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Shaft

Hcj ≧1000 kA/m

Hcj

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.
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○ : Before thermal exposure
△ : After thermal exposure
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M e d iu m L a y e r S t r u c t u r e
in T h r e e - D im e n s io n a l H e a t - A s s is t e d M a g n e t ic R e c o r d in g
T. Kobayashi, Y. Nakatani*, and Y. Fujiwara

*Graduate

Graduate School of Engineering, Mie Univ., 1577 Kurimamachiya-cho, Tsu 514-8507, Japan

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 Tbpsi) 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 LC 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 threedimensional 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
proposed1) where the medium consists of a high Curie
temperature 𝑇𝑇!" (HC) layer and a low Curie
temperature 𝑇𝑇#" (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 layer2). We
have also discussed 3D HAMR media design3). 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 𝑇𝑇#"
of 625 K and a layer thickness ℎ#" of 4.5 nm, and the
HC layer has a 𝑇𝑇!" of 750 K and an ℎ!" 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
16

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 𝑀𝑀$
was calculated by employing a mean field analysis4), and
that of the anisotropy constant 𝐾𝐾% was assumed to be
proportional to 𝑀𝑀$& 5). 𝑀𝑀$ (𝑇𝑇' , 𝑇𝑇) is a function of the Curie
temperature 𝑇𝑇' and temperature 𝑇𝑇 . And 𝑀𝑀$ (𝑇𝑇' =
770 K, 𝑇𝑇 = 300 K) = 1000 emu/cm3 was assumed for FePt.
We introduced an HAMR design parameter, namely,
the medium anisotropy constant ratio 𝐾𝐾% /𝐾𝐾(%)* 6) since
the 𝐾𝐾% value is a function of 𝑇𝑇' . 𝐾𝐾% /𝐾𝐾(%)* is the
intrinsic ratio of the medium 𝐾𝐾% to bulk FePt 𝐾𝐾%
regardless of 𝑇𝑇' . Although a low 𝑇𝑇' medium is easy to
write when employing HAMR, a high 𝐾𝐾% /𝐾𝐾(%)* is
needed for a low 𝑇𝑇' medium for 10 years of archiving7),
and a medium with a high 𝐾𝐾% /𝐾𝐾(%)* is difficult to
manufacture regardless of 𝑇𝑇' 8). Moreover, a high 𝐾𝐾% /
𝐾𝐾(%)* 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 layer2). 𝐾𝐾% (𝑇𝑇' , 𝐾𝐾% /𝐾𝐾(%)* , 𝑇𝑇)
is a function of 𝑇𝑇' , 𝐾𝐾% /𝐾𝐾(%)* , and 𝑇𝑇 . And 𝐾𝐾% (𝑇𝑇' =
770 K, 𝐾𝐾% /𝐾𝐾(%)* = 1, 𝑇𝑇 = 300 K) = 70 Merg/cm3 was
assumed for bulk FePt. We used 𝐾𝐾% /𝐾𝐾(%)* = 0.8 in this
paper.
The 𝑇𝑇' value can be adjusted by adjusting the Cu
composition 𝑧𝑧 for (Fe+.- Pt +.- )./0 Cu0 .
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2.2 Field strength
We assumed the medium to be granular and the
recording density to be 2 Tbpsi per layer (total density of
4 Tbpsi). The magnetic field strength from the upper and
lower layers, as shown in Fig. 1, was calculated using an
analytical equation. One bit has 𝑚𝑚 = 3 grains for the
cross-track direction and 𝑛𝑛 = 3 grains for the downtrack direction, namely, there are 𝑚𝑚 × 𝑛𝑛 = 9 grains/bit.
The bit aspect ratio is one. The grain size 𝐷𝐷1 and the
intergrain spacing Δ2 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 ℎ3 , ℎ# , 𝑀𝑀$3 , and 𝑀𝑀$# ,
respectively. The flying height ℎ4)5 = 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 ℎ6$7 must be thinner due to the higher field
strength from the lower layer at the reader since the
field strength decreases exponentially with an ℎ4)5 +
ℎ3 + ℎ6$7 value of more than 3 nm3). On the assumption
that we had selected an appropriate material for the
isolation layer, we chose an ℎ6$7 value of 1.0 nm.

and 𝑧𝑧 axes are the down-track, cross-track, and film
normal directions, respectively, where 𝑦𝑦 = 0 at the track
center and 𝑧𝑧 = 0 at the RL surface. The writing
temperature of the grains at the track edges 𝑦𝑦 = ±6.0
nm was assumed to be 𝑇𝑇'1 + 2𝜎𝜎8' for the HC and LC
layers where 𝑇𝑇'1 and 𝜎𝜎8' are the mean Curie
temperature and the standard deviation of 𝑇𝑇'1 ,
respectively, taking account of the Curie temperature
variation.

Fig. 2 Medium structure for heat transfer simulation.
Table 1 (a) Calculation conditions, (b) optical constants,
and (c) thermal constants for heat transfer simulation.
(a)

(b)

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 = 10.5 nm. IL1 is a layer for the 𝑐𝑐-axis orientation
control of RL, and IL2 is a seed layer for IL1. The 𝑥𝑥, 𝑦𝑦,

(c)
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We focused on the medium surface temperature 𝑇𝑇$%94
while writing in the HC layer, the thermal gradients for
the down-track 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 and cross-track 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕
directions while writing in the LC and HC layers, and
the grain temperature difference Δ𝑇𝑇!# between the HC
and LC layers while writing in the LC layer at the track
edges 𝑦𝑦 = ±6.0 nm.
Table 1 summarizes (a) calculation conditions, (b)
optical constants, and (c) thermal constants used in the
simulation. The light spot diameter (FWHM) is about 9.0
nm for the down-track and cross-track directions. The
linear velocity is 10 m/s. The ambient temperature is the
maximum working temperature of the hard disk drive,
and is assumed to be 330 K.
2.4 Information stability
The information stability in 3D HAMR was estimated
using the grain error probability 𝑃𝑃2), taking account of
the shape anisotropy 𝑀𝑀$ 𝐻𝐻: /2 using a selfdemagnetizing field 𝐻𝐻: 3). 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 lognormal with a mean grain size 𝐷𝐷1 of 5.0 nm and a
standard deviation 𝜎𝜎 ; /𝐷𝐷1 of 15 %. The 𝑇𝑇' distribution
was assumed to be normal with a mean Curie
temperature 𝑇𝑇'1 and a standard deviation 𝜎𝜎8' /𝑇𝑇'1 of
2 %. No intrinsic distribution of 𝐾𝐾% was assumed.
However, there was a fluctuation in 𝐾𝐾% caused by 𝜎𝜎8' .
The result calculated with a heat transfer simulation
in 2.3 was used as the temperature profile for the crosstrack direction while writing in the LC layer.
To evaluate the grain error distribution, we calculated
the expected value of the magnetization 𝐸𝐸[𝑀𝑀$ ]

𝐸𝐸[𝑀𝑀$ ] = (1 − 𝑃𝑃)𝑀𝑀$ + 𝑃𝑃(−𝑀𝑀$ ) = (1 − 2𝑃𝑃)𝑀𝑀$ . (1)

The 𝐸𝐸[𝑀𝑀$ ] value was averaged over one-bit grains
(𝑚𝑚 × 𝑛𝑛 = 9) to give the information stability during 10
years of archiving,
𝐸𝐸[𝑀𝑀$ ] =

%
∑(
!&' ∑"&'(#$%&!" )(#!" ()$!" , ,,- .)

/×1

, (2)

and was averaged over one-row grains (𝑛𝑛 = 3) for the
information stability in the HC layer while writing in the
LC layer,
𝐸𝐸[𝑀𝑀$< ] =

∑%
"&'(#$%&!" )(#!" ()$!" , ,,- .)
1

,

(3)

since there is a temperature distribution for the crosstrack direction.
Furthermore, we introduced an error threshold 𝐸𝐸=> 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 ∑<,? 𝑀𝑀$<? (𝑇𝑇'<? , 330 K)𝐷𝐷<?& of the grains
where the magnetization turns in the recording direction
to the total surface magnetic charge (𝑚𝑚 ×
&
in a bit is more than 𝐸𝐸=> , namely,
𝑛𝑛)𝑀𝑀$ (𝑇𝑇'1 , 330 K)𝐷𝐷1
18

)
∑!," (#!" ()$!" , ,,- .)2!"

)
(/×1)(# ()$+ , ,,- .)2+

> 𝐸𝐸=> ,

(4)

the bit is error free where 𝑀𝑀$<? , 𝑇𝑇'<? , and 𝐷𝐷<? are the
magnetization, the Curie temperature, and the grain
size of the 𝑖𝑖𝑖𝑖-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 𝐻𝐻+ that
must be readable without error can roughly be
represented by 𝐸𝐸=> as
(5)

𝐻𝐻+ = 2𝐸𝐸=> − 1.

Table 2 Calculation conditions for information stability.

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 𝑇𝑇#" = 650 K and ℎ#"
= 4.5 nm, and the lower is HC with 𝑇𝑇!" = 750 K and ℎ!"
= 6.0 nm. The 𝑇𝑇#" value was revised to 650 from 625 K
in a previous paper3) due to information stability in the
LC layer during 10 years of archiving.
Figure 3 (b) shows the 𝑧𝑧 component 𝐻𝐻0 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 𝑧𝑧
component 𝐻𝐻0ABC* values are 1151 and 570 Oe from the
LC and HC layers, respectively, where ℎ4)5 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 𝑦𝑦 = ± 6.0 nm and 𝑧𝑧 = − 2.25 nm is
𝑇𝑇#" + 2𝜎𝜎8#" = 676 K at which 𝜕𝜕𝑇𝑇# /𝜕𝜕𝜕𝜕 is 12.0 K/nm. The
Δ𝑇𝑇!# value is −42 K.
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(a)

(a) 𝜕𝜕𝑇𝑇# /𝜕𝜕𝜕𝜕 = 12.0 K/nm

(b)
Fig. 3 (a) Layer structure for LC / HC and (b) field
strength 𝐻𝐻0 from LC and HC layers for the down-track
direction.
(b) When writing in the HC layer (HC writing), the
temperature at 𝑦𝑦 = ± 6.0 nm and 𝑧𝑧 = − 8.5 nm is
𝑇𝑇!" + 2𝜎𝜎8!" = 780 K at which 𝜕𝜕𝑇𝑇! /𝜕𝜕𝜕𝜕 is 9.0 K/nm. The
𝑇𝑇$%94 value is 957 K. It should be noted that the
temperature of the LC layer (𝑧𝑧 = −2.25 nm) in the center
of adjacent tracks (𝑦𝑦 = ±18.0 nm) is 671 K, which is
higher than 𝑇𝑇#" , and HC writing will erase the data of
the LC layer in the adjacent tracks. Therefore, it is
necessary to devise a suitable writing method to address
this issue, e.g. combination with shingled magnetic
recording.
The results obtained for 𝑇𝑇!" = 750 K are summarized
in Table 3 (a). The 𝑇𝑇$%94 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 HAMR3):
(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 LC and
HC writing is relatively small due to the combinations of
the upper LC layer and the lower HC layer.

(b) 𝜕𝜕𝑇𝑇! /𝜕𝜕𝜕𝜕 = 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 Δ𝑇𝑇!# 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 𝑇𝑇!" , 𝑇𝑇$%94 can be reduced. Furthermore,
the heating power 𝑃𝑃D can also be reduced. The results
for 𝑇𝑇!" = 725 K are summarized in Table 3 (b). In
comparison with the result for 𝑇𝑇!" = 750 K, 𝑇𝑇$%94 is
reduced to 920 from 957 K and 𝑃𝑃D 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 𝐻𝐻D 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) 𝑇𝑇!" = 750 and (b) 725 K).
(a)

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

(b)

(a)

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 𝐸𝐸[𝑀𝑀$ ] 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 𝐸𝐸=> for 10 years
of archiving. The second horizontal axis is the lowest 𝐻𝐻+
value that must be readable without error, which was
estimated using Eq. (5). 𝐸𝐸=> values of 0.581 and 0.744
are required for the LC 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 𝑇𝑇!" = 750 K and 725
K (not shown). The bit error rate bER.+ after 10 years of
archiving is expressed as
bER.+ = bER EFE + ΔbER,

(6)

where bER EFE and ΔbER are the initial bit error rate
before archiving and the increase in the bit error rate
during archiving, respectively. For the LC layer, ΔbER
is about 1E−3 for 𝐸𝐸=> = 0.581. Therefore, bER EFE must
be low, for example, 1E−4. In this case, bER.+ will be
20

(b)
Fig. 5 Number of bits against expected value of
magnetization during 10 years of archiving for the LC /
HC layer structure ((a) LC and (b) HC layers).

Fig. 6 Bit error rate as a function of error threshold and
normalized field amplitude for 10 years of archiving for
the LC / HC layer structure.

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

INDEX

Fig. 7 Time dependence of bit error rate for 10 years of
archiving for the LC / 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 𝐻𝐻D and time 𝑡𝑡 were assumed to be −10
kOe and 1 ns, respectively. Since the temperature of the
2nd row grains (track center, 𝑖𝑖 = 2) is higher than that
of the 1st row grains (track edge, 𝑖𝑖 = 1), the number of
bits against 𝐸𝐸[𝑀𝑀$< ] averaged over one-row grains is
shown in Fig. 8. The 𝐸𝐸[𝑀𝑀$< ] value is negative for 2 or 3
grain errors since the total row grain number is three.
The grain error is higher for 𝑖𝑖 = 2 due to its higher
temperature. For (a) 𝑇𝑇!" = 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 𝑖𝑖 = 1, and 2 grain errors at 𝑖𝑖 = 2 for (b)
𝑇𝑇!" = 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 𝐸𝐸=> and 𝐻𝐻+
during writing in the LC layer. When 𝑇𝑇!" = 750 K, the
results in Figs. 6 (HC layer) and 9 (𝑇𝑇!" = 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 𝑇𝑇!" = 725 K. Since
there was no change in bER over ten years in the HC
layer, a bER EFE of 1E−3 in the HC layer after writing in
the LC layer can be allowable, and 𝐸𝐸=> values of 0.736
and 0.672 are required for 𝑇𝑇!" = 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 𝐻𝐻0ABC* value is high for the LC layer as
shown Fig. 3 (b), 𝐸𝐸=> and 𝐻𝐻+ are low. On the other hand,
𝐸𝐸=> and 𝐻𝐻+ are high in the HC layer for which 𝐻𝐻0ABC* is
low.
The bER value in the HC layer with 𝑇𝑇!" = 725 K is
higher after writing in the LC layer as shown in Fig. 8.
However, the HC layer with 𝑇𝑇!" = 725 K as well as that
with 𝑇𝑇!" = 750 K may also be a candidate for 3D HAMR
media with the aim of lowering 𝑇𝑇$%94 .

(a)

(b)
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) 𝑇𝑇!" =750 and (b)
725 K).

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 LC / HC layer structure.
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Table 4 Information stability results for LC / HC layer
structure ((a) 𝑇𝑇!" = 750 and (b) 725 K).
(a)

(b)

(a)

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 𝑇𝑇!" = 750 K
and ℎ!" = 3.5 nm, and the lower layer is an LC layer
with 𝑇𝑇#" = 550 K and ℎ#" = 7.0 nm. The 𝑇𝑇#" value
must be reduced to realize information stability in the
HC layer while writing in the LC layer since the Δ𝑇𝑇!#
value is positive, which means that the temperature in
the HC layer while writing in the LC layer is higher than
that in the LC layer. Furthermore, the ℎ#" value must
be increased to realize information stability in the LC
layer for 10 years of archiving since 𝑇𝑇#" became low.
Figure 10 (b) shows 𝐻𝐻0 at the reader from the HC and
LC layers for the down-track direction. The 𝐻𝐻0ABC*
values are 1139 and 513 Oe from the HC and LC layers,
respectively, where ℎ4)5 is 4.0 nm.

3.2.1 Temperature profile
The results for the HC / LC layer structure are
summarized in Table 5. The 𝑇𝑇$%94 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 writing3). If 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 is too large, the writing
temperature decreases before writing, and write-error
increases. If 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 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
𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 is 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 Δ𝑇𝑇!# value of 35 K is positive. Therefore, the 𝑇𝑇#"
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.

(b)
Fig. 10 (a) Layer structure for HC / LC and (b) field
strength 𝐻𝐻0 from the HC and LC layers for the downtrack direction.
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3.2.2 Information stability for 10 years of archiving
Figure 11 shows the bER as a function of 𝐸𝐸=> and 𝐻𝐻+
for 10 years of archiving. In comparison with the results
in Fig. 6, the information stability in the HC layer has
degraded since ℎ!" became thin. And although 𝑇𝑇#"
became low, the information stabilities in the LC layer
in Figs. 6 and 11 are roughly the same since ℎ#" 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 ℎ!" became thin.

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.

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.

The results obtained in 3.2.2 and 3.2.3 are
summarized in Table 6.
The 𝐻𝐻0ABC* value is low for the LC layer as shown Fig.
10 (b), and 𝐸𝐸=> and 𝐻𝐻+ for 10 years of archiving are also
low for the LC layer. Increasing the 𝑇𝑇#" or ℎ#" value is
necessary if we are to increase 𝐸𝐸=> and 𝐻𝐻+ . However,
increasing the 𝑇𝑇#" 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 / LC layer
structure.

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 𝐸𝐸=> and 𝐻𝐻+ during writing in the LC layer. Since the
information in the HC layer will degrade during 10 years
of archiving, bER EFE in the HC layer after writing in the
LC layer must be low, for example, 1E−4. Therefore, an
𝐸𝐸=> value of 0.598 is required.

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 𝑇𝑇!" (HC) and low
Curie temperature 𝑇𝑇#" (LC) layers.
(1) An LC (𝑇𝑇#" = 650 K, 4.5 nm) / HC (𝑇𝑇!" = 750 K, 6.0
nm) layer structure
The medium surface temperature 𝑇𝑇$%94 while writing
in the HC layer is relatively high since the HC layer is
the lower layer. This is disadvantageous in terms of the
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heat resistance of the writing head and/or the surface
lubricant.
The temperature in the HC layer while writing in the
LC layer is lower than that in the LC layer, and this is
advantageous in relation to the information stability in
the HC layer.
Although the bit error rate in the HC layer with 𝑇𝑇!"
= 725 K is higher than that with 𝑇𝑇!" = 750 K after
writing in the LC layer, the HC layer with 𝑇𝑇!" = 725 K
may also be a candidate for 3D HAMR media with the
aim of reducing 𝑇𝑇$%94 .
(2) An HC (𝑇𝑇!" = 750 K, 3.5 nm) / LC (𝑇𝑇#" = 550 K, 7.0
nm) layer structure
The 𝑇𝑇#" 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 LC
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 1)-3). So far, most
spin-wave devices have been based on ferromagnetic spin
waves, and they mainly use spin wave amplitude 4)- 7) and
phase 8)- 10) to encode information. Unlike ferromagnetic
spin waves, spin waves in colinear antiferromagnets
have both right- and left-handed polarizations 11)-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 13)-14), in
addition to the amplitude and phase. In the past several
decades, magnetic resonances with the two kinds of
polarities
were
observed
in
uniaxial
crystal
antiferromagnets such as MnF2 15) or FeF2 16). However, it
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

Fig. 1 Schematic illustrations of magnetic oscillations
of two antiparallel sublattices for (a) right- and (b) lefthanded polarity.

polarization experiments. In the previous studies, rightand 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 18).
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 𝑡𝑡 , the same saturation
magnetization 𝑀𝑀s , and different magnetic anisotropy
𝐾𝐾1 ≠ 𝐾𝐾2 . Spin wave dispersion with wavevector 𝑘𝑘 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 𝐇𝐇𝑖𝑖 ( 𝑖𝑖 = 1, 2 ) acting on the
magnetization 𝐦𝐦𝑖𝑖 (|𝐦𝐦𝑖𝑖 | = 1) of the FM 𝑖𝑖 layer is given
by
2𝐾𝐾𝑖𝑖
𝐇𝐇𝑖𝑖 = {𝐻𝐻ext + (
− 𝑀𝑀s ) 𝑚𝑚𝑍𝑍𝑍𝑍 } 𝐞𝐞𝑍𝑍 − 𝐻𝐻E 𝐦𝐦𝑗𝑗 + 𝐇𝐇dip,𝑖𝑖𝑖𝑖
𝜇𝜇0 𝑀𝑀s
+ 𝐇𝐇dip,𝑖𝑖𝑖𝑖 , (𝑖𝑖, 𝑗𝑗 = 1, 2, 𝑖𝑖 ≠ 𝑗𝑗) (1)
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where 𝐻𝐻E represents the exchange field. The precession
of a magnetic moment in the FM 𝑖𝑖 layer can be expressed
by normalized magnetization 𝐦𝐦𝑖𝑖 = ( 𝑚𝑚𝑋𝑋𝑋𝑋 , 𝑚𝑚𝑌𝑌𝑌𝑌 , 𝑚𝑚𝑍𝑍𝑍𝑍 ). The
Z axis is parallel to the direction of the out-of-plane
magnetic field 𝐻𝐻ext 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, d𝐦𝐦𝑖𝑖 ⁄d𝑡𝑡 = −𝜇𝜇0 𝛾𝛾𝐦𝐦𝑖𝑖 × 𝐇𝐇𝑖𝑖 , can be linearized by
assuming small deviation of the magnetization from the
static magnetization direction, |𝑚𝑚𝑋𝑋𝑋𝑋 |, |𝑚𝑚𝑌𝑌𝑌𝑌 | ≪ 1, and the
linearized EOM is given by
𝑚𝑚𝑋𝑋1
𝑚𝑚𝑋𝑋1
𝑚𝑚𝑌𝑌1
𝑚𝑚
̂ ( 𝑌𝑌1 ) = 0 ,
𝑖𝑖𝑖𝑖 (𝑚𝑚 ) + 𝜇𝜇0 𝛾𝛾𝐇𝐇
(2)
𝑚𝑚𝑋𝑋2
𝑋𝑋2
𝑚𝑚𝑌𝑌2
𝑚𝑚𝑌𝑌2
where 𝛾𝛾 is the gyromagnetic ratio. The resonance
frequencies 𝑓𝑓 = 𝜔𝜔/(2𝜋𝜋) are obtained as the eigenvalues
̂ , whose elements are explicitly
of the 4th order matrix 𝐇𝐇
given in the Appendix B.
In the case of antiparallel state, 𝑚𝑚𝑍𝑍1 ≃ 1 and 𝑚𝑚𝑍𝑍2 ≃ −1
(as shown in the inset of Fig.4), the two resonance
frequencies are given by
𝜇𝜇0 𝛾𝛾
√𝐻𝐻𝑎𝑎 − √𝐻𝐻𝑏𝑏 ,
𝑓𝑓1 =
(3)
2𝜋𝜋
𝜇𝜇0 𝛾𝛾
√𝐻𝐻𝑎𝑎 + √𝐻𝐻𝑏𝑏 ,
𝑓𝑓2 =
(4)
2𝜋𝜋
2
𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2 2 𝐻𝐻𝐴𝐴 𝑘𝑘𝑀𝑀s 𝑡𝑡
𝐻𝐻𝑎𝑎 = 𝐻𝐻ext 2 + 𝐻𝐻ext 𝐻𝐻𝐵𝐵 + 𝐻𝐻E 𝐻𝐻𝐴𝐴 +
+
,
2
4
2
2
𝐻𝐻𝐵𝐵
𝐻𝐻𝐵𝐵
𝐻𝐻𝑏𝑏 = 𝐻𝐻𝐴𝐴 {(𝐻𝐻ext + ) (4𝐻𝐻E + 𝐻𝐻𝐴𝐴 ) + (𝐻𝐻ext + ) 𝑘𝑘𝑀𝑀s 𝑡𝑡
2
2
𝐻𝐻𝐴𝐴 𝑘𝑘 2 𝑀𝑀s2 𝑡𝑡 2
},
+
16
where 𝐻𝐻𝐴𝐴 = 𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2 , 𝐻𝐻𝐵𝐵 = 𝐻𝐻𝑘𝑘1 − 𝐻𝐻𝑘𝑘2 and the effective
magnetic anisotropy field 𝐻𝐻𝑘𝑘𝑘𝑘 = 2𝐾𝐾𝑖𝑖 ⁄(𝜇𝜇0 𝑀𝑀s ) − 𝑀𝑀s . For
spin waves with 𝑘𝑘= 0 𝜇𝜇m−1 , the resonance frequencies
become simpler forms as below
𝜇𝜇0 𝛾𝛾
𝑓𝑓± =
{±(2𝐻𝐻ext + 𝐻𝐻𝑘𝑘1 − 𝐻𝐻𝑘𝑘2 )
4𝜋𝜋
+ √(𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2 )(4𝐻𝐻𝐸𝐸 + 𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2 )}. (5)
𝑓𝑓+ (𝑓𝑓− ) increases (decreases) linearly with the applied
out-of-plane magnetic field. Here, 𝑓𝑓+ ( 𝑓𝑓− ) is the
resonance frequency for right (left)-handed polarization
24)-25) shown in Fig. 1.

190 mT). From this result, we determined the saturation
magnetization 𝑀𝑀𝑠𝑠 = 7.0 × 105 A/m and the exchange
field 𝜇𝜇0 𝐻𝐻E = 𝐽𝐽/𝑀𝑀𝑠𝑠 𝑡𝑡 = 180 mT , where the symbol of 𝐽𝐽
represents the interlayer exchange coupling 26).

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 × 100 μm2
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 𝑘𝑘 = 1.2 μm-1.
Re [𝑆𝑆11 ] 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 [𝑆𝑆11 ] 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.

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 in 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

Fig.3 (a) Optical micrograph of device for investigating
of SWR spectra. Bias magnetic field was applied out ofplane. (b) Contour plot of Re [𝑆𝑆11 ].
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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
𝐿𝐿 = 𝑣𝑣g ⁄(2𝜋𝜋𝜋𝜋𝜋𝜋) where 𝐿𝐿 represents the attenuation
length, 𝑣𝑣g = 𝜕𝜕(2𝜋𝜋𝜋𝜋)⁄𝜕𝜕𝜕𝜕 represents the group velocity,
𝑓𝑓 represents the resonance frequency expressed by Eqs.
(3) (4) and 𝛼𝛼 = 0.024 represents the damping constant
for Co/Ni multilayers 27). Our coplanar waveguides shown
in Fig.3 (a) have a distance of 1 μm 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 𝑘𝑘 = 0
μm−1 . We can obtain the average of PMA for two
ferromagnetic layers (𝐾𝐾1 + 𝐾𝐾2 )⁄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 (𝐾𝐾2 − 𝐾𝐾1 )⁄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 (𝐻𝐻𝑘𝑘2 − 𝐻𝐻𝑘𝑘1 )⁄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

theoretical spin wave dispersion for 𝑘𝑘 = 0 μm−1 (Black
lines represent parallel state case, while red and blue
lines represent antiparallel state case.) with
experimentally determined parameters (𝛾𝛾 = 1.88 × 1011
rad/Ts, 𝑀𝑀s = 7.0 × 105 A/m ,𝑡𝑡 =4.7 nm, 𝐽𝐽 = 5.9 × 10−4
J/m2, 𝐾𝐾1 = 5.4 × 105 J/m3, 𝐾𝐾2 = 4.7 × 105 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 𝑓𝑓P_In and 𝑓𝑓P_Out are theoretically
derived (Eqs. (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 𝑓𝑓± in Eq. (5), corresponding to right- and lefthanded 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 SAFs. In the finite range of the applied outof-plane magnetic field, two resonance modes for
antiferromagnetic state were observed, and they
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.
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Appendix

Fig.4 Applied magnetic field dependence of resonance
frequencies calculated by theoretical spin wave
dispersion with 𝑘𝑘 = 0 μm−1 [ 𝑓𝑓+ and 𝑓𝑓− are for case of
antiparallel state Eq. (5)]. 𝑓𝑓P_In and 𝑓𝑓P_Out are for case
of parallel state [ Eqs. (17) (18) in Appendix C].

A. Self-dipolar field and mutual dipolar field
For interlayer exchange coupled bilayers with PMA,
magnetostatic energy per unit area is given by
𝜇𝜇0
𝐸𝐸 = − ∑
𝜇𝜇0 𝑀𝑀S 𝑡𝑡𝑖𝑖 𝐦𝐦𝑖𝑖 ∙ 𝐇𝐇ext − ∑
(𝐾𝐾𝑖𝑖 𝑡𝑡𝑖𝑖 − 𝑀𝑀S 2 )𝑚𝑚𝑍𝑍𝑍𝑍 2
2
𝑖𝑖=1,2
𝑖𝑖=1,2
+ 𝐽𝐽𝐦𝐦1 ∙ 𝐦𝐦2 ,
(6)
where 𝐇𝐇ext = (0, 0, 𝐻𝐻ext ),, 𝑍𝑍 axis is perpendicular to the
film plane, 𝑋𝑋 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
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𝐇𝐇𝑖𝑖 = −∇𝐦𝐦𝑖𝑖 (

𝐸𝐸

𝜇𝜇0 𝑀𝑀S 𝑡𝑡

) + 𝐇𝐇dip,𝑖𝑖𝑖𝑖 + 𝐇𝐇dip,𝑖𝑖𝑖𝑖 , (𝑖𝑖, 𝑗𝑗 = 1, 2, 𝑖𝑖 ≠ 𝑗𝑗)

(7)
where 𝐇𝐇dip,𝑖𝑖𝑖𝑖 represents the self-dipolar fields and
𝐇𝐇dip,𝑖𝑖𝑖𝑖 represents the mutual-dipolar field.
𝐇𝐇dip,𝑖𝑖𝑖𝑖 and 𝐇𝐇dip,𝑖𝑖𝑖𝑖 can be obtained by using the Green
function 21)-23), given by
−𝐺𝐺𝑃𝑃 0
𝑖𝑖𝐺𝐺𝑄𝑄
0
0
𝐺𝐺𝑋𝑋𝑋𝑋𝑋𝑋 (𝑍𝑍 − 𝑍𝑍 ′ ) = ( 0
), (8)
𝑖𝑖𝐺𝐺𝑄𝑄 0 𝐺𝐺𝑃𝑃 − 𝛿𝛿(𝑍𝑍 − 𝑍𝑍′)
where 𝐺𝐺𝑃𝑃 = (𝑘𝑘 ⁄2)exp(−𝑘𝑘|𝑍𝑍 − 𝑍𝑍 ′ |) and 𝐺𝐺𝑄𝑄 = 𝐺𝐺𝑃𝑃 sgn(𝑍𝑍 −
𝑍𝑍 ′ ). The self-dipolar fields 𝐇𝐇dip,𝑖𝑖𝑖𝑖 can be calculated by
𝑡𝑡+𝑠𝑠/2
𝑀𝑀𝑠𝑠 𝑡𝑡+𝑠𝑠/2
∫
𝑑𝑑𝑑𝑑 ∫
𝑑𝑑𝑍𝑍 ′ 𝐺𝐺𝑋𝑋𝑋𝑋𝑋𝑋 (𝑍𝑍
𝐇𝐇dip,𝑖𝑖𝑖𝑖 =
𝑡𝑡 𝑠𝑠/2
𝑠𝑠/2
− 𝑍𝑍 ′ )δ𝐦𝐦(𝑍𝑍 − 𝑍𝑍 ′ ). (9)

The mutual-dipolar field 𝐇𝐇dip,𝑖𝑖𝑖𝑖 can be calculated by
𝐇𝐇dip,21 =

𝑀𝑀𝑠𝑠

𝐇𝐇dip,12 =

𝑀𝑀𝑠𝑠

𝑡𝑡

𝑡𝑡

𝑡𝑡+𝑠𝑠/2

∫𝑠𝑠/2

−𝑠𝑠/2

−𝑠𝑠/2

𝑑𝑑𝑑𝑑 ∫−𝑡𝑡−𝑠𝑠/2 𝑑𝑑𝑍𝑍 ′ 𝐺𝐺𝑋𝑋𝑋𝑋𝑋𝑋 (𝑍𝑍 − 𝑍𝑍 ′ )δ𝐦𝐦(𝑍𝑍 −
𝑍𝑍 ′ ), ሺͳͲሻ
𝑡𝑡+𝑠𝑠/2

∫−𝑡𝑡− 𝑠𝑠/2 𝑑𝑑𝑑𝑑 ∫𝑠𝑠/2

𝑑𝑑𝑍𝑍 ′ 𝐺𝐺𝑋𝑋𝑋𝑋𝑋𝑋 (𝑍𝑍 − 𝑍𝑍 ′ )δ𝐦𝐦(𝑍𝑍 −

𝑍𝑍 ′ ), ሺͳͳሻ

where δ𝐦𝐦(𝑍𝑍 − 𝑍𝑍 ′ ) represents relative perturbation
oscillation of a magnetic moment at 𝑍𝑍 ′ position against
a magnetic moment at 𝑍𝑍 position
𝑚𝑚𝑋𝑋 (𝑍𝑍 ′ )
δ𝐦𝐦(𝑍𝑍 − 𝑍𝑍 ′ ) = 𝑒𝑒 −𝑘𝑘|𝑍𝑍−𝑍𝑍′| (𝑚𝑚𝑌𝑌 (𝑍𝑍 ′ )),
(12)
0
and 𝑠𝑠 represents the thickness of a nonmagnetic spacer
between two ferromagnetic films.
By assuming 𝑘𝑘𝑘𝑘, 𝑘𝑘𝑘𝑘 << 1, we can obtain 𝐇𝐇dip,𝑖𝑖𝑖𝑖 given by
𝐇𝐇dip,𝑖𝑖𝑖𝑖

𝑘𝑘

− 𝑚𝑚𝑋𝑋𝑋𝑋
2
= 𝑀𝑀s 𝑡𝑡 ( 0 ),
0

(13)

and we can obtain 𝐇𝐇dip,12 and 𝐇𝐇dip,21 given by
𝑘𝑘

− 𝑚𝑚𝑋𝑋2
2

),
𝐇𝐇dip,12 = 𝑀𝑀s 𝑡𝑡 (
0
𝑘𝑘
− 𝑖𝑖 𝑚𝑚𝑋𝑋2
2

𝑘𝑘

− 𝑚𝑚𝑋𝑋1

𝐇𝐇dip,21 = 𝑀𝑀s 𝑡𝑡 (

2

0 ).
𝑘𝑘
𝑖𝑖 𝑚𝑚𝑋𝑋1
2

(14)

(15)

B. Resonant frequency for antiparallel state
The spin wave resonant frequency is obtained from the
EOM, d𝐦𝐦𝑖𝑖 ⁄d𝑡𝑡 = −𝜇𝜇0 𝛾𝛾𝐦𝐦i × 𝐇𝐇𝑖𝑖 , linearized by assuming
|𝑚𝑚𝑋𝑋𝑋𝑋 |, |𝑚𝑚𝑌𝑌𝑌𝑌 | ≪ 1. In the case of antiparallel state, 𝑚𝑚𝑍𝑍1 ≃
±1 and 𝑚𝑚𝑍𝑍2 ≃ ∓1, the linearized EOM is explicitly given
by
𝑚𝑚𝑋𝑋1
𝑚𝑚𝑋𝑋1
0
𝐻𝐻14
0 𝐻𝐻12
𝑚𝑚𝑌𝑌1
𝑚𝑚𝑌𝑌
𝐻𝐻21
0 𝐻𝐻23
0
i𝜔𝜔 (𝑚𝑚 ) + 𝜇𝜇0 𝛾𝛾 (
) (𝑚𝑚 1 ) = 0. (16)
0 𝐻𝐻32
0
𝐻𝐻34
𝑋𝑋2
𝑋𝑋2
𝑚𝑚𝑌𝑌2
𝑚𝑚𝑌𝑌2
𝐻𝐻41
0 𝐻𝐻43
0
Here, the components of 4th order matrix of the effective
̂ are given by
field 𝐇𝐇
𝐻𝐻12 = 𝐻𝐻ext ± 𝐻𝐻𝑘𝑘1 ± 𝐻𝐻E ,
𝐻𝐻14 = ±𝐻𝐻E ,
𝐻𝐻21 = −(𝐻𝐻ext ± 𝐻𝐻𝑘𝑘1 ± 𝐻𝐻E ) ∓ (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
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𝐻𝐻23 = ∓𝐻𝐻E ∓ (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
𝐻𝐻32 = ∓𝐻𝐻E ,
𝐻𝐻34 = 𝐻𝐻ext ∓ 𝐻𝐻𝑘𝑘2 ∓ 𝐻𝐻E ,
𝐻𝐻41 = ±𝐻𝐻E ± (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
𝐻𝐻43 = −(𝐻𝐻ext ∓ 𝐻𝐻𝑘𝑘2 ∓ 𝐻𝐻E ) ± (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
the resonant frequency 𝑓𝑓 = 𝜔𝜔⁄2𝜋𝜋 is eigenvalue of the
̂ is the 4th
̂ + 𝜇𝜇0 𝛾𝛾𝐇𝐇
̂ ] = 0, where 𝟏𝟏
̂ : det[𝑖𝑖𝑖𝑖𝟏𝟏
matrix 𝐇𝐇
order identity matrix. The obtained two resonance
frequencies for antiparallel state are already presented
in the main text as Eqs. (3) (4).
C. Resonant frequency for parallel state
In the case of parallel state, 𝑚𝑚𝑧𝑧1 ≃ ± 1 and 𝑚𝑚𝑧𝑧2 ≃ ± 1,
the components of 4th order matrix of the effective field
̂ in Eq. (16) are given by
𝐇𝐇
𝐻𝐻12 = 𝐻𝐻ext ± 𝐻𝐻𝑘𝑘1 ∓ 𝐻𝐻E ,
𝐻𝐻14 = ±𝐻𝐻E ,
𝐻𝐻21 = −(𝐻𝐻ext ± 𝐻𝐻𝑘𝑘1 ∓ 𝐻𝐻E ) ∓ (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
𝐻𝐻23 = ∓𝐻𝐻E ∓ (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
𝐻𝐻32 = ±𝐻𝐻E ,
𝐻𝐻34 = 𝐻𝐻ext ± 𝐻𝐻𝑘𝑘2 ∓ 𝐻𝐻E ,
𝐻𝐻41 = ∓𝐻𝐻E ∓ (𝑘𝑘𝑘𝑘𝑘𝑘)⁄2,
𝐻𝐻43 = −(𝐻𝐻ext ± 𝐻𝐻𝑘𝑘2 ∓ 𝐻𝐻E ) ∓ (𝑘𝑘𝑘𝑘𝑘𝑘)⁄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 𝑘𝑘 = 0 μm−1 , the inphase and out-of-phase resonance frequencies 𝑓𝑓P_In and
𝑓𝑓P_Out for the case of 𝑚𝑚𝑍𝑍1 ≃ 1 and 𝑚𝑚𝑍𝑍2 ≃ 1, (or 𝑚𝑚𝑍𝑍1 ≃
− 1 and 𝑚𝑚𝑍𝑍2 ≃ −1) are given by
𝜇𝜇0 𝛾𝛾
𝑓𝑓P_In =
{2|𝐻𝐻ext | − 2𝐻𝐻E + 𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2
4𝜋𝜋
𝑓𝑓P_Out =

+ √4𝐻𝐻E 2 + (𝐻𝐻𝑘𝑘1 − 𝐻𝐻𝑘𝑘2 )2 }.

(17)

− √4𝐻𝐻E 2 + (𝐻𝐻𝑘𝑘1 − 𝐻𝐻𝑘𝑘2 )2 }.

(18)

𝜇𝜇0 𝛾𝛾
{2|𝐻𝐻ext | − 2𝐻𝐻E + 𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2
4𝜋𝜋

The intercept of Eq. (17) is expressed by 𝐻𝐻E , (𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2 )
and (𝐻𝐻𝑘𝑘1 − 𝐻𝐻𝑘𝑘2 ) . The difference of effective magnetic
anisotropy field between two ferromagnetic layers
(𝐻𝐻𝑘𝑘1 − 𝐻𝐻𝑘𝑘2 ) 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 (𝐻𝐻𝑘𝑘1 + 𝐻𝐻𝑘𝑘2 ).
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Vo i d - D e f e c t I nd uc e d M a g ne t i s m a nd S t r uc t ur e Cha ng e o f
Ca r b o n M a t e r i a l s - Ⅰ : G r a p he ne N a no Ri b b o n
Norio Ota and Laszlo Nemes＊

Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tenoudai Tsukuba-city 305-8571, Japan,
＊
Research Center for Natural Sciences, Ötvös Lóránd 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 Sz=0/2, 2/2, 4/2 and 6/2, the most stable state
was Sz=2/2. The case of Sz=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 Sz=4/2 was very close to that of Sz=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 α-site and β-site. Spin distribution was limited
to the surface layer, nothing to the back layer. Distorted void triangle show 60degree clockwise rotation from α- to
β-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 . I n tr o d u c tio n
These ten years, it was reported that some carbon
base materials show room temperature ferromagnetic
like hysteresis1)-6). They are graphite and graphene like
materials. Such a light-weight ferromagnetic like
materials will be useful for many applications.
However, such magnetic ordering could not be
thoroughly understood. Possible explanations are the
presence of impurities7), edge irregularities8)-10) or
void-defects11)-16). Here, we like to focus on void-defect.
In experiments, creation of void-defect was done by
high energy particle irradiation on graphite11)-13).
Void-defect was observed by the scanning tunneling
microscope14)-16). Unfortunately, there are little
information on magnetic behaviors and spin
distributions in atomic scale. Theoretical calculations
predicted the importance of the atomic structure
change17)-18). However, there are little explanation on a
detailed relationship between the multiple-spin-state
and the structure-change. Here, we try detailed
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 Sz=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
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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 . C alc u latio n M e th o d an d Mo d e l G N R
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) 21) was applied utilizing Gaussian09
package22) with an atomic orbital 6-31Gd basis set23).
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 is 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
[C79H10], 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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was 1.49μB, which coincides well with calculation using
the SIESTA code by Yazyev and Helm17). Spin densities
of Type-A (Sz=2/2) and B (Sz=2/2) were illustrated in
Fig. 4 at a surface of electron density of 1e/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 1.37μB, which was 0.12μB
smaller than initial one. Inside of GNR, there appears
up (red) and down (blue) spins alternatively9-10).

Fig. 1 Initial void-defect is created on GNR. Six spins
in a void carry the multiple spin state. Unit cell is
[C79H10]. DFT calculation is done three dimensionally
inside of unit cell, which is repeated one dimensionally
toward a red line direction.
.

3 . Mu ltip le Sp in S tate

For six electrons in a void-defect, there are four
capable spin states of Sz=0/2, 2/2, 4/2 and 6/2. However,
we could not get any converged calculation on singlet
spin state of Sz=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 rule24),
in case of one central attractive force by the same
carbon atom. Three pairs of parallel spins enable the
multiple-spin-state of Sz=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 Helm17). 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 Sz=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 Sz=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 “c” 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

Table 1 Calculated result for mono layer GNR.
Fig. 2 Initial void makes equilateral triangle. Type-A
has an isosceles triangle perpendicular to GNR,
whereas Type-B tilted.

Fig. 3 Energy difference and void structure change.
Type-A show distorted isosceles void triangle of
49degree perpendicular to ribbon as shown in (b).
Type-B shows a tilted triangle with 44degree. In every
type, triplet spin-state of Sz=2/2 is most stable.
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Table 1 Calculated result for mono layer GNR.

4. C u r le d r ibbo n

.
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 Sz=4/2 of
Type-B as illustrated on Fig. 5(d), where appears a
curled ribbon. While in case of Sz=2/2, ribbon is flat in
(c). Void triangle of Sz=4/2 was 40.6degree comparing
with 43.5 degree of Sz=2/2. The spin distribution is
ferromagnetic like for Sz =4/2 as illustrated in Fig. 6(d).
Both of upper and lower ribbon edges carry up-spin
clouds. While in case of Sz=2/2 of Fig. 6(c), we can see
anti-ferromagnetic like feature. It should be noted that
energy of Sz=2/2 was -15.6kcal/mol., whereas Sz=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 GNR25), edge carbons
were highly polarized by up-spins, and also coupled
with neighbor edge spins by super-exchange interaction.
It was usual ferromagnetic coupling. By such
comparison, void induced GNR show unusual strongly
polarized spin configuration, different with usual
ferromagnetic one.
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5. B i- lay e r G N R

Fig. 5 In case of Sz=4/2 of Type-B, ribbon is curled as
shown in (d), whereas for Sz=2/2 ribbon is flat (c).

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 α-site void positioned over one carbon of
the second layer (back side), whereas β-site positioned
over inter-atom space. Unit cell is [C79H10-C80H10].
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 Sz=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 α-site (-14.59kcal/mol.) and β-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 1.37μB.

6 . C o m p a r i so n w i t h e x p e r i m e n t s
6 . 1 O b se r v a t i o n o f v o i d - d e f e c t

In 1998, Kerry et al.14) observed void-defect on the
surface of graphite by the scanning tunneling
microscope. They observed triangle shape bright spot,
which suggested large excess electrons inside of triangle
void. Our calculation is consistent with such
observation.

6 . 2 O b se r v a t i o n o f r o t a t i o n a l sy m m e t r y o f v o i d
de f e ct

Notable result is the clockwise angle of a void triangle
defined in the figure on bottom of Table 2. The
clockwise angle θ of α-site void triangle was 300degree,
whereas β-site 240degree. There appear 60degrees
rotation from β-site to α-site. Such calculation is
consistent with observation on graphite surface done by
Ziatdinov et al.16) using the scanning tunneling
microscope.

Fig. 6 In case of Sz=2/2 for Type-B, spin configuration is
ferrimagnetic-like as shown in (c). Whereas in case of
Sz=4/2, it is ferromagnetic-like (d).
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Fig. 7 Void-defect was created on AB-stacked bi-layer GNR with a void at α-site (top panel) and β-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 α-site or β-site.
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Fig. 8 Energy and void triangle are compared in AB-stacked bi-layer GNR.

Fig.9 Spin density configuration of AB-stacked bi-layer GNR, where red cloud shows up-spin and blue one
down-spin. Spin appears only to the surface layer. Back layer shows no spin.
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7 . C o n c l u si o n
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 Sz=6/2, 4/2 and 2/2 due to the Hund’s rule. The most
stable spin state was Sz=2/2 showing flat ribbon
structure. Amazing result was obtained for Sz=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 Sz=2/2 and Sz=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 α-site and β-site. Both sites
show similar energy. Void triangle presents 60 degrees
clockwise rotation from β-site to α-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.

Re fe re nce s
1) P. Esquinazi, D. Spemann, R. Hohne, A. Setzer, K. Han, and
T. Butz: Phys. Rev. Lett., 91, 227201 (2003).
2) K. Kamishima, T. Noda, F. Kadonome, K. Kakizaki and N.
Hiratsuka: J. of Mag. and Magn. Mat., 310, e346 (2007).
3) T. Saito, D. Nishio-Hamane, S. Yoshii, and T. Nojima: Appl.
Phys. Lett., 98, 052506 (2011).

4) Y. Wang, Y. Huang, Y. Song, X. Zhang, Y. Ma, J. Liang and
Y. Chen: Nano Letters, 9, 220 (2009).
5) J. Cervenka, M. Katsnelson and C. Flipse: Nature Phys., 5,
840 (2009), （https://doi.org/10.1038/nphys1399）.
6) H. Ohldag, P. Esquinazi, E. Arenholz, D. Spemann, M.
Rothermal, A. Setzer, and T.Butz: New Journal of Physics, 12,
123012 (2010).
7) J. Coey, M. Venkatesan, C. Fitzgerald, A. Douvalis and I.
Sanders: Nature, 420, 156 (2002).
8) K. Kusakabe and M. Maruyama: Phys. Rev. B, 67, 092406
(2003).
9) N. Ota, N. Gorjizadeh and Y. Kawazoe: J. Magn. Soc. Jpn.,
36, 36 (2012).
10) N. Ota: J. Magn. Soc. Jpn., 37, 175 (2013).
11) P. Lehtinen, A. Foster, Y. Ma, A. Krasheninnikov, and R.
Nieminen: Phys. Rev. Lett., 93, 187202 (2004).
12) P.Ruffieux, O. Groning, P. Schwaller, L. Schlapbach, and P.
Groning: Phys. Rev. Lett., 84, 4910 (2000).
13) A. Hashimoto, K. Suenaga, T. Sugai, H.Shinohara, and S.
Iijima: Nature (London), 430, 870 (2004).
14) K.Kelly and N.Hales: Surface science, 416, L1085 (1998).
15) T. Kondo, Y. Honma, J. Oh, T. Machida, and J. Nakamura:
Phys. Rev. B, 82, 153414 (2010).
16) M. Ziatdinov, S. Fujii, K. Kusakabe, M. Kiguchi, T. Mori,
and T. Enoki: Phys. Rev. B, 89, 155405 (2014).
17) O. Yazyev and L. Helm: Phys.Rev. B, 75, 125408 (2007).
18) B. Wang and S. Pantelides: Phys. Rev. B, 86, 165438
(2012).
19) P. Hohenberg and W. Kohn: Phys. Rev., 136, B864 (1964).
20) W. Kohn and L. Sham: Phys. Rev., 140, A1133(1965).
21) J. P. Perdew, K. Burke and M. Ernzerhof: Phys. Rev. Lett.,
77, 3865(1996).
22) M. Frisch, G. Trucks, H. Schlegel et al.: Gaussian 03
package software, Gaussian Inc. Wallington CT USA (2009).
23) R. Ditchfield, W. Hehre and J. Pople: J. Chem. Phys.,
54,724 (1971).
24) F. Hund: Z. Phys., 33, 345 (1923).
25) N. Ota: J. Magn. Soc. Jpn., 38, 107-110 (2014).
Re c e i v e d O c t . 2 5 , 2 0 2 0 ; Ac c e pt e d J u n . 1 2 , 2 0 2 1

36

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

INDEX
J. Magn. Soc. Jpn., 45, 37-40 (2021)
<Paper>

Anomalous Nernst and Seebeck effects in NiCo2 O4 films
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We investigated both the Seebeck and anomalous Nernst eﬀects in NiCo2 O4 (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 NiCo2 O4 is quite small compared to conventional
ferromagnetic metals.
Key words: NiCo2 O4 , Anomalous Nernst eﬀect, Perpendicular magnetic anisotropy
1 Introduction
In the recent past, diﬀerent types of energy conversion technologies have been studied due to the increasing need for alternative and sustainable energy sources 1, 2) . Among the energy
conversion technologies, the thermoelectric device has received

perature gradient. Therefore, PMA can be a crucial factor for
generating large ANE voltage 3, 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

much attention as it enables the direct conversion of waste heat
energy into electrical energy 3, 4) . Moreover, thermoelectricity is

or vacuum; they are stable even at high temperatures. These
advantages make oxide thermoelectric materials a potential candidate for practical applications at elevated temperatures. As a

interesting from the perspective of condensed matter physics be-

candidate oxide thermoelectric material with PMA, we focused

cause it depends on the electrical and thermal transport phenomena, which are intrinsically related to the electronic state of ma-

on NiCo2 O4 (NCO). NCO has an inverse spinel-type structure
(Fd3̄m) and is a conductive ferrimagnet with a high transition

terials. Particularly in magnetic materials, the temperature gradient can be converted into electrical voltage through thermomagnetic phenomena, such as the anomalous Nernst eﬀect (ANE) and

temperature (TC ≈ 400 K) 11) . Further, some previous studies reported that NCO has mixed-valence cations and can be expressed

the spin Seebeck eﬀect

5, 6)

. 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 materials, they have contributions from the extrinsic and intrinsic
mechanisms 3, 7, 8) . However, since the electric field generated by
ANE is smaller than AHE one’s, it hinders to investigate the relation 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 thermoelectric voltage desired.
The ANE is defined as the generation of an electric field
(EANE ) along the direction of the outer product of the magnetization (M) and the temperature gradient (∇T ). Thus, it is
experimentally observed as an anomalous transverse voltage 9) .
For example, in the case of ∇T and M parallel to x- and z-axis
respectively, EANE 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-

2+
3+
3+
3+
2−
by a general formula, Co2+
x Co1−x [Co Ni1−x Ni x ]O4 (0 < x <
1), where tetrahedral (T d ) site is occupied by high spin Co2+ (d7 ,
S = 3/2) and Co3+ (d6 , S = 3/2), octahedral (Oh ) site is occupied by low spin Ni2+ (d8 , S = 1), Ni3+ (d7 , S = 1/2), and

diamagnetic low spin Co3+ (d6 , S = 0). The saturation magnetic
moment is 2 µB /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) . In addition, NCO film grown on the MgAl2 O4
(MAO) substrate exhibits strong PMA 14, 15) , which is approximately 0.3 MJ/m3 at room temperature for a −0.3% epitaxial

strain. A recent theoretical investigation showed that Co at the
T d site is responsible for PMA 16) .

In this study, we designed a measurement system to detect the
weak thermoelectric voltage signal and investigated the thermoelectric properties of NCO. This manuscript is organized as follows. 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 section.
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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 (ES250MB: Eiko Engineering Co.,Ltd.)17–19) . We used a 2-inch alloy
target with the ideal composition of Ni:Co= 1 : 2. Before growing the film, a single crystal MAO substrate was ultrasonically

tric measurement as illustrated in Fig.1. Two electrodes placed
along the thermal gradient are for measuring the Seebeck signal
(V xx ), and the other two are for measuring the ANE signal (V xy ).
Here, a point contact electrode was fabricated to prevent a decrease in TEMF 22) . The sample was cut into a rectangular shape
(5 × 10 mm2 ) to place it on the sample holder and was glued by
GE7031 varnish. We used aluminum wires for making connections between electric pads and the sample puck. One side of

degreased using acetone, ethanol, and deionized water for 5 min
at each step. The growth conditions of NCO thin films were as
follows: Ar and O2 flow rates were set to 10 and 2.5 sccm, respectively; the process temperature was 300◦ C, and the working pres-

the sample was heated, and ∇T was induced along the long side
of the rectangle. The voltage induced along the long side (V xx )

sure was 1.3 Pa. Thereafter, we annealed the NCO films at 300◦ C

sured as a Nernst signal using Channel 1 of Keithley 2182. For
ANE measurements, a magnetic field perpendicular to the sam-

for 30 min under an oxygen pressure of 0.2 Pa

20)

. The film structure was characterized by reflection high-energy electron diﬀraction (RHEED), X-ray reflectivity (XRR, by Rigaku Smart Lab,

using Co Kα1 radiation), and X-ray diﬀraction (XRD). Magnetic
hysteresis (MH) loops were measured by a vibrating sample magnetometer (VSM) option of the Physical Property Measurement

was measured as a Seebeck voltage using Channel 2 of Keithley
2182, and the voltage induced across the long side (V xy ) was mea-

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 electrical contact points to reduce contact voltages.

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 (5 × 13 × 1 mm3 and 5 × 13 × 3

mm3 ). The one Cu plate was directly placed on the sample holder
(P102/3A, Quantum Design), where the temperature was measured using the PPMS system. The another Cu plate was placed
on the sample holder through Bakelite⃝R (5 × 13 × 2 mm3 ) for ther-

mal insulation. Moreover, a chip resistor (R = 330 Ω, TE Con-

nectivity, 3522330RFT) acting as a heater was attached to this
side to raise the temperature. Here, the electrodes on the back of

Direct connection
LEMO

Keithley2400
Fabricated signal cable

PPMS

Keithley196

2107-30 cable
Keithley2182
Indirect connection
LEMO

Terminal
User bridge
cable

Keithley2400

D-sub

PPMS

Keithley196
Signal cable
Keithley2182

the chip resistor were removed by polishing. Input electric power
was supplied to the chip resistor using a source meter (Keithley2400). To monitor the actual temperature diﬀerence between
the Cu plates, we fabricated a type-E thermocouple from chromel

Fig. 1 Structure of the sample holder and configuration for measuring 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

(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

direct connection cable.

piece of thin paper. The thermal electromotive force (TEMF)
of the thermocouple was measured by a voltmeter (Keithley196)
and converted into the temperature diﬀerence (∆T ) using the reference table 21) . In the designed holder, the distance between the
two Cu plates is ℓ = 4 mm. Therefore, the temperature gradient
is expressed as ∇T ≈ ∆T/ℓ. 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 technique, and Cr and Au were sputtered as the electrodes. Four
electrodes were deposited on the top of the films for thermoelec-

38

3

Results and discussion

3.1 Structural characterization
Figures 2 (a)-(d) show the XRD patterns with scattering vector 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 confirmed at the Bragg peak positions on the MAO substrate. This
result implies that NCO film has epitaxial distortion, and its lattice constants are a = 8.08 Å and c = 8.27 Å. Based on the lattice
constant of NCO (aNCO = 8.10 Å)11) and MAO (aMAO = 8.08
Å) in bulk, NCO thin films experience a compressive strain of
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Temperature (K)
100
200
300

NCO 400

MAO 400

Intensity (a.u.)
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MAO 220

NCO 220

k// MAO[110]
Co Kα1

126

NCO 440
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2θ/ω (degree)

77
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2θ/ϕ (degree)

(d)

S xy (µV/K)
−0.005
−0.030
−0.035

NCO. Figure 3 (c) shows the time dependence of V xy from powering up the heater to measurement start. In this measurement,
the input power is controlled to be ∆T ≈ 10 K (I ≈ 25 mA)

79

3.2 Thermoelectric properties
First, we show the eﬀect of reducing the number of electrical connections on the measurement system. We tested
two diﬀerent ways of connecting the 14-pins LEMO connector(FGG.3B.314.CLAD92) of the interface of the cryostat of
PPMS to the nanovolt-meters; (1) the interface was wired to the
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 xy for ∆T = 0.
In the case of an indirect connection set up, one can see periodically oscillating ≈ 1 µV 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 connection 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 thermoelectric properties of the sample. Figure 3 (b) shows ∆T dependence of the Seebeck voltage (V xx ) at 300 K. A single data point
represents the average voltage for approximately 5 min after generating a stable ∆T . The relative Seebeck coeﬃcient (S xx ) between NCO and the Al wire is expressed as,
E xx V xx /ℓ V xx
=
=
.
∇T
∆T/ℓ
∆T

S NCO
(µV/K)
xx
2.8
3.6
8.0

temperature dependence of S NCO
xx , which decreases as the temperature decreases.
Next, we describe the results of the ANE measurement of
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Fig. 2 X-ray diﬀraction patterns of the scattering vector k parallel to (a)[001], (b)[100], and (c-d)[110], respectively .

S xx =

Table 1 Temperature dependence of absolute Seebeck coeﬃNCO
cient (S NCO
xx ) and anomalous Nernst coeﬃcient (S xy ).

(b)

k// MAO[100]
Co Kα1

MAO 440

120

(a)

Intensity (a.u.)

118

Intensity (a.u.)

MAO 008

k// MAO[001]
Co Kα1
NCO 008

Log Intensity (a.u.)

∼ 0.3% due to the lattice mismatch. These results are consistent
with the previous studies 14–16, 20, 23) .

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 xy 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 xy to become stable. S xy is determined from the experimentally
measured voltages as follows:
S xy =

E xy V xy /w
=
,
∇T
∆T/ℓ

(2)

where w = 3 mm, ℓ = 4 mm. Figure 3 (d) shows the S xy -H loop
at each temperature. Here, the time dependent background component 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 xy -H loop is in good agreement
with a previously reported VSM measurement result (not shown)
25)

. Moreover, a larger saturated S xy appeared at higher temperatures. From Ref.26, the relation between Nernst and Seebeck
coeﬃcient can be written as follow,
S xy ≃ S xx tan θH + ρ xx ϵyx ,

(3)

where θH is Hall angle, ρ xx is longitudial resistivity, and ϵyx is
oﬀ-diagonal element of the thermoelectric tensor. In NCO, θH ∼
−10−3 and ρ xx ∼ 10−3 Ωcm 14) . Therefore, the expected S xy from
S xx is approximately 0.01 µV/K, which is almost same with the
experimental results. The little diﬀerence may be attributed to the
thermoelectric tensor.
4 Conclusion

(1)

Thus, from the slope of this figure, we can determine S xx , which
is 6.4 µV/K. From Ref.24, excluding absolute Seebeck coeﬃcient
of the Al, the absolute Seebeck coeﬃcient of the NCO(S NCO
xx )
can be estimated, which is 8.0 µV/K at 300 K. Table 1 shows the

In this study, we investigated both the Seebeck eﬀect and ANE
in NiCo2 O4 thin 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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Cornell, Ingo Fetzer, Elena M. Bennett, Reinette Biggs, Stephen R.
Carpenter, Wim de Vries, Cynthia A. de Wit, Carl Folke, Dieter
Gerten, Jens Heinke, Georgina M. Mace, Linn M. Persson, Veerab-

3)

4)

5)
6)
7)
8)
9)

Fig. 3 (a) Comparison of the connection methods between the
sample chamber and the measurement instruments. (b) ∆T dependence of relative Seebeck voltage (V xx ) at 300 K. (c) Time
dependence of V xy from power input to measurement start. (d)
Temperature dependence of anomalous Nernst coeﬃcient S xy .

10)
11)
12)
13)

following solutions: (i) reduction in the number of electrical contacts by directly connecting the output of a commercial cryostat

14)

with a superconducting magnet to the nano-voltmeters, (ii) used

15)

silver soldering to make electrical contacts to reduce contact voltages. By adopting the aforementioned measures, we succeeded
in detecting thermoelectric voltages as small as 5 nV.

16)
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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 C23 and C53 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
hysteresis1)-6). There are many capable explanations
based on impurities7), edge irregularities8)-10) or
defects11)-16). The density functional theory (DFT)
shows good coincidence with experiments17)-19) and
revealed reasonable consistency with several
fundamental theories20)-21). 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
molecule-to-molecule interaction at high density
(1010~1023 molecules/cm3) conditions on earth. Radical
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/cm3), 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 C60 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
C60 in astrophysical environments was revealed by the
detection of a set of emission bands at 7.0, 8.45, 17.3
and 18.9 μm23)-27). Typical astronomical objects are the
Galactic planetary nebula (PNe) Tc123) and the Small
Magellanic Cloud Lin4928). Observed spectra were
compared with experiment and theory23)29)-31).
However, there remain undetermined observed bands,
not be explained by C60.
It is well known that graphene is a raw material for
synthesizing fullerene32)33). By observation of Lin49,
Otsuka et al.28) suggested the presence of small
graphene. Graphene was first experimentally
synthesized by Geim and Novoselov34) (the 2010 Nobel
Prize). The possible presence of graphene in space was
reported by Garcia-Hernandez et al.35-37).
These
infrared features appear to be coincident with planar
C24 having seven carbon hexagon rings. However, full
observed bands still cannot be explained by C24 or
hexagon network molecules38). Some hints come from
carbon SP3 defect among SP2 network caused by
single void-defect in carbon hexagon network by Ota39).
Also, Galue & Leines40) 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
spectrum41)42), 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 C24 having seven carbon hexagon rings35). To find
size dependence, we add larger one of C54. 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 graphene35-37). 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 C53, which have one
pentagon ring among hexagon networks. Molecular
structure depends on the void position as marked by a,
b, c, d, e, f, in left of Fig. 1. Void induced molecule
species is named by suffixing a, b, and so on, such as
(C23-a) and (C23-b). Molecular energy of (C23-a) is 1.04
eV higher than that of (C23-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 DFT43) 44) with the
unrestricted B3LYP functional45). We utilized the
Gaussian09 software package46) employing an atomic
orbital 6-31G basis set47). Unrestricted DFT
calculation was done to have the spin dependent
atomic structure. The required convergence of the
root-mean-square density matrix was 10−8. 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
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of 0.975 for pure carbon system taken from the
laboratory experimental value of 0.965 based on
coronene molecule of C24H1239). 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−1.

3. Spin State Analysis and Structure Change
We tried the multiple spin-state analysis. Example
is shown in Fig. 2 for spin state of Sz=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 Sz,
which is good quantum parameter. In molecular
magnetism, Sz=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 Sz=0/2, 2/2, 4/2 and 6/2. Among them,
calculated energy of Sz=4/2 and 6/2 resulted unstable
high energy. Here, we like to compare cases of Sz=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 rule58). Spin
alignment model is illustrated on middle. Three
couples of spin-pair will be partially cancelled and
remain one pair to be Sz=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 (C23-a) in Fig. 1, molecular
structure of Sz=0/2 shows bending top carbon (see a
blue circle of side view), whereas Sz=2/2 shows flat one
as illustrated on right column. It should be noted that
stable spin state is Sz=2/2, not Sz=0/2. Molecular
energy of Sz=2/2 was 0.49 eV lower (stable) than that
of Sz=0/2. Cause of bending carbon of Sz=0/2 comes
from partial inclusion of SP3 component among SP2
network39)40). Such inclusion increases total molecular
energy. Similar result was confirmed again for a case
of (C23-b).
Other molecules’ structure and energy are listed in
Fig. 1. Energy change from the spin state Sz=0/2 to the
Sz=2/2 was noted by ΔE. Stable spin-state is framed by
bold green. In most species, Sz=2/2 is stable (lower
energy) than Sz=0/2. Exception is only (C53-a) to show
stable state of Sz=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 (C53-a, Sz=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 Sz=0/2 and Sz=2/2. Total energy difference ΔE was noted in every
column. Stable spin-state was framed by bold green.
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Fig. 2 Spin alignment for (C23-a) and (C23-b) with spin state of Sz=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 Sz=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 Sz=0/2, while right
one Sz=2/2. Spectrum of stable spin state was framed
by bold green. Astronomically observed major
emission line of 18.9 μm was marked by a green
dotted line. In case of (C23-a), we can see one carbon
pentagon ring and an unusual 9 membered ring.
Calculated infrared spectrum for Sz=2/2 show 18.8 μm
peak close to observed band of 18.9μm. The species of
(C23-b, Sz=2/2) [same structure for (C23-c)] have one
pentagon ring and show calculated twin major bands
at 18.9 and 19.1 μm.
In case of (C53-a), stable spin state was Sz=0/2, of
which spectrum show peaks at 21.7 μm and 19.5 μm to
be far from observed one. The spectrum of (C53-b,
Sz=2/2) show a peak at 19.0 μm close to observed one.
Also, (C53-c, Sz=2/2) [same for (C53-d) and (C53-e)]
demonstrates major band at 18.9 μm, just the same
with observed one. In case of (C53-f, Sz=2/2), we can see
twin bands at 18.4 and 18.9 μm. Thus, we could obtain
several species suitable for assigning the astronomical
observation.
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5. Fundamental Mode Analysis
Fundamental vibrational mode of (C23-b, Sz=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-1 (=3.42 eV). The lowest
vibrational energy of Mode-1 is 94.9 cm-1 (=108.06 μm,
0.012 eV). The highest Mode-63 is 2067 cm-1 (=4.96 μm,
0.26 eV). Vibrational behaviors are noted on right
column of the table. They are all carbon to carbon
(C-C) 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 μm
band. One is Mode-24 showing 18.8 μm in-plane C-C
stretching at bonds of c, f, c’, f’, i, l, i’ and l’. Another is
Mode-23 showing 19.1 μm stretching at c, f, c’, f’, o, p,
and o’. Other major modes will be discussed in next
section by comparing astronomically observed bands.
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Fig. 3 Calculated infrared spectrum. Left figures are spectra for the spin state Sz=0/2, while right one for Sz=2/2.
Stable spin state is framed by bold green.
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Table 1 Fundamental mode analysis of (C23, Sz=2/2).

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 Tc1 (red one).
In both cases, we can see major band at 18.9 μm, also
a side band at 17.4 μm, and shorter wavelength bands
at 6.6, 7.0, 7.5, 8.1 and 8.5 μm. Sharp atomic emission
lines are marked by arrows of [NeII] 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 Tc1 nebula may
illuminate the molecules and excites them to give rise
infrared emission. Detailed discussion was done by Li
and Drain48)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 coefficient48),49).
It was amazing to see good coincidence with
observed spectra and calculated one of (C23-b, Sz=2/2).
Detailed comparison is summarized in Table 1.
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Observed major band at 18.9 μm could be identified by
two modes of Mode-23 (19.1 μm) and Mode-24 (18.8
μm). Also, observed 6.6 μm band was reproduced well
by calculated two modes of Mode-55 (6.7 μm) and
Mode-56 (6.6 μm). Again, observed bands at 7.0, 7.5,
10.0, 16.7, and 17.4 μm could be reproduced well
respectively by Mode-53 (for 7.1 μm), Mode-52 (7.4
μm), Mode-42 (9.9 μm), Mode-27 (16.5 μm), and
Mode-25 (17.4 μm).
It was amazing again that large molecule cases as
like (C53-c, Sz=2/2) show good coincidence with
observation as compared on a bottom panel of Fig. 4. It
was suggested that there may be little size
dependence. Void-defect induced graphene molecules
generally contribute on cosmic spectra.
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Fig. 4 Astronomically observed emission spectrum for
planetary nebula Tc1 (on top, by red) and Lin49
(black) compared with calculated spectrum of (C23-b,
Sz=2/2), and (C53-c, Sz=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 C23-family, void-a species has 6 identical
positions among 24 carbon sites of C24 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
ε(C23-family) will be obtained by the following
equation (1).
ε(C23-family)
=p∙ε(C23-a, Sz=2/2)+
p’∙ε(C23-b, Sz=2/2)+
p”∙ε(C23-c, Sz=2/2))
= (6/24)∙ε(C23-a, Sz=2/2)+
(6/24)∙ε(C23-b, Sz=2/2)+
(12/24)∙ε(C23-c, Sz=2/2))-------(1)
Weighting sum spectrum of C23-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 C53, weighting sum of
C53-family could well reproduce observed one as
shown on bottom of Fig. 5, where void creation
parameter p was noted in Fig. 1.

Fig. 5 Weighting sum spectra for C23-family and
C53-family. Void creation capability parameter-p of
each molecule is considered as weighting sum
coefficient as noted in Fig. 1.

7. Comparison with Laboratory Experiment
Nemes et al.41)42) 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 μm (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 space50)-57). Calculated average size of carbon dust is
about 1nm, which is similar size with C23 and C53 in
this study. Temperature of star explosion gas will be
2000 K after 300 days of the explosion, and finally
cooled as dust cloud57). In case of laser induced plasma
experiment, excited carbon temperature will be 4500
to 7000 K, and finally cooled to room temperature42).
Experimental spectrum is shown in panel (A) of Fig.
6. We compared with weighting sum spectrum of
C23-family and C53-family in panel (B). The
experimental 7.4 μm peak could be reproduced by
calculated 7.5 μm band of C23-family. We can see
plateau from 6 to 7 μm, which may correspond to
calculated bands at 6.7 and 7.2 μm. At a range of 5 μm,
we can suggest some contribution by both C23-family
and C53-family. Also, at a range of 10μm, C23-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.

sub-bands from 6 to 18μm.
(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 C23 and C53.
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Fig. 6 (A) Infrared spectrum of the laser induced
carbon plasma, (B) calculation for C23-family and
C53-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 C24 and C54 for the density functional theory
analysis. Single void-defect creates C23, and C53
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 Sz=2/2, not Sz=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 C53 could
explain astronomically observed spectra of Tc1 and
Lin49 nebulae for a major band at 18.9μm and
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