=+16.0 nm and z=-85 nm is
Tyc + 20tuc = 780 K at which 9Ty /dy is 9.0 K/nm. The
Tsues value is 957 K. It should be noted that the
temperature of the LC layer (z = —2.25 nm) in the center
of adjacent tracks (y = +18.0 nm) is 671 K, which is
higher than T, and HC writing will erase the data of
the LC layer in the adjacent tracks. Therefore, it is
necessary to devise a suitable writing method to address
this issue, e.g. combination with shingled magnetic
recording.

The results obtained for Tyc = 750 K are summarized
in Table 3 (a). The Tg,¢ value of 957 K is relatively high
since HC is the lower layer. This is disadvantageous in
terms of the heat resistance of the writing head and/or
the surface lubricant.

We have reported as regards the thermal gradient in
3D HAMR?:

(1) The thermal gradient for the upper layer is
intrinsically larger than that for the lower layer due to a
heat flow in the in-plane direction in the deep part of the
layer.

(2) The thermal gradient for the HC layer is intrinsically
larger than that for the LC layer due to their respective
Curie temperatures.

The difference between the thermal gradients for LLC and
HC writing is relatively small due to the combinations of

the upper L.C layer and the lower HC layer.

LC writing

JIHlHI”IHI“IH'HI”IHIPIHIHIL

T .=650K
Ty +2050=676 K

1000

900

<
it :_AT
2 c ALHL = LC layer 3
£ 700 Isolatl}é)n =
<% C C layer 3
g 600 —
it - -
500 ; o 10nm|z]|:|mh :461?)%%?{
400 WlllllllIIIIIIIlllll?l]llllllllllllllllf_
-40 -30 -20 -10 0 10 20 30 40
Cross-track direction (nm)
(a) 0T,/dy =12.0 K/nm
HC writing
1000 Jll”ll”ll“ll”ll|]H||HI|H||“||L
900 F Tuc =750K LClayer 3

Temperature (K)
-
=
S

500 IEI:IElh =4.5 nmS
hlso—lOnm ;‘ Lc—60nm-

400 jllllllllllllllllll ||l||||||||||||||||—
-40 -30 -20 -10 0 10 20 30 40

Cross-track direction (nm)
(b) 8Ty/dy =9.0 K/nm
Fig. 4 Temperature profile in the cross-track direction
for an LC (upper) / HC (lower) layer structure while
writing in the (a) LC and (b) HC layers.

The ATy value of —42 K is negative, which means
that the temperature in the HC layer while writing in
the LC layer is lower than that in the LC layer, and this
is advantageous in relation to the information stability
in the HC layer.

By reducing Tyc, Tsurs can be reduced. Furthermore,
the heating power P, can also be reduced. The results
for Tyc = 725 K are summarized in Table 3 (b). In
comparison with the result for Tyc = 750 K, Ty ¢ 1

INDEX

reduced to 920 from 957 K and P, can be reduced to 0.94.

3.1.2 Information stability for 10 years of archiving

We estimated the information stability for 10 years of
archiving with no writing field H,, using the grain error
probability. The storage temperature is 350 K since we
take a certain margin for temperature into account. The
calculation bit number was 1E+7. The allowable bER is
assumed to be 1E—3.
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Table 3 Results of heat transfer simulation for LC / HC
layer structure ((a) Tyc = 750 and (b) 725 K).

()
LC writing | HC writing
LC / HC layer structure
T, K) 650 750
h (nm) 4.5 6.0
T s (K) 957
dT /dx (K /nm) 12.2 89
dT /dy (K /nm) 12.0 90
ATy, (K) -42
(b)
LC writing | HC writing
LC / HC layer structure
T, (K) 650 725
h (nm) 4.5 6.0
T (K) 920
dT /dx (K /nm) 12.2 84
aT /dy (K/nm) 12.0 84
ATy (K) -42
P, /P, (Tyc =750 K) 0.94

Grain error distributions are shown in Figs. 5 (a) LC
and (b) HC layers for 10 and 0.001 yrs where 0.001 yrs
corresponds to about 9 hrs. The peaks in the figures
represent grain error, and the E[M,] value is negative
for 5 or more grain errors since the total grain number is
nine. For (a) the LC layer, 3 grain errors can be seen even
after 0.001 yrs, and 5 grain errors will occur after 10 yrs
since the LC layer has a low Curie temperature and a
thin layer. For (b) the HC layer, only 1 grain error can
be seen after both 0.001 and 10 yrs due to a high Curie
temperature and a thick layer.

Figure 6 shows bER as a function of Ey, for 10 years
of archiving. The second horizontal axis is the lowest H,
value that must be readable without error, which was
estimated using Eq. (5). Ey, values of 0.581 and 0.744
are required for the LLC and HC layers, respectively.

The information will be degraded in the LC layer and
it will be scarcely degraded in the HC layers as shown in
Fig. 5. Figure 7 shows time dependence of bER. Errors
increase over time in the LC layer, and the error does not
increase in the HC layer with both Ty = 750 K and 725
K (not shown). The bit error rate bER;, after 10 years of
archiving is expressed as

bER;, = bER;p; + AbER, ®)

where DER;;; and AbER are the initial bit error rate
before archiving and the increase in the bit error rate
during archiving, respectively. For the LC layer, AbER
is about 1E—3 for Ey = 0.581. Therefore, bER;,; must
be low, for example, 1E—4. In this case, bER;, will be

INDEX

1.1E—3. On the other hand, bER;,; = 1E—3 is allowable
for the HC layer since there was no change in bER over

ten
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. 6 Bit error rate as a function of error threshold and
malized field amplitude for 10 years of archiving for
LC / HC layer structure.
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Fig. 7 Time dependence of bit error rate for 10 years of
archiving for the LLC / HC layer structure.

3.1.3 Information stability in HC layer while writing in
LC layer

We estimated the information stability in the HC layer
while writing in the LC layer using the temperature
profile in 3.1.1 and the grain error probability. The
writing field H,, and time t were assumed to be —10
kOe and 1 ns, respectively. Since the temperature of the
2nd row grains (track center, i = 2) is higher than that
of the 1st row grains (track edge, i = 1), the number of
bits against E[M,;] averaged over one-row grains is
shown in Fig. 8. The E[M,;] value is negative for 2 or 3
grain errors since the total row grain number is three.
The grain error is higher for i = 2 due to its higher
temperature. For (a) Tyc = 750 K, only 1 grain error
occurs at most in each row, and the number of errors in
one bit is at most 3 in 9. On the other hand, there is 1
grain error at i = 1, and 2 grain errors at i = 2 for (b)
Tyc = 725 K. The number of errors in one bit is at most
4 in 9. Therefore, the information in the HC layer is
almost stable during writing in the LC layer.

Figure 9 shows bER as a function of Ey and H,
during writing in the LC layer. When Ty = 750 K, the
results in Figs. 6 (HC layer) and 9 (Tyc = 750 K) are
almost the same. Therefore, the information in the HC
layer is scarcely degraded. Furthermore, there is a little
degradation in the information for Ty = 725 K. Since
there was no change in bER over ten years in the HC
layer, a bER;,; of 1IE—3 in the HC layer after writing in
the LC layer can be allowable, and Ey, values of 0.736
and 0.672 are required for Tyc = 750 and 725 K,
respectively.

In short, the results obtained in 3.1.2 and 3.1.3 are
summarized in Table 4.

Although the H,peqx value is high for the LC layer as
shown Fig. 3 (b), Ey, and H, are low. On the other hand,
Ey, and H, are high in the HC layer for which H,peax is
low.

The bER value in the HC layer with Ty = 725 K is
higher after writing in the L.C layer as shown in Fig. 8.
However, the HC layer with Tyc = 725 K as well as that
with Tyc = 750 K may also be a candidate for 3D HAMR
media with the aim of lowering Tgy,s.
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Fig. 8 Number of bits against the expected value of
magnetization in the HC layer while writing in the LC
layer for LC / HC layer structure ((a) Tyc =750 and (b)
725 K).
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Fig. 9 Bit error rate in the HC layer as a function of the
error threshold and normalized field amplitude while
writing in the LC layer for LLC / HC layer structure.
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Table 4 Information stability results for LC / HC layer
structure ((a) Tyc =750 and (b) 725 K).

()
LC reading | HC reading
LC / HC layer structure
T, K) 650 750
h (nm) 4.5 6.0
E, (10 yrs of archiving) 0.581 0.744
H (10 yrs of archiving) 0.16 0.49
E,, (LC writing) 0.736
H, (LC writing) 047
H e (Oe) 1151 570
(b)
LC reading | HC reading
LC / HC layer structure
T, K) 650 725
h (nm) 45 6.0
E,, (10 yrs of archiving) 0.581 0.743
H, (10 yrs of archiving) 0.16 0.49
E,, (LC writing) 0.672
H, (LC writing) 0.34
H e (O€) 1151 550

M e (Tye =750 K, T =330 K) = 958 emu /cm

Hclayuﬁmmmmmm%

gy =4.0 nm
C-35nm

o AT Lo
=1.0nmﬂ>H<1—*>l
D, =50nm
M, (T =550K, T =330K) =657 emu /cm®
()
1500 | | | | |
- 330K
1000 ac
500 —
° LC |
S 0
t -
-500
1000 |~ -
1500 | | | | |

0 6 12 18 24 30 36
Down-track direction (nm)
(b)
Fig. 10 (a) Layer structure for HC / LC and (b) field
strength H, from the HC and LC layers for the down-
track direction.

3.2 HC / LC layer structure

Next, we discuss the structure as shown in Fig. 10 (a)
where the upper layer is an HC layer with Ty = 750 K
and hyc = 3.5 nm, and the lower layer is an LC layer
with Tic = 550 K and h;¢ = 7.0 nm. The T value
must be reduced to realize information stability in the
HC layer while writing in the LC layer since the ATy
value is positive, which means that the temperature in
the HC layer while writing in the L.C layer is higher than
that in the LC layer. Furthermore, the h;c value must
be increased to realize information stability in the LC
layer for 10 years of archiving since Ty became low.

Figure 10 (b) shows H, atthe reader from the HC and
LC layers for the down-track direction. The H,peax
values are 1139 and 513 Oe from the HC and LC layers,
respectively, where hgy is 4.0 nm.

3.2.1 Temperature profile

The results for the HC / LC layer structure are
summarized in Table 5. The Ty, value of 874 K is
relatively low since the HC layer is the upper layer. This
is advantageous in terms of heat resistance.

The difference between the thermal gradients for HC
and LC writing is relatively large due to the
combinations of the upper HC layer and the lower LC
layer. This may be disadvantageous in relation to HC
and LC writing?. If dT/0x is too large, the writing
temperature decreases before writing, and write-error
increases. If dT/dx is too small, it is difficult to reduce
the writing temperature, and the magnetization is
reversed by the head field when writing the next bit.
Then, erasure-after-write increases. Furthermore, if
dT /dy 1is small, the information in tracks adjacent to the
writing track becomes unstable. Therefore, a small
difference in the thermal gradients for HC and LC
writing is preferable in terms of the writing property.

The ATy;, value of 35 K is positive. Therefore, the T
value must be reduced to realize information stability in
the HC layer while writing in the LC layer, and h;
must be thick to achieve information stability in the LC
layer during 10 years of archiving.

Table 5 Results of heat transfer simulation for HC / LC
layer structure.

HC writing | LC writing
HC / LC layer structure

T, K) 750 550
h (nm) 35 7.0
Ty (K) 874

dT /dx (K /nm) 16.6 49
aT /9y (K/nm) 16.4 50
ATy, (K) 35

22 Journal of the Magnetics Society of Japan Vol.45, No.2, 2021

INDEX



3.2.2 Information stability for 10 years of archiving

Figure 11 shows the bER as a function of Ey, and H,
for 10 years of archiving. In comparison with the results
in Fig. 6, the information stability in the HC layer has
degraded since hyc became thin. And although Ti.
became low, the information stabilities in the LC layer
in Figs. 6 and 11 are roughly the same since h;c became
thick.

The time dependence of bER is shown in Fig. 12. In
comparison with Fig. 7, errors increase over time in both
the HC and LC layers since hyc became thin.

Normalized field amplitude

0 0.2 04 06 08 1.0
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FH,=0 =
o 1E-1 E_TSto =350 K -
= = t=10yrs 3
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/M 1E-3 e =
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Error threshold

Fig. 11 Bit error rate as a function of error threshold and
normalized field amplitude for 10 years of archiving for
the HC / LC layer structure.
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Fig. 12 Time dependence of the bit error rate for 10 years
of archiving for the HC / LC layer structure.

3.2.3 Information stability in HC layer while writing in
LC layer

Figure 13 shows the bER in the HC layer as a function
of Ey, and H, during writing in the LC layer. Since the
information in the HC layer will degrade during 10 years
of archiving, bER;,; in the HC layer after writing in the
LC layer must be low, for example, 1E—4. Therefore, an
Ey, value of 0.598 is required.

Normalized field amplitude

0 0.2 0.4 0.6 0.8 1.0
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Fig. 13 Bit error rate in the HC layer as a function of
error threshold and normalized field amplitude while
writing in the LC layer for the HC / LC layer structure.

The results obtained in 3.2.2 and 3.2.3 are
summarized in Table 6.

The H,peax value is low for the LC layer as shown Fig.
10 (b), and Ey, and H, for 10 years of archiving are also
low for the LC layer. Increasing the T or h;c valueis
necessary if we are to increase Ey, and H,. However,
increasing the Ty value leads to degradation of the
information in the HC layer when writing in the LC
layer since the writing temperature in the LC layer
increases.

Table 6 Information stability results for HC / L.C layer
structure.

HC reading | LC reading

HC / LC layer structure

T, (K) 750 550

h (nm) 35 70

E,, (10 yrs of archiving) 0.641 0.566

H (10 yrs of archiving) 0.28 0.13

E,, (LC writing) 0.598

H, (LC writing) 0.20

H e (Oe) 1139 513

4. Conclusions

We examined the medium layer structure in 3D
HAMR at 2 Tbpsi (total density of 4 Tbpsi), taking
account of a heat transfer simulation and information
stability in high Curie temperature Tyc (HC) and low
Curie temperature Ty (LC) layers.

(1) An LC (T =650 K, 4.5 nm) / HC (Tyc = 750 K, 6.0
nm) layer structure

The medium surface temperature Ty, s while writing
in the HC layer is relatively high since the HC layer is
the lower layer. This is disadvantageous in terms of the

Journal of the Magnetics Society of Japan Vol.45, No.2, 2021 23

INDEX



heat resistance of the writing head and/or the surface
lubricant.

The temperature in the HC layer while writing in the
LC layer is lower than that in the LC layer, and this is
advantageous in relation to the information stability in
the HC layer.

Although the bit error rate in the HC layer with Ty
= 725 K is higher than that with Tyc = 750 K after
writing in the LC layer, the HC layer with Ty = 725 K
may also be a candidate for 3D HAMR media with the
aim of reducing Tgy¢.

(2) An HC (Tye = 750 K, 3.5 nm) / LC (T =550 K, 7.0
nm) layer structure

The Ti value must be reduced to realize information
stability in the HC layer while writing in the LC layer.

The difference between the thermal gradients for HC
and LC writing is relatively large due to the
combinations of the upper HC layer and the lower L.C
layer. This may be disadvantageous in relation to HC
and LC writing.
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Spin Wave Resonance
in Perpendicularly Magnetized Synthetic Antiferromagnets
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We report antiferromagnetic spin wave resonance in perpendicularly magnetized synthetic antiferromagnets
consisting of Co/Ni multilayers and a thin Ru spacer layer. Two resonance modes were observed in the finite range of

the out-of-plane bias magnetic field, where two magnetic moments separated by the

Ru layer were

antiferromagnetically aligned. These two modes show an opposite dependence on the bias magnetic field and
correspond to right- and left-handed polarized spin waves. We also theoretically derive the spin wave dispersion for
the perpendicularly magnetized synthetic antiferromagnets on the basis of an equation of motion. Our experimental

results show good agreement with the theoretical analysis.

Key words: antiferromagnetic spin wave, perpendicularly magnetized synthetic antiferromagnets, polarized spin

waves, spin wave resonance, multilayers

1. Introduction

Spin waves are collective excitations of ordered
magnetic moments in materials and can be used as
information carrier and for processing V-3. So far, most
spin-wave devices have been based on ferromagnetic spin
waves, and they mainly use spin wave amplitude 9-? and
phase 8 10 to encode information. Unlike ferromagnetic
spin waves, spin waves in colinear antiferromagnets
have both right- and left-handed polarizations 1V-12) as
shown in Fig. 1. The polarity of antiferromagnetic spin
waves is attracting much attention in the recent research
field of magnonics, as a new degree of freedom !3-19 in
addition to the amplitude and phase. In the past several
decades, magnetic resonances with the two kinds of
uniaxial

polarities observed in crystal

antiferromagnets such as MnF2 !9 or FeF2 16 However, it

were

is difficult to excite or manipulate spin waves in crystal
antiferromagnets, because they have high resonance

frequency of THz regime due to strong exchange coupling.

Recent works have focused on not only crystal

antiferromagnets but also ferrimagnets for spin wave

(a) (b) o
V -
t Hext
_— \ T N
— r—":- - . 47.{_‘__;"-
Right-handed Left-handed

Fig. 1 Schematic illustrations of magnetic oscillations
of two antiparallel sublattices for (a) right- and (b) left-
handed polarity.
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polarization experiments. In the previous studies, right-
and left-handed spin wave polarizations were directly
observed by inelastic neutron scattering in yttrium iron
garnet 17 and switching of spin wave polarization was
observed across the compensated temperature by
Brillouin light scattering in GdFeCo films 19,

In synthetic antiferromagnets (SAFs), two magnetic
moments separated by a thin nonmagnetic spacer are
antiferromagnetically coupled via interlayer exchange
coupling. SAFs show weaker exchange interaction than
that in crystal antiferromagnets, hence, resonance
frequencies of SAFs are in the range of conventional
microwave electronics (several tens of GHz regime).
These features of SAFs can allow easier detection and
manipulation of the antiferromagnetic spin wave modes.
In this study, we experimentally investigate spin wave
resonance in perpendicularly magnetized SAFs by
spectroscopy using a vector network analyzer.

2. Theoretical Analysis

We begin with a theoretical calculation of spin wave
dispersion for interlayer exchange coupled bilayers with
perpendicular magnetic anisotropy (PMA). We consider
the system including two ferromagnetic layers FM1, FM2
with the same thickness t, the same saturation
magnetization M, and different magnetic anisotropy
K; # K,. Spin wave dispersion with wavevector k can
be derived from an equation of motion (EOM) including
the dynamic dipolar field due to the nonuniform
distribution of local magnetic moments of spin waves.
The effective field H; (i=1,2) acting on the
magnetization m; (lm;| = 1) of the FM i

by
2K,
H; = {Hext + (— - Ms) mzi} ez — Hgm; + Hy;p
HoMs

+Hgip,ij, Lj=121i#)) (1)

layer is given

25
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where Hg represents the exchange field. The precession
of a magnetic moment in the FM i layer can be expressed
by normalized magnetization m; = (my;, my;, mz;). The
Z axis is parallel to the direction of the out-of-plane
magnetic field Heye and X axis is parallel to spin wave
propagation direction. The last two terms correspond to
the self- and mutual-dipolar fields (given in the Appendix
A) 19-23),

The EOM, dm;/dt = —uyym; X H;, can be linearized by
assuming small deviation of the magnetization from the
static magnetization direction, |my;|, |my;| < 1, and the
linearized EOM is given by

mxl le

, Y, ~ My,

lw + H =0 2
sz KoY sz ’ ( )
my, Mmy,

2
where y 1s the gyromagnetic ratio. The resonance

frequencies f = w/(2m) are obtained as the eigenvalues
of the 4th order matrix H, whose elements are explicitly
given in the Appendix B.

In the case of antiparallel state, my; = 1 and my, =~ —1
(as shown in the inset of Fig.4), the two resonance
frequencies are given by

f1=2— Hy —/Hp, 3)
Vs
KoY
fz=ﬁ Hy +\/Hp, €©))
Hy 2 + Hp*  HukMgt
Hy = Hog? + HextHp + HgHa + > 7 A
Hg\? Hg\?
Hb = HA (Hext + 7) (4HE + HA) + (Hext + 7) kMSt
+HAk2M52t2
16 ’

where Hy = Hpq + Hyy, Hg = Hyq — Hy, and the effective
magnetic anisotropy field Hy; = 2K;/(uoMs) — Mg . For
spin waves with k= 0 um™!, the resonance frequencies

become simpler forms as below

HoY
fr= E{i(ZHext + Hyp — Hyz)

+/(Hy1 + Hi2) (4Hg + Hiq + Hiz)}. (5)
f+ (f) increases (decreases) linearly with the applied
out-of-plane magnetic field. Here, f. (f.) is the
resonance frequency for right (left)-handed polarization
24-25) shown in Fig. 1.

3. Magnetic Properties for Sample Films

Films of Ta(3.0) / Pt(2.0) / [Co(0.2) / Ni(0.7)]5/ Co(0.2) /
Ru(0.5) / [Co(0.2) / Ni(0.7)]5/ Co(0.2) / Ru(3.0) (unit: nm)
were deposited using dc magnetron sputtering on
thermally oxidized Si substrates. Two ferromagnetic
layers consisting of Co/Ni multilayers are separated by a
0.5 nm-thick Ru layer. Figure 2 shows out-of-plane

magnetic  hysteresis loop obtained by using
superconducting quantum interference device
magnetometer. Magnetic moments 1in the two

ferromagnetic layers are perpendicular to the film plane
and fully compensated under the out-of-plane magnetic
field from 160 mT to —190 mT (from —160 mT to

26

190 mT). From this result, we determined the saturation
magnetization M, =7.0x 105A/m and the exchange
field uoHg =J/Mst = 180 mT, where the symbol of |
represents the interlayer exchange coupling 26.

1.0 T T T T

o
o
T
1

Magnetization (MA/m)
|
& 2

710 Il 1
-300 -200 -100 0

1 1
100 200 300

Out-of-plane magnetic field (mT)

Fig. 2 Magnetic hysteresis loop measured at 300 K
under out-of-plane magnetic field.

4. Experimental Procedure and Results

The films were patterned into 50 X 100 upm?
rectangular wires and then 80 nm-thick SiO2 was
deposited for electrical isolation. Subsequently, we
fabricated coplanar waveguides for spin wave resonance
(SWR) as shown in Fig. 3 (a). Coplanar wave guides were
designed for excitation of spin waves with k = 1.2 pm™.
Re [S;;] spectra were obtained by spectroscopy using a
vector network analyzer at a given out-of-plane magnetic
field. Figure 3 (b) shows a contour plot of SWR spectra
generated from the obtained Re [S;;] spectra. The applied
magnetic field swept from 250 mT to —250 mT with a step
of 10 mT. Two resonance modes were observed from 130
mT to —190 mT, where the two magnetic moments were
antiferromagnetically aligned. The slight difference of
the field range for the antiparallel state between SQUID
and SWR measurements can be due to undesirable
changes in the properties of the films during the
patterning process. The observed two modes cross at —
100 mT and are split by the out-of-plane magnetic field.

Re[511]

0.001700
10 umll |l - L
‘ «Ia } 0.001020
| G20 .
< i Parallel 3.400E-04
S5t aralle
8 i -3.400E-04
g 97 | Antiparallel
H. | w [ -0.001020
ext ! ° Field Sweep
@ e BT maeeas . 0001700
-200 -100 0 100 200

Magnetic field (mT)

Fig.3 (a) Optical micrograph of device for investigating
of SWR spectra. Bias magnetic field was applied out of-
plane. (b) Contour plot of Re [S;,].
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5. Discussion

In our experimental case, the attenuation length is
estimated to be less than 50 nm from the calculation of
L =vg/(2nfa) where L represents the attenuation
length, vy = d(2nf)/dk represents the group velocity,
f represents the resonance frequency expressed by Eqgs.
(3) (4) and a = 0.024 represents the damping constant
for Co/Ni multilayers 27. Qur coplanar waveguides shown
in Fig.3 (a) have a distance of 1 um between signal and
ground antennas. These conditions imply that excited
spin waves under one antenna decay before they reach
the other two antennas, and that spin waves under each
antenna can be regard as localized uniform precession
mode. Therefore, we analyzed our experimental data
with the resonance frequencies for spin waves with k =0
um~'. We can obtain the average of PMA for two
ferromagnetic layers (K; + K,)/2, by linear fitting of the
experimental data above 140 mT and below —200 mT
with Eq.(17) for parallel state (the details are in the
Appendix C). On the other hand, we can obtain the
difference of PMA (K, —K;)/2 by linear fitting of the
experimental data from —190 to 130 mT with Eq. (5) for
antiparallel state, because the intersection magnetic
field of the two antiferromagnetic resonance modes is
given by (Hy, — Hi1)/2 which represents the difference
of the effective magnetic field between the two
ferromagnetic layers as predicted in a previous report 28,
While our films consist of two ferromagnetic layers with
the same structure, the experimental results shown in
Fig. 3 (b) suggests that they have different PMA,
indicating the Pt under layer induces the stronger PMA
in the adjacent (lower) ferromagnetic layer.

Figure 4 shows the applied magnetic field dependence

of the resonance frequencies obtained from the

30 T T T T T T T T
28 F
26 [
24 T~
22 F
20F
18}
16 F
14
12F7-. PR
10k FM2 | PR
8_
L FM11‘ —f — ]
—F - £

0950200150100 50 0 50 100 150 200 250
Magnetic field ( mT )

Frequency (GHz)

my = 1, myy = -1 Out_

oN B
L

Fig.4 Applied magnetic field dependence of resonance
frequencies calculated by theoretical spin wave
dispersion with k =0 pm™! [ f, and f_ are for case of
antiparallel state Eq. (5)]. fp 1n and fp out are for case
of parallel state [ Eqs. (17) (18) in Appendix C].
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theoretical spin wave dispersion for k=0 um~! (Black
lines represent parallel state case, while red and blue
lines represent antiparallel state case.) with
experimentally determined parameters (y = 1.88 x 10!
rad/Ts, Mg =7.0 x 105 A/m ,t =4.7 nm, J =5.9 x 107*
Jm2, K; = 5.4 x 105 J/m3, K, =4.7 x 10°> J/m3), which
gives a good agreement with our experimental data
shown in Fig. 3 (b). For the case of parallel state, two
resonance frequencies fpn and fp our are theoretically
derived (Egs. (17) (18) in the Appendix C), corresponding
to in-phase and out-of-phase precession modes. It should
be noted that it is difficult to observe the magnetic
resonance for the out-of-phase precession mode, because
two ferromagnetic layers are almost identical. For the
case of antiparallel state, with comparison of the
experimental results and the theoretical analysis, our
observed two resonance modes showing opposite
tendencies with the bias magnetic field can be presumed
to be fi in Eq. (5), corresponding to right- and left-
handed polarized spin waves. These two oppositely
polarized modes are degenerated at the cross point.

6. Conclusion

In summary, we experimentally and theoretically
demonstrated spin wave resonance in perpendicularly
magnetized SAF's. In the finite range of the applied out-
of-plane magnetic field, two resonance modes for

antiferromagnetic state were observed, and they

INDEX

correspond to right- and left-handed polarized spin waves.

Our findings will give a route to spin-wave-devices
utilizing spin wave polarization, based on SAFs.

Acknowledgements This work was partially supported
by the JSPS KAKENHI Grant Numbers JP15H05702,
JP18K19021, JP20H00332, JP20K15161, JP20J15421,
and by the Collaborative Research Program of the
Institute for Chemical Research, Kyoto University, and
by the Cooperative Research Project Program of the
Research Institute of Electrical Communication, Tohoku
University.

Appendix

A. Self-dipolar field and mutual dipolar field
For interlayer exchange coupled bilayers with PMA,
magnetostatic energy per unit area is given by
E=—-)  wMstm; Hee — ) (Kit; — #20
i=1,2 i=1,2
+ ]ml smy, (6)

where Hey = (0,0, Heyr ), Z axis is perpendicular to the
film plane, X axis is parallel to the spin wave
propagation direction, the first term is Zeeman energy,
the second term is demagnetization, the third term is
PMA energy and the last term is interlayer exchange
energy.

The effective field is given by

MS )le
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H; = —Vp, (ﬁ) + Haipii + Haipijy (L7 =1,2,0#))
@)
where Hgjp;; represents the self-dipolar fields and
Hgipij represents the mutual-dipolar field.
Hgipi; and Hgjp;; can be obtained by using the Green
function 2123 given by
—Gp 0 iGg
Gxyz(Z—2") = 0 0 0 , (8)
iGp 0 Gp—6(Z—2")
where Gp = (k/2)exp(—k|Z —Z'|) and Gy = Gpsgn(Z —
Z"). The self-dipolar fields Hgjp;; can be calculated by

Ms t+s/2 t+s/2
Hdip,ii = T_f de dz' GXYZ(Z
s/2 s/2
-ZY6m(Z - 2. (9)
The mutual-dipolar field Hgjp;; can be calculated by
Hdip,Zl =2 fHS/Z az f_S/Z dZ' Gyyz(Z — Z")ém(Z —

T s/2 —t—-s/2
Z"), (10)
M, (—s/2 t+s/2 5., ,
Haip12 = Tf_:_/s/z az fS/ZS/ aZ' Gyyz(Z — Z')m(Z —
Z", (11)

where dm(Z —Z') represents relative perturbation
oscillation of a magnetic moment at Z' position against
a magnetic moment at Z position

my(Z")
sm(zZ -2z =e M2 m 2y |, (12)
0
and s represents the thickness of a nonmagnetic spacer
between two ferromagnetic films.
By assuming ks, kt <<1, we can obtain Hg;,;; given by
k

— 7 Mxi
Hagip,ii = Mt o | (13
0
and we can obtain Hgip 1, and Hgjpq given by
k
— 3 Mx2
Hdip,12 = Mt ko B (14)
- Lmez
k
—7Mx1
Hdip,Zl = Mst . 0 . (15)
i;le

B. Resonant frequency for antiparallel state

The spin wave resonant frequency is obtained from the
EOM, dm;/dt = —poym; X H;, linearized by assuming
[my;l, Imy;| < 1. In the case of antiparallel state, myz; =~
+1 and mgy, =~ ¥1, the linearized EOM is explicitly given
by

mX1 0 le 0 H14 le

L[ My, Hyy 0 Hyy O My | _

iw my, tuov| o Hy, 0 Hy, || M =0.(16)
my, Hy; O Hyy O My,

Here, the components of 4th order matrix of the effective
field H are given by
Hip = Hexy £ Hyy T HE,
Hy4 = +Hg,
Hy = _(Hext tH,t HE) + (kMt)/Z,

INDEX

H,s = +Hg + (kMt)/2,
H3p = $HE,
H3y = Hexy + Hyp + Hg,
Hy; = +Hg + (kMt)/Z,
Hyz = —(Hext  Hiz + Hg) = (kMt)/2,

the resonant frequency f = w/2m is eigenvalue of the
matrix H : det[i(ui + yoyﬁ] =0, where 1 is the 4th
order identity matrix. The obtained two resonance
frequencies for antiparallel state are already presented
in the main text as Eqgs. (3) (4).

C. Resonant frequency for parallel state
In the case of parallel state, m,; ~ +1 and m,, =~ + 1,
the components of 4th order matrix of the effective field
H in Eq. (16) are given by
Hyp = Heyxt = Hyny + Hg,
Hy4 = tHE,
H21 = _(Hext i Hkl $ HE) $ (kMt)/Z,
Hy3 = +Hg + (kMt)/2,
H3; = +Hg,
Hzy = Heyt + Hiz F Hg,
H,, = F¥Hg + (kMt)/2,
Hyz = —(Hex £ Hyz + Hg) + (KMt)/2.
As well as the antiparallel state case, two resonance
frequencies can be obtained from the eigenvalues of the
Eq. (16) for parallel state case. For k = 0 um~1, the in-
phase and out-of-phase resonance frequencies fp |, and
fo out for the case of myz; = 1 and my = 1, (or my =
—1 and my, = —1) are given by
_ KoY

fran = E{Zmexd — 2Hg + Hyy + Hy,

+ J4HEZ + (Hyy — sz)Z}. (17)

KoY
frout = E{2|Hext| — 2Hg + Hyy + Hy;

- J4HE2 + (Hir — sz)Z}. (18)

The intercept of Eq. (17) is expressed by Hg, (Hyq + Hyz)
and (Hyp, — Hy,). The difference of effective magnetic
anisotropy field between two ferromagnetic layers
(Hy, — Hy,) can be obtained by the intersection magnetic
field of two antiferromagnetic resonance modes
expressed by Eq. (5). Therefore, we can obtain the sum of
effective magnetic anisotropy field (Hyq + Hyy).
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Void-Defect Induced Magnetism and Structure Change of
Carbon Materials - I : Graphene Nano Ribbon

Norio Ota and Laszlo Nemes™
Graduate School of Pure and Applied Sciences, University of Tsukuba, 7-1-1 Tenoudai Tsukuba-city 305-8571, Japan,
*Research Center for Natural Sciences, Otvés Lérand Research Network, Budapest 1519, Hungary

Void-defect is a possible origin of ferromagnetic-like feature of pure carbon material. Applying density functional
theory to void-defect induced graphene-nano-ribbon (GNR), a detailed relationship between multiple-spin-state and
structure change was studied. An equilateral triangle of an initial void having six electrons is distorted to isosceles
triangle by re-bonding carbon atoms. Among possible spin-states of S=0/2, 2/2, 4/2 and 6/2, the most stable state

was

S~2/2. The case of S~4/2 is remarkable that initial flat ribbon turned to three dimensionally curled one

having highly polarized spin configuration at ribbon edges. Total energy of S=4/2 was very close to that of S=2/2,

which suggests

coexistence of flat ribbon and curled ribbon. As a model of three dimensional graphite, bi-layered

AB stacked GNR was analyzed for cases of different void position of a-site and B-site. Spin distribution was limited
to the surface layer, nothing to the back layer. Distorted void triangle show 60degree clockwise rotation from a- to
B-site, which was consistent with experimental observation using the scanning tunneling microscope. This study
revealed that void-defect in GNR induces unusual polarized spin state, different with usual ferromagnetic one.

Key words: graphene, GNR, DFT, void, ferromagnetism, spin state, STM

1. Introduction

These ten years, it was reported that some carbon
base materials show room temperature ferromagnetic
like hysteresis?®. They are graphite and graphene like
materials. Such a light-weight ferromagnetic like
materials will be wuseful for many applications.
However, such magnetic ordering could not be
thoroughly understood. Possible explanations are the
presence of impurities”?, edge irregularities® 19 or
void-defectsV1®. Here, we like to focus on void-defect.
In experiments, creation of void-defect was done by
high energy particle irradiation on graphitel)19,
Void-defect was observed by the scanning tunneling
microscope'¥16),  Unfortunately, there are little
magnetic behaviors and spin
distributions in atomic scale. Theoretical calculations
predicted the importance of the atomic structure
change!”-18), However, there are little explanation on a
detailed relationship between the multiple-spin-state
and the structure-change. Here, we try detailed

information on

explanation by the density functional theory (DFT) 19-20),

DFT gives the stable quantum state basically at zero
temperature. In this study, we like focus on
fundamental  property of void-defect induced
magnetism and structure change of graphene nano
ribbon (GNR). Such analysis will be useful for future
advanced study on room temperature magnetism and
asking Curie-temperature.

There are six unpaired electrons around one void,
which suggests a capability of multiple spin-state as
like S~=6/2, 4/2, 2/2, and 0/2. We need detailed spin
dependent calculation to find the most stable spin state
accompanying with the structure change Also, we will

calculate the three-dimensional graphite using the
model of AB-stacked bi-layer GNR. Results will be
compared with experimental observation by the
scanning tunneling microscope.

2. Calculation Method and Model GNR

We require total energy, optimized molecular
structure and the spin density on a given spin state of
Sz. DFT based generalized gradient approximation
(GGA-PBEPBE) 2V was applied utilizing Gaussian09
package2?? with an atomic orbital 6-31Gd basis set??.
Total charge is set to be completely zero. Inside of a
super-cell, three dimensional DFT was applied. As
illustrated in Fig. 1, one dimensional periodic boundary
condition was applied to realize an unlimited length
GNR. Calculation 1is repeated until to meet the
convergence criteria on the root mean square density
matrix less than 10 8 within 128 cycles.

An initial calculation model of GNR with single
void-defect is shown in left of Fig. 1. Super-cell was
[C79H10l, where upper and lower zigzag edge carbons
were all hydrogenated to avoid radical carbon edge
complicated situation. Ribbon width was 1.780nm and
one-dimensional super-cell length was 1.241nm
repeating to red-line direction. A center positioned
carbon was removed to make a void-defect. Around this
void, there are three carbons, which make an
equilateral triangle with length of 0.248nm. These
three radical carbons bring six electrons. To investigate
magnetic characteristics, we should consider these six
electrons interaction, which mean to study a detailed
multiple-spin-state analysis.
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Fig. 1 Initial void-defect is created on GNR. Six spins
in a void carry the multiple spin state. Unit cell is
[C79H10l. DFT calculation is done three dimensionally
inside of unit cell, which is repeated one dimensionally
toward a red line direction.

3. Multiple Spin State

For six electrons in a void-defect, there are four
capable spin states of S=0/2, 2/2, 4/2 and 6/2. However,
we could not get any converged calculation on singlet
spin state of S~=0/2. The reason will be explained as
illustrated on right of Fig. 1 that one radical carbon
holds two spins, which should be parallel to avoid
unlimited large coulomb energy due to Hund’s rule2¥,
in case of one central attractive force by the same
carbon atom. Three pairs of parallel spins enable the
multiple-spin-state of S=6/2, 4/2, or 2/2. For every spin
state, stable atomic structures are classified to two
types as Type-A and -B as shown in Fig. 2 as (b) and (c).
It should be noted that initial equilateral triangle (a)
turned to an isosceles one of (b) and (c). Isosceles
triangle of Type-A was perpendicular to a ribbon axis of
a red line, whereas Type-B tilted. Such distortion
originates from the quantum mechanical re-bonding as
discussed by Yazyev and Helm!?. Detailed results were
shown in Fig. 3 and Table 1. Initial non-deformed
ribbon energy was defined to be zero. In Type-A, the
most stable spin state was S~=2/2. Energy level was
reduced to -12.31kcal/mol., where triangle has an angle
of 49degree as shown in (b). Type-B show remarkable
energy reduction. In case of S~2/2 of Type-B, energy
became -15.62kcal/mol, which is most stable one with a
sharper angle of 44degree in (c). Distance between
carbon-atom “a” and “¢” was shortened to 0.192nm from
original 0.248nm. This suggests a capable origin of
structure change that original pi-electron conjugated
bond is partially modified to double-bond among
hexagon carbon networks.

Sum of spin density around initial equilateral void
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©n 4O

was 1.49us, which coincides well with calculation using
the SIESTA code by Yazyev and Helm!?. Spin densities
of Type-A (S=2/2) and B (S=2/2) were illustrated in
Fig. 4 at a surface of electron density of 1le/nm3. In both
cases, we can see a large up-spin cloud (red) at a void
triangle’s apex carbon site. We can see fruit pear like
up-spin cloud with sum of 1.37pB, which was 0.12nus
smaller than initial one. Inside of GNR, there appears
up (red) and down (blue) spins alternatively? 10,
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Type-A show distorted
49degree perpendicular to ribbon as shown in (b).

isosceles void triangle of

Type-B shows a tilted triangle with 44degree. In every

type, triplet spin-state of S~=2/2 is most stable.
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Table 1 Calculated result for mono layer GNR.

Distortad type MOnE Typa A Type B
Case number AD 41 42 43 Bi B2 B3
Givan Sz 2/2 6.2 452 252 6.2 4,2 272
[En difference
Ek;:g;dfuﬂtcdﬂ o -8.33 851 -1231  -1258 1654 1662
Ribbon configuration |Flat Flat [Flat Flat Flat Curlad Flat i
Triangle distance ab 2.48 215 2.1 21 259 281 25
(A be 248 28 2.59 28 261 2 281
ca 2.48 2.8 259 2.8 1.96( 182 1.9
Smallest angle (deg.) &0 48.8] 48.1 48,5 443 40.6| 43.
Mulliken charge (e) a 0 0.25 0.256 0.25 0.25 022 0.2
b 021 0.25 025 0.25 o 0 —[I 'EH
[ 0.22 0.05 0.03 0. 027 0.23
Spin density { fs) a =0.08 0.2 0.03 oA 0.1 o.m
b 0.77 0.2 0.03 02 1.0 0.79 1-
[ 0.97 1.15 0.81 1.12 0.3 =0.17 0.2
atbrbg 1.66| 1.63 0.87| 1.54] 1,62 063 1.4
Ribbon magnetism Farmmag. |Farrimap;. Fearmmomag. |Farrimap;. |Fe.rrimap;. Farromag. | Fernmag. |
Spin-density ma ¥ .
;;]i'[;ti‘f.‘,‘fn.,, Efi“&:fn':: i ; EE%::T:-uMﬂ 4. Curled ribbon
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Fig. 4 Irregular up-spin cloud (by red) was observed at
centered void triangle for both Type-A and -B. Inside of
ribbon, there appear alternate up-spin (red) and
down-spin (blue).
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Amazing result was obtained in case of S=4/2 of
Type-B as illustrated on Fig. 5(d), where appears a
curled ribbon. While in case of S=2/2, ribbon is flat in
(c). Void triangle of S=4/2 was 40.6degree comparing
with 43.5 degree of S=2/2. The spin distribution is
ferromagnetic like for S, =4/2 as illustrated in Fig. 6(d).
Both of upper and lower ribbon edges carry up-spin
clouds. While in case of S=2/2 of Fig. 6(c), we can see
anti-ferromagnetic like feature. It should be noted that
energy of S=2/2 was -15.6kcal/mol., whereas S=4/2 was
-15.5kcal/mol. They are only 0.1kcal/mol. difference.
Such close energy suggests the coexistence both of flat
ribbon and curled ribbon. Spin configuration of Fig
6(d) looks ferromagnetic like arrangement. Edge
carbons are strongly magnetized by up-spins. However,
it should be noted that each up-spins are isolated with
neighbor edge spins. There is no exchange interaction
between them. On the contrary, as studied in our
previous paper on FeO-modified GNR2Y, edge carbons
were highly polarized by up-spins, and also coupled
with neighbor edge spins by super-exchange interaction.
It was wusual ferromagnetic coupling. By such
comparison, void induced GNR show unusual strongly
polarized spin configuration, different with wusual
ferromagnetic one.
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Fig. 6 In case of S~=2/2 for Type-B, spin configuration is

ferrimagnetic-like as shown in (c). Whereas in case of
S=4/2, it is ferromagnetic-like (d).
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5. Bi-layer GNR

To simulate three-dimensional graphite, bi-layered AB
stacked GNR was analyzed. In Fig. 7, yellow marked
atoms are surface (first) layer atoms including single
void, whereas gray atoms are back (second) layer
without any void. There are two types of void positions,
which one is a-site void positioned over one carbon of
the second layer (back side), whereas B-site positioned
over inter-atom space. Unit cell is [Cr9Hio-CsoHiol.
Distance between two layers was calculated to be from
0.409 to 0.413nm depending on void situation as shown
in Table 2. We can see deformed void triangle as
classified by Type-A and Type—B as shown in Fig. 8. In
every Type, the most stable spin state was S;=2/2. Total

energy of Type-B was lower (stable) than that of Type-A.

Distorted triangle of Type-B shows small angle of
42degree compared with 53degree of Type-A. It should
be noted that, in case of Type-B, total energy is almost
similar for a-site (-14.59kcal/mol.) and B-site
(-14.69kcal/mol.). We can expect coexistence of both
sites. Detailed results are summarized in Table 2. In
Fig. 9, spin density of AB-stacked bi-layer GNR was
illustrated. Spin density appeared only to the surface
(first) layer. Back (second) layer shows no spin.
Summed spin-density around one void was 1.37uB.

6. Comparison with experiments

6.1 Observation of void-defect

In 1998, Kerry et al.l¥ observed void-defect on the
surface of graphite by the tunneling
microscope. They observed triangle shape bright spot,
which suggested large excess electrons inside of triangle
void. Our calculation is consistent with
observation.

scanning

such

6.2 Observation of rotational symmetry of void
defect

Notable result is the clockwise angle of a void triangle
defined in the figure on bottom of Table 2. The
clockwise angle 0 of a-site void triangle was 300degree,
whereas B-site 240degree. There appear 60degrees
rotation from B-site to a-site. Such calculation is
consistent with observation on graphite surface done by
Ziatdinov et al.l®
microscope.

using the scanning tunneling
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triangle
AB-stacked 2-layer GNR

With a-single void

Yellow: First layer

—______,_,..-)-f

Gray: Second layer

AB-stacked GNR
With B-single void

Fig. 7 Void-defect was created on AB-stacked bi-layer GNR with a void at a-site (top panel) and B-site (bottom).
Yellow atoms are surface layer carbon, whereas gray atoms back layer one.

Table 2 Calculated results of bi-layer GNR with single void. Cases are classified for Type-A or Type-B, and for void
positions of a-site or B-site.

Case numbar Bi=inmitial Alpha=A |Alpha—-B [Bata-a Bata—B
Void site B o o B B
Distortad type noneg Typa A Typa B Typa A Type B
Given Sz 272 2/2 2/2 2/2 272
Stacked distanca d (A) 4.1 4.09 4.11 4.13 4.11
{E:aﬁnm':::;} of -1333 1459  -12.61 14.69
Ribbon configuration  |Flat Flat Flat Flat Flat
Triangle distance ab 2 45 263 264 2.34 253
A be 24 234 253 263 264
ca 24 263 1.84 2,63 1684 =~ === ==eaR
Smallest angls (deg ) 80 52.8 41.7 52.8) araf | \ :
Mulliken charge (a) a 022 004 021 0.21 024 1 /0 1
b 022 0.21 =0u01 0.21 =0u01 : S :
[+ 017, 0.21 024 0.04] 021 b I
Spin density (e) a 0.33 04 0.04 0.25 o025 1 1
b 0.34 0.25 1.08 0.25 1ogf F=m—=mmm—m—m———=l
o 084 0.25 0.25 04 0.04
Spin density (a+hic) 1.51 14 1.37 14 1.37
Ribbon magnetism Farrimag. |(Ferrmag. |Ferrimag |Fermimag |Ferrimag
Triangle vacancy tilt
ngle against GNR 10 deg. 180 300 0 240
L8}
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7. Conclusion

Applying density functional theory to a void-defect in
graphene-nano-ribbon (GNR), a relationship between
multiple-spin-state and structure change was studied.
An equilateral triangle of initial void was distorted to
isosceles triangle due to re-bonding of excess six
electrons in a void. Such calculation is consistent with
actual observation by the scanning tunneling
microscope. Six electrons enable the multiple spin-state
of S~=6/2, 4/2 and 2/2 due to the Hund’s rule. The most
stable spin state was S~2/2 showing flat ribbon
structure. Amazing result was obtained for .S=4/2,
where ribbon was three dimensionally curled, and show
ferromagnetic like spin distribution on both upper and
lower edges of the ribbon. Energy of S~2/2 and S~=4/2
were close, almost same. This suggests coexistence of
flat and curled ribbon. As a model of three-dimensional
graphite, bi-layered AB stacked GNR was analyzed for
different void positions of a-site and B-site. Both sites
show similar energy. Void triangle presents 60 degrees
clockwise rotation from B-site to a-site. It should be
noted that such void rotation coincides well with actual
observation. This study revealed that void-defect in
GNR induces unusual highly polarized spin state,
different with usual ferromagnetic one.
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Anomalous Nernst and Seebeck effects in NiCo,0;, films
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We investigated both the Seebeck and anomalous Nernst effects in NiCo,04(001) epitaxial films with a preferential magnetization

direction normal to the film plane. Since the thermoelectric signals were extremely small, we custom-built a measurement system to

detect the weak voltage signals. To suppress spurious voltage signals originating from the electrical contacts in the measurement

circuit, we employed the following measures. We reduced the number of electrical contacts between the output of a commercial

cryostat with a superconducting magnet and the nano-voltmeters. We employed silver soldering while making the electrical contacts to

reduce the thermal electromotive force voltages at the remaining contacts. By adopting these measures, we have succeeded in detecting

thermoelectric voltages as small as 5 nV. The observed thermoelectric efficiency of NiCo,0; is quite small compared to conventional

ferromagnetic metals.

Key words: NiCo,04, Anomalous Nernst effect, Perpendicular magnetic anisotropy

1 Introduction

In the recent past, different types of energy conversion tech-
nologies have been studied due to the increasing need for alter-

native and sustainable energy sources 2.

Among the energy
conversion technologies, the thermoelectric device has received
much attention as it enables the direct conversion of waste heat

energy into electrical energy >%.

Moreover, thermoelectricity is
interesting from the perspective of condensed matter physics be-
cause it depends on the electrical and thermal transport phenom-
ena, which are intrinsically related to the electronic state of ma-
terials. Particularly in magnetic materials, the temperature gradi-
ent can be converted into electrical voltage through thermomag-
netic phenomena, such as the anomalous Nernst effect (ANE) and
the spin Seebeck effect >®. Another transport phenomenon as
a counterpart of ANE is known anomalous Hall effect (AHE).
Both the AHE and ANE reflect well the electronic state of ma-
terials, they have contributions from the extrinsic and intrinsic
mechanisms 378, However, since the electric field generated by
ANE is smaller than AHE one’s, it hinders to investigate the rela-
tion between thermal and electrical transport in various materials.
Therefore, for understanding the electronic state of materials by
ANE, a measurement system that can detect the weak thermo-
electric voltage desired.

The ANE is defined as the generation of an electric field
(Eang) along the direction of the outer product of the mag-
netization (M) and the temperature gradient (VT). Thus, it is
experimentally observed as an anomalous transverse voltage .
For example, in the case of VI and M parallel to x- and z-axis
respectively, Eang appears along the y-axis direction. In other
words, ANE in a magnetic material with perpendicular magnetic
anisotropy (PMA) could generate a large thermoelectric voltage

by expanding the area in the vertical direction from the tem-

perature gradient. Therefore, PMA can be a crucial factor for
generating large ANE voltage >10).

Oxide-based thermoelectric materials have many advantages
such as the following: they are non-toxic and non-polluting; they
can be synthesized in the air and do not need inert conditions
or vacuum; they are stable even at high temperatures. These
advantages make oxide thermoelectric materials a potential can-
didate for practical applications at elevated temperatures. As a
candidate oxide thermoelectric material with PMA, we focused
on NiCo,04(NCO). NCO has an inverse spinel-type structure
(Fd3m) and is a conductive ferrimagnet with a high transition
temperature (T¢ ~ 400 K) 'V, Further, some previous studies re-
ported that NCO has mixed-valence cations and can be expressed
by a general formula, Coi*Co?fx[CohNi%tXNiiJ']Oi’ 0<x<
1), where tetrahedral (T,) site is occupied by high spin Co®* (47,
S = 3/2) and Co®* (d° S = 3/2), octahedral (O}) site is oc-
cupied by low spin Ni** (@®, § = 1), Ni** (d’, S = 1/2), and
diamagnetic low spin Co®* (4%, § = 0). The saturation magnetic
moment is 2 up/f.u. irrespective of x. It has been reported that
in the presence of such a large number of states in the system
, a large thermoelectric signal can be generated via an increase
in entropy 12.13) | Tn addition, NCO film grown on the MgAl,O4
(MAO) substrate exhibits strong PMA 415 which is approx-
imately 0.3 MJ/m? at room temperature for a —0.3% epitaxial
strain. A recent theoretical investigation showed that Co at the
T site is responsible for PMA ).

In this study, we designed a measurement system to detect the
weak thermoelectric voltage signal and investigated the thermo-
electric properties of NCO. This manuscript is organized as fol-
lows. Sample preparation and design of the measurement setup
are explained in Section 2. We present experimental results and
discussion in Section 3 and summarize the work in the final sec-

tion.
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2 Experiment

2.1 Sample preparation

Epitaxial NCO thin films with a thickness of 50 nm were grown
by reactive radio frequency magnetron sputtering technique (ES-
250MB: Eiko Engineering Co.,Ltd.)!"""'?. We used a 2-inch alloy
target with the ideal composition of Ni:Co= 1 : 2. Before grow-
ing the film, a single crystal MAO substrate was ultrasonically
degreased using acetone, ethanol, and deionized water for 5 min
at each step. The growth conditions of NCO thin films were as
follows: Arand O, flow rates were set to 10 and 2.5 sccm, respec-
tively; the process temperature was 300°C, and the working pres-
sure was 1.3 Pa. Thereafter, we annealed the NCO films at 300°C
for 30 min under an oxygen pressure of 0.2 Pa 2?. The film struc-
ture was characterized by reflection high-energy electron diffrac-
tion (RHEED), X-ray reflectivity (XRR, by Rigaku Smart Lab,
using Co Ka) radiation), and X-ray diffraction (XRD). Magnetic
hysteresis (MH) loops were measured by a vibrating sample mag-
netometer (VSM) option of the Physical Property Measurement
System (PPMS) from Quantum Design.
2.2 Measurement setup

To perform the thermoelectric measurements, we designed and
built a sample holder, as illustrated in FIG. 1. Figure 1 shows
schematic illustrations of the sample holder. The sample was
bridged on the top of two Cu plates (5x 13x 1 mm? and 5x 13x 3
mm?®). The one Cu plate was directly placed on the sample holder
(P102/3A, Quantum Design), where the temperature was mea-
sured using the PPMS system. The another Cu plate was placed
on the sample holder through Bakelite®(5 x 13 x 2 mm?) for ther-
mal insulation. Moreover, a chip resistor (R = 330 Q, TE Con-
nectivity, 3522330RFT) acting as a heater was attached to this
side to raise the temperature. Here, the electrodes on the back of
the chip resistor were removed by polishing. Input electric power
was supplied to the chip resistor using a source meter (Keith-
ley2400). To monitor the actual temperature difference between
the Cu plates, we fabricated a type-E thermocouple from chromel
(TFCH-003) and constantan (TFCC-003), supplied by Omega
Engineering Inc. The thermal contact between the thermocouple
and each Cu plate was made using GE7031 varnish via a small
piece of thin paper. The thermal electromotive force (TEMF)
of the thermocouple was measured by a voltmeter (Keithley196)
and converted into the temperature difference (AT) using the ref-
erence table 2. In the designed holder, the distance between the
two Cu plates is £ = 4 mm. Therefore, the temperature gradient
is expressed as VI' ~ AT/¢. The typical width of the sample is
w = 3 mm. Note that we have confirmed the error between the
actual temperature difference of the two Cu plates and the output
of the thermocouple is less than 5%.

Next, the film was patterned by the photolithography tech-
nique, and Cr and Au were sputtered as the electrodes. Four

electrodes were deposited on the top of the films for thermoelec-

INDEX

tric measurement as illustrated in Fig.1. Two electrodes placed
along the thermal gradient are for measuring the Seebeck signal
(Vxx), and the other two are for measuring the ANE signal (V).
Here, a point contact electrode was fabricated to prevent a de-
crease in TEMF %2, The sample was cut into a rectangular shape
(5 x 10 mm?) to place it on the sample holder and was glued by
GE7031 varnish. We used aluminum wires for making connec-
tions between electric pads and the sample puck. One side of
the sample was heated, and VT was induced along the long side
of the rectangle. The voltage induced along the long side (V)
was measured as a Seebeck voltage using Channel 2 of Keithley
2182, and the voltage induced across the long side (V,,) was mea-
sured as a Nernst signal using Channel 1 of Keithley 2182. For
ANE measurements, a magnetic field perpendicular to the sam-
ple plane was applied. Further, to reduce the number of electrical
contacts, we fabricated a signal cable to directly connect above
measurement instruments and output connectors of PPMS. In the
sample holder and the cable, we used silver soldering at all elec-

trical contact points to reduce contact voltages.

Ly
» ol

LEMO Usi'asidge Al :
PPMS (e ——— 30

Fig. 1 Structure of the sample holder and configuration for mea-

Fabricated signal cable

. atn - 2107-30 cable

Indirect connection

suring thermoelectric properties. Left panel shows schematics of
the sample setup, and right panel represents the top view of the
sample puck. Bottom panel shows block diagram of indirect and

direct connection cable.

3 Results and discussion

3.1 Structural characterization

Figures 2 (a)-(d) show the XRD patterns with scattering vec-
tor k parallel to MAO[001], [100], and [110], respectively. The
dashed lines indicate the diffraction angles expected for the bulk
MAO. All the observed Bragg peaks can be consistently assigned
to a spinel structure. In Figs. 2 (b)-(d), reflections were only con-
firmed at the Bragg peak positions on the MAO substrate. This
result implies that NCO film has epitaxial distortion, and its lat-
tice constants are a = 8.08 A and ¢ = 8.27 A. Based on the lattice
constant of NCO (anco = 8.10 A)'Y and MAO (ama0 = 8.08
A) in bulk, NCO thin films experience a compressive strain of
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~ 0.3% due to the lattice mismatch. These results are consistent

with the previous studies '4-16.20.23),
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Fig. 2 X-ray diffraction patterns of the scattering vector k par-
allel to (a)[001], (b)[100], and (c-d)[110], respectively .

3.2 Thermoelectric properties

First, we show the effect of reducing the number of elec-
We tested
two different ways of connecting the 14-pins LEMO connec-
tor(FGG.3B.314.CLADY2) of the interface of the cryostat of

PPMS to the nanovolt-meters; (1) the interface was wired to the

trical connections on the measurement system.

instruments using regular LEMO-D-sub cable with an electric
terminal(indirect connection), (2) the interface was directly
connected to the instruments using the home-built cable as
explained in Section 2 (direct connection). Figure 3 (a) shows
the time dependence of the measured signals V,, for AT = 0.

In the case of an indirect connection set up, one can see peri-
odically oscillating ~ 1 uV of spurious voltage signals, probably
because of the change in the temperature in the laboratory due
to the air conditioner. In contrast, in the case of the direct con-
nection set up, the periodically varying spurious voltage signal
was suppressed, and the standard deviation was approximately 5
nV. This result indicates that thermoelectric voltages generated at
the electrical connections of the measurement system could be a
serious problem while measuring weak DC voltage signals.

Using the direct connection setup, we investigated the thermo-
electric properties of the sample. Figure 3 (b) shows AT depen-
dence of the Seebeck voltage (V,,) at 300 K. A single data point
represents the average voltage for approximately 5 min after gen-
erating a stable AT. The relative Seebeck coeflicient (S ,,) be-

tween NCO and the Al wire is expressed as,

— EXX _ V)C)C/f —- VXX

Sw= ST T AT T AT

ey

Thus, from the slope of this figure, we can determine S ,,, which
is 6.4 uV/K. From Ref.24, excluding absolute Seebeck coefficient
of the Al, the absolute Seebeck coefficient of the NCO(SNC©

can be estimated, which is 8.0 uV/K at 300 K. Table 1 shows the
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Table 1 Temperature dependence of absolute Seebeck coeffi-

cient (SYC©) and anomalous Nernst coefficient (S0).
Temperature (K)  SYC (uV/K) S, (uV/K)
100 2.8 —0.005
200 3.6 -0.030
300 8.0 -0.035

NCO

temperature dependence of S

, which decreases as the temper-
ature decreases.

Next, we describe the results of the ANE measurement of
NCO. Figure 3 (c) shows the time dependence of V,, from pow-
ering up the heater to measurement start. In this measurement,
the input power is controlled to be AT ~ 10 K (I = 25 mA)
and 50 times averages are taken per point, which takes about 15
minutes from the beginning to the end. From Fig. 3 (c), while
above 200 K, V,, is stable after elapsing 5 min at least; at 100 K,
more than 20 min are needed for the TEMF voltage to become
stable. These results may imply that a new path for thermal
diffusion appears at low temperatures. Before we start the ANE
measurement, we need to wait for a sufficient duration for the
V,y to become stable. S , is determined from the experimentally

measured voltages as follows:

B E, B Vi lw
VTVT T AT/

(@)

where w = 3 mm, £ = 4 mm. Figure 3 (d) shows the S ,-H loop
at each temperature. Here, the time dependent background com-
ponent expected from Fig. 3(a) is smaller than the ANE voltage
at each temperatures. In ANE analysis, we extracted only the odd
function components, similar to that in the analysis performed for
the Hall effect. The shape of the S ,,-H loop is in good agreement
with a previously reported VSM measurement result (not shown)
25, Moreover, a larger saturated S .y appeared at higher temper-
atures. From Ref.26, the relation between Nernst and Seebeck

coeflicient can be written as follow,

3

Sxy = Sxx tan Oy + Pxx€yxs

where 0y is Hall angle, p,, is longitudial resistivity, and €, is
off-diagonal element of the thermoelectric tensor. In NCO, 8y ~
—1073 and p,, ~ 107> Qcm . Therefore, the expected S ,, from
S 1 1s approximately 0.01 ©V/K, which is almost same with the
experimental results. The little difference may be attributed to the

thermoelectric tensor.
4 Conclusion

In this study, we investigated both the Seebeck effect and ANE
in NiCo,0O4thin films with PMA. The thermoelectric signals are
extremely small that we needed to build a measurement system to
detect the weak thermoelectric voltage signals. To suppress the
spurious voltage signals originating from the electrical contacts at

room temperature of the measurement system, we employed the
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Fig. 3 (a) Comparison of the connection methods between the
sample chamber and the measurement instruments. (b) AT de-
pendence of relative Seebeck voltage (V,,) at 300 K. (c) Time
dependence of V,, from power input to measurement start. (d)

Temperature dependence of anomalous Nernst coefficient S .

following solutions: (i) reduction in the number of electrical con-
tacts by directly connecting the output of a commercial cryostat
with a superconducting magnet to the nano-voltmeters, (ii) used
silver soldering to make electrical contacts to reduce contact volt-
ages. By adopting the aforementioned measures, we succeeded

in detecting thermoelectric voltages as small as 5 nV.
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Void-defect is a possible origin of ferromagnetic feature on pure carbon materials. In our previous paper, void-defect
on graphene-nanoribbon show highly polarized spin configuration. In this paper, we studied cases for graphene
molecules by quantum theory, by astronomical observation and by laboratory experiment. Model molecules for the
density functional theory are graphene molecules of Cz23 and Cs3 induced by a void-defect. They have carbon pentagon
ring within a hexagon network. Single void has three radical carbons, holding six spins. Those spins make several
spin-states, which affects to molecular structure and molecular vibration, finally to infrared spectrum. The stable
spin state was triplet, not singlet. This suggests magnetic pure carbon molecule. It was a surprise that those
molecules show close infrared spectrum with astronomically observed one, especially observed on carbon rich
planetary nebulae. We could assign major band at 18.9 micrometer, and sub-bands at 6.6, 7.0, 7.6, 8.1, 8.5, 9.0 and
17.4 micrometer. Also, calculated spectrum roughly coincides with that of laboratory experiment by the laser-induced
carbon plasma, which is an analogy of cosmic carbon creation in interstellar space.

Key words: graphene, void, spin state, DFT, planetary nebula, infrared spectrum

1. Introduction

Graphene and graphite like carbon materials are
candidates for showing ferromagnetic like
hysteresisV®. There are many capable explanations
based on impurities?, edge irregularities®1® or
defects!V16), The density functional theory (DFT)
shows good coincidence with experiments!?19 and
revealed reasonable consistency with several
fundamental theories20-2D, Despite such many efforts,
origin of magnetic ordering could not be thoroughly
understood. Our previous study on graphene
nano-ribbon (GNR) revealed that void-defect brings
unusual highly polarized spin configuration and
structure change, which will be opened in this journal
under the same title as number -I. In this paper, we
like to apply our study to graphene molecules, smaller
than GNR. Unfortunately, on laboratory experiment,
small pure carbon molecule does not show any
magnetic  feature. The reason may  be
interaction at high density
(1010~1028 molecules/cm?) conditions on earth. Radical

molecule-to-molecule

carbon’s magnetic feature in small molecules may be
cancelled out by complex interaction between
molecules. Now, we should look at astronomical
carbon dust floating in interstellar and circumstellar
space. Molecules are kept under peculiar condition of
ultra-low density (1~100 molecules/cm?), almost no
interaction each other. Molecular structure affects
molecular vibration and infrared spectrum. In this

study, calculated infrared spectrum will be compared
with the astronomically observed one, also with the
laboratory experiment of the laser induced carbon
plasma.

Fullerene Ceo was discovered by Kroto et al.22 (the
1996 Nobel Prize) in the sooty residues of vaporized
carbon. They already suggested that “fullerene may be
widely distributed in the universe”.  The presence of
Ceo in astrophysical environments was revealed by the
detection of a set of emission bands at 7.0, 8.45, 17.3
and 18.9 pm?23¥-27, Typical astronomical objects are the
Galactic planetary nebula (PNe) Tc12¥ and the Small
Magellanic Cloud Lin492®. Observed spectra were
compared with experiment and theory2329-3D,
However, there remain undetermined observed bands,
not be explained by Ceo.

It is well known that graphene is a raw material for
synthesizing fullerene3?33. By observation of Lin49,
Otsuka et al.2® suggested the presence of small
graphene. Graphene was first experimentally
synthesized by Geim and Novoselov3¥ (the 2010 Nobel
Prize). The possible presence of graphene in space was
reported by Garcia-Hernandez et al.3537,  These
infrared features appear to be coincident with planar
C24 having seven carbon hexagon rings. However, full
observed bands still cannot be explained by Cz2s4 or
hexagon network molecules3®. Some hints come from
carbon SP3 defect among SP2 network caused by

INDEX

single void-defect in carbon hexagon network by Ota3?.

Also, Galue & Leines® predicted the physical model
supposing pi-electron irregularity. In this paper, we
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apply one assumption of single void-defect on
graphene molecule. At the first part, DFT calculation
will be applied to model molecules. Void position
discriminates detailed molecule species. Spin
dependent calculation will be done to obtain detailed
molecular structure and molecular vibrational
infrared spectrum. At the second part, we will
compare such calculated spectra with astronomically
observed one. Finally, we like to compare with
laboratory experiment of laser induced carbon plasma
spectrum?#V4?, which will be an analogy of cosmic
carbon creation in space.

2. Model Molecules and Calculation
Method

Model molecules are illustrated in Fig. 1 starting
from C24having seven carbon hexagon rings3?. To find
size dependence, we add larger one of Css. In this
paper, we apply one assumption of single void-defect
on such initial molecules. In laboratory experiment,
high speed particle can create such void. Similarly, in
astronomical space, the cosmic ray as like proton may
attack graphene3537. As illustrated on top left of Fig. 1,
high speed particle attacks graphene and kick out one
carbon atom. DFT calculation shows molecular
configuration of void-defect induced graphene
molecules as like C23, and Cs3, which have one
pentagon ring among hexagon networks. Molecular
structure depends on the void position as marked by a,
b, ¢, d, e, f, in left of Fig. 1. Void induced molecule
species is named by suffixing a, b, and so on, such as
(Cz3-a) and (Cz2s-b). Molecular energy of (Czs-a) is 1.04
eV higher than that of (Cas-b). In this study, we
supposed isolate molecule, which means no
molecule-to-molecule interaction, and no energy
competition between different void induced species.
While we need energy competition between spin states
for every individual species. It should be noted that
one void has 3 radical carbons and holds 6 spins. Such
spins bring spin-multiplicity, which affect to
molecular structure and molecular vibration, finally to
infrared spectrum.

In calculation, we used DFT4 44 with the
unrestricted B3LYP functional®. We utilized the
Gaussian09 software package® employing an atomic
orbital 6-31G basis sett”. Unrestricted DFT
calculation was done to have the spin dependent
atomic structure. The required convergence of the
root-mean-square density matrix was 1078. Based on
such optimized molecular configuration, fundamental
vibrational modes were calculated, such as C-C
stretching modes, C-C bending modes and so on, using
the Gaussian09 software package. This calculation
also gives harmonic vibrational frequency and
intensity in infrared region. The standard scaling is
applied to the frequencies by employing a scale factor

of 0.975 for pure carbon system taken from the
laboratory experimental value of 0.965 based on
coronene molecule of C2sH1239. Correction due to
anharmonicity was not applied to avoid uncertain
fitting parameters. To each spectral line, we assigned
a Gaussian profile with a full width at half maximum
(FWHM) of 4cm™L.

3. Spin State Analysis and Structure Change

We tried the multiple spin-state analysis. Example
is shown in Fig. 2 for spin state of 5,=2/2 of (C23-a) and
(C23-b). In this study, we dealt total molecular spin S
(vector). Molecule is rotatable material, easily follows
to the external magnetic field of z-direction. Projected
component to z-direction is maximum value of S,
which is good quantum parameter. In molecular
magnetism, S;=2/2 is named as triplet spin-state.
Initial void-defect holds 3 radical carbons and allows 6
spins as illustrated in left. Six spins make capable
spin-states of S,=0/2, 2/2, 4/2 and 6/2. Among them,
calculated energy of S,=4/2 and 6/2 resulted unstable
high energy. Here, we like to compare cases of S,=0/2
and 2/2. One radical carbon holds two spins, which are
forced to be parallel up-up spins (by red arrows in Fig.
2) or down-down spins (blue) for avoiding large
coulomb repulsion due to Hund's rule’®. Spin
alignment model is illustrated on middle. Three
couples of spin-pair will be partially cancelled and
remain one pair to be S=2/2. Such speculation is
confirmed by DFT calculation. Spin cloud is mapped
on right at a cutting surface of spin density at 10e/nm3.
We can see up-spin major spin cloud coincident with
above simple speculation.

As shown in panel of (Cgs-a) in Fig. 1, molecular
structure of S$=0/2 shows bending top carbon (see a
blue circle of side view), whereas S,=2/2 shows flat one
as illustrated on right column. It should be noted that
stable spin state is 5:=2/2, not S=0/2. Molecular
energy of S,=2/2 was 0.49 eV lower (stable) than that
of S,=0/2. Cause of bending carbon of S=0/2 comes
from partial inclusion of SP3 component among SP2
network3949, Such inclusion increases total molecular
energy. Similar result was confirmed again for a case
of (Ca3-b).

Other molecules’ structure and energy are listed in
Fig. 1. Energy change from the spin state .5,=0/2 to the
S:=2/2 was noted by AE. Stable spin-state is framed by
bold green. In most species, S$=2/2 is stable (lower
energy) than 5,=0/2. Exception is only (Css-a) to show
stable state of S;=0/2. This comes from complete
structure change, that is, void at a-site induces
SP3-bond among SP2-networks as marked by a red
circle in a column of (Css-a, S,=0/2).
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Fig. 1 Model graphene molecules. Void-defect positions are classified by suffix a, b, and so on. Calculated molecular
structures are illustrated for both spin-states of S=0/2 and S=2/2. Total energy difference AE was noted in every

column. Stable spin-state was framed by bold green.
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Fig. 2 Spin alignment for (Ces-a) and (Ces-b) with spin state of S$=2/2. Initial void holds 3 radical
carbons and allow 6 spins. By re-combination of carbon atoms, there arises partial cancelling of (up-up)
spins by (down-down) one. DFT calculated spin density of .5=2/2 is illustrated on right.

4. Calculated Infrared Spectrum

Calculated infrared spectra are shown in Fig. 3. Left
columns are cases for spin state S5,=0/2, while right
one S;=2/2. Spectrum of stable spin state was framed
by bold green. Astronomically observed major
emission line of 18.9 pym was marked by a green
dotted line. In case of (Cz3-a), we can see one carbon
pentagon ring and an unusual 9 membered ring.
Calculated infrared spectrum for S,=2/2 show 18.8 pm
peak close to observed band of 18.9um. The species of
(C2s-b, S=2/2) [same structure for (C2s-c)] have one
pentagon ring and show calculated twin major bands
at 18.9 and 19.1 pm.

In case of (Css-a), stable spin state was S=0/2, of
which spectrum show peaks at 21.7 pm and 19.5 pm to
be far from observed one. The spectrum of (Css-b,
S:=2/2) show a peak at 19.0 nm close to observed one.
Also, (Cssc, S,=2/2) [same for (Css-d) and (Css-e)l
demonstrates major band at 18.9 pm, just the same
with observed one. In case of (Css-f, $,=2/2), we can see
twin bands at 18.4 and 18.9 pm. Thus, we could obtain
several species suitable for assigning the astronomical
observation.

44

5. Fundamental Mode Analysis

Fundamental vibrational mode of (Ces-b, S=2/2)
was analyzed and summarized in Table 1. There are
63 modes for 23 carbon atoms. Energy diagram is
illustrated on top right of Table 1. Zero-point
vibrational energy is 27634 cm'! (=3.42 eV). The lowest
vibrational energy of Mode-1 is 94.9 cm™! (=108.06 um,
0.012 eV). The highest Mode-63 is 2067 cm™! (=4.96 um,
0.26 eV). Vibrational behaviors are noted on right
column of the table. They are all carbon to carbon
(C-0) in-plane stretching modes parallel to molecular
plane. Combination of vibrating bonds is different for
each mode. Bond is named by a, a’, b, b’ etc. illustrated
on a molecule structure. For example, there are two
calculated modes corresponding to observed 18.9 um
band. One is Mode-24 showing 18.8 pym in-plane C-C
stretching at bonds of ¢, f, ¢, f, 1, I, 1’ and I’. Another is
Mode-23 showing 19.1 pm stretching at c, f, ¢, ', o, p,
and o’. Other major modes will be discussed in next
section by comparing astronomically observed bands.

Journal of the Magnetics Society of Japan Vol.45, No.2, 2021



400
300
200
100

500

400

Epsilon (km/mol)

Epsilon (km/mol)

Sz=0/2

AE=0.0eV Unstable

1
L

I\

1
4 5 b:7 8 9 101112131415161?18.}.92021222324

600

Sz=2/2

AE=t 0.49eV Stable

I LJA ad LA llr

4 5 6 7 & 9 10111213 1415 16 17 18 19 20 21 22 23 2
400 -

4

AE=0.0 eV Unstable

1AE=-

.64eV Stable

4 56 7 8 9101112131415161718192021 222324

Wavelength (micrometer)

I
AE=|0.0eV Stable i
|
I
I
I
|
|
I
|
|
|
i
i Ak : |
4 6?S91011121314]5151?13132:}21222324 300
. {
AE=0.0 gV Unstable i C..-b
| : 53 g
} Y
! l*.“j..
i J.b.;.b-ogm
: :i.n-itl‘
: wta®ate”
x L= e e Y
4567 8 9101213141515 1718 4820212223 34 -

IAE=0.0 eV Unstable

4567829 101112131415161?18]“92021222324

b

AE=0.0 eV Unstable

45 6 7 8 91011121314 151617 1819 20 21 22 23 24
Wavelength (micrometer)

sl A

4567839 101112131415161?181‘32021222324

AE= + 0.90 eV Unstable

= T
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 23 33 24

AE=- 4.4 eV Stable

s

£011ﬂ131415151?13i32021 2 23
T
I
I
I
I

g 7 & 9o

AE=- 4.2 eV Stable

1

7 8 9 1D 111213 14 1516 17 18

20 21 22 231 24

I
i
:
T
13

AE=- 5.13eV Stable !

i

|

1

1

i

i

i

1

.

J“\A.M

4 5 6 7 B 9 101112131415 1617 18 15 2021 22 23.24

Fig. 3 Calculated infrared spectrum. Left figures are spectra for the spin state S,=0/2, while right one for S,=2/2.
Stable spin state is framed by bold green.
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Table 1 Fundamental mode analysis of (Cqs, S=2/2).

c D b A - —- Maode-3
L L . Vibrational energy
E';."_'ag' ¢ == Mode-2
foaa i Mode-1
i "ah aj +h’ \ i" Zero-point vibrational
i :‘_ energy= 27634cml 1
A m 7 m’ "
@-a @
an' . .:QI'I' Total electronic
5 3’—“ . Permanent electric dipole energy =0
p D=0.72Debye
Astronomically Experimental Fundamental Mode of (C23-b, S2=2/2) , DFT calculation
Observed Band (laser  |--—----——q—--—-—
Band induced carbon | Mode Wavelength Intensity Vibrational Behavior,
(pm) plasma) {pm) number (pum) (km /mol) Carbon to carbon in-plane stretching ,
bond positions
18.9um Mode-23 19.1pm 92.6 [ 7 oty e 1 I o
-24 18.8 78.8 c, fc,f,o,p,ao
17.4 -25 17.4 12.4 [ A o
16.7 -27 16.5 17.7 b, b", ¢, c'
10.0 10.2 -42 9.9 52.6 b, b ¢, ¢
7.5 7.4 52 7.4 72.7 a,a a%b,bLg e, il
7.0 -53 7.1 59.0 a,a, b b, dd,ggjj o0
6.6 6.7 -55 6.7 94.0 aa, b b, fFii
-56 6.6 40.5 n,n', 0, 0"

6. Comparison with Astronomical Observation

6.1 Single molecule spectrum

On top of Fig. 4, astronomically observed infrared
spectra are illustrated for carbon rich planetary
nebulae of Lin49 (dark blue curve) and Tecl (red one).
In both cases, we can see major band at 18.9 um, also
a side band at 17.4 pm, and shorter wavelength bands
at 6.6, 7.0, 7.5, 8.1 and 8.5 pm. Sharp atomic emission
lines are marked by arrows of [Nelll and [SIII] for
scaling observed wavelength. It should be noted that
the observed spectra are seen in emission. A nearby
star as like a central star of Tcl nebula may
illuminate the molecules and excites them to give rise
infrared emission. Detailed discussion was done by Li
and Drain®49, We regard here that DFT calculated
absorbed spectrum is mirror image of emission one in
case of sufficient large photon energy excitation due to
the theory of Einstein’s emission coefficient4®-49,

It was amazing to see good coincidence with
observed spectra and calculated one of (Cas-b, $,=2/2).
Detailed comparison is summarized in Table 1.

46

Observed major band at 18.9 pm could be identified by
two modes of Mode-23 (19.1 pm) and Mode-24 (18.8
pm). Also, observed 6.6 um band was reproduced well
by calculated two modes of Mode-55 (6.7 pm) and
Mode-56 (6.6 pm). Again, observed bands at 7.0, 7.5,
10.0, 16.7, and 17.4 pm could be reproduced well
respectively by Mode-53 (for 7.1 um), Mode-52 (7.4
pm), Mode-42 (9.9 pm), Mode-27 (16.5 pm), and
Mode-25 (17.4 pm).

It was amazing again that large molecule cases as
like (Css-c, S=2/2) show good coincidence with
observation as compared on a bottom panel of Fig. 4. It
suggested that there may be little
dependence. Void-defect induced graphene molecules

was size

generally contribute on cosmic spectra.
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Fig. 4 Astronomically observed emission spectrum for
planetary nebula Tcl (on top, by red) and Lin49
(black) compared with calculated spectrum of (Cas-b,
8,=2/2), and (Css-c, S,=2/2).

6.2 Weighting sum spectrum
We like to know total contribution of all model
molecules, not depending on peculiar molecular
species. Favorable way is the weighting sum method.
In case of Cgs-family, void-a species has 6 identical
positions among 24 carbon sites of Cza mother
molecule. Weighting sum coefficient-p should be
p=6/24. Also, coefficient of void-b species is p’=6/24
and void-c p’=12/24. Weighting sum of epsilon
e(Cos-family) will be obtained by the following
equation (1).
£(Caos-family)
=p-e(Cas-a, S;=2/2)+
pe(Casb, S,=2/2)+
p -e(Cas-c, S:=2/2))
= (6/24)-¢(Cas-a, S,=2/2)+
(6/24)-e(C23b, S=2/2)+
(12/24)¢(Cas-c, S=2/2))-------(1)

Weighting sum spectrum of Cz3-family was illustrated
on middle of Fig. 5. It was amazing that we can see
good coincidence between observation and calculation.
In case of larger molecule of Css, weighting sum of
Cs3-family could well reproduce observed one as
shown on bottom of Fig. 5, where void creation
parameter p was noted in Fig. 1.
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Fig. 5 Weighting sum spectra for Ces-family and
Css-family. Void creation capability parameter-p of
each molecule 1is considered as weighting sum
coefficient as noted in Fig. 1.

7. Comparison with Laboratory Experiment

Nemes et al.#V4? did the laser induced carbon
plasma experiment as an analogy of carbon dust
creation in interstellar space. Bulk graphite was
heated and excited by Nd:YAG laser with wavelength
of 1.064 pm (1.16 eV) in atmospheric pressure Argon
gas. Evaporated carbon molecules emit infrared light.
The emission was recorded by an HgCdTe detector.

Several theories dealt with the carbon dust creatin
in space®?-57, Calculated average size of carbon dust is
about 1nm, which is similar size with Css and Cs3 in
this study. Temperature of star explosion gas will be
2000 K after 300 days of the explosion, and finally
cooled as dust cloud5?. In case of laser induced plasma
experiment, excited carbon temperature will be 4500
to 7000 K, and finally cooled to room temperature?.

Experimental spectrum is shown in panel (A) of Fig.
6. We compared with weighting sum spectrum of
Cos-family and Css-family in panel (B). The
experimental 7.4 pm peak could be reproduced by
calculated 7.5 pm band of Ces-family. We can see
plateau from 6 to 7 pm, which may correspond to
calculated bands at 6.7 and 7.2 pm. At a range of 5 pm,
we can suggest some contribution by both Cgs-family
and Css-family. Also, at a range of 10pm, Ces-family
may contribute. It should be noted that void-defect
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induced graphene could roughly explain laboratory
experiment.

Comparison to astronomical observation was shown
in panel (C). Astronomically observed bands are
featured by black dotted lines. We can find again good
reproducibility by calculation.
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Fig. 6 (A) Infrared spectrum of the laser induced
carbon plasma, (B) calculation for Czs-family and
Css-family, (C) astronomically observed spectra.

8. Conclusion

Void-defect is a possible origin of ferromagnetic like
feature of graphene and graphite. In this paper,
graphene molecules were studied.

(1) Starting model molecules were graphene molecules
of Cg24 and Css for the density functional theory
analysis. Single void-defect creates Cs23, and Cs3
having carbon pentagon ring among hexagon
networks.

(2) Single void holds six spins to bring spin
multiplicity. DFT calculation show the most stable
spin-state to be S;=2/2, not S,=0/2.

(3) We compared calculated infrared spectrum with
astronomically observed one. Interstellar carbon is
expected to avoid complex molecule-to-molecule
interaction. The triplet spin state of C23 and Css could
explain astronomically observed spectra of Tcl and
Lin49 nebulae for a major band at 18.9um and

sub-bands from 6 to 18um.

(4) By a weighting sum method applied to different

void position species, again we could reproduce well
observed infrared spectra.

(5) The laboratory experiment on laser induced carbon
plasma was tried as an analogy for carbon dust
creation in space. Experimental infrared emission
spectra could be roughly explained by the weighting
sum spectra of Cz3 and Css.
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