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IInnfflluueennccee  ooff  BB  CCoonntteenntt  oonn  tthhee  MMaaggnneettoossttrriiccttiivvee  PPrrooppeerrttiieess  
ooff  SSiinnggllee--CCrryyssttaalllliinnee,,  PPoollyy--CCrryyssttaalllliinnee,,  aanndd  AAmmoorrpphhoouuss  FFee--CCoo--BB  AAllllooyy  FFiillmmss  

Yuta Nakamura1, Mitsuru Ohtake1, Tetsuroh Kawai1, Masaaki Futamoto1, 
Fumiyoshi Kirino2, and Nobuyuki Inaba3 

1Faculty of Engineering, Yokohama National University, 79-5 Tokiwadai, Hodogaya, Yokohama 240-8501, Japan 
2Graduate School of Fine Arts, Tokyo University of the Arts, 12-8 Ueno-koen, Taito, Tokyo 110-8714, Japan 

3Graduate School of Science and Engineering, Yamagata University, 4-3-16 Jyonan, Yonezawa, Yamagata 992-8510, Japan 

(Fe0.7Co0.3)100–xBx (x = 0–15, at. %) alloy films of 100 nm thickness are prepared on VN(001) single-crystalline 
underlayers at 600 °C and on VN poly-crystalline underlayers at room temperature (RT). A high substrate 
temperature of 600 °C is used to promote epitaxial film growth on VN(001) underlayer. Influences of B content on 
the structural, magnetic, and magnetostrictive properties are investigated. The films formed on VN(001) underlayers 
involve bcc(001) epitaxial crystalline phase, whereas those formed on VN poly-crystalline underlayers consist of 
poly-crystalline and/or amorphous phases. Surface roughness of film formed on VN(001) underlayer at 600 °C 
increases with increasing the B content, whereas flat surfaces are realized for the films formed on VN 
poly-crystalline underlayers at RT. The surface morphology is influenced by both the substrate temperature and the 
B content. The films with flat surfaces show good soft magnetic properties. In contrast, rough surface causes an 
increase in the saturation magnetic field. In the case of films formed on VN(001) single-crystalline underlayer at 
600 °C, magnetostriction value of λ100 increases from +200 × 10–6 to +310 × 10–6, as the B content increases from x = 
0 to 5. With further increasing the B content, λ100 value decreases due to unsaturation of magnetization at a 
magnetic field of 1200 Oe which is the maximum value used for measurement. λ111 values are nearly zero 
(–10 × 10– 6 – +20 × 10–6) for all the investigated B contents. Slight addition of B atoms around 5 at. % is effective 
in enhancing the λ100 value, while keeping high crystallographic quality, flat surface, and soft magnetic property. On 
the contrary, the films formed on VN poly-crystalline underlayers at RT show moderately large λ values of about +60 
× 10–6 for all the B contents. The present study shows that control of B content and realization of flat surface are 
important factors in enhancing the magnetostriction of Fe-Co-B film. 

KKeeyywwoorrddss:: Fe-Co-B alloy, single-crystal, poly-crystal, amorphous, thin film, magnetostriction 

11.. IInnttrroodduuccttiioonn  

Fe-Co alloys have recently attracted much attention 
as one of magnetostrictive materials, since they show 
large saturation magnetization (Ms) values1) of about 
1920 emu/cm3, low magnetocrystalline anisotropy 
energies2) around 0 erg/cm3, and large magnetostriction 
(λ) values3)–7) of +100 × 10–6 – +250 × 10–6  by 
optimizing the composition. Furthermore, it has been 
reported that large λ values of +150 × 10–6 – +250 × 10–6 
can be obtained in poly-crystalline Fe-Co films with Co 
contents of 35–75 at. % prepared by deposition at room 
temperature (RT) followed by annealing at 800 °C8). 

In order to determine the magnetostriction values 
along <100> and <111>, λ100 and λ111, it is required to 
prepare single-crystalline samples. Epitaxial films are 
candidates for such purpose. In our previous study9), 
Fe-Co single-crystalline films were prepared on 
MgO(001) substrates at 300 °C by varying the Co 
content from 0 to 50 at. %. λ100 value increased with 
increasing the Co content. λ100 values larger than 
+230 × 10–6  were observed for the films with Co 
content higher than 30 at. %. The λ111 value of Fe70Co30 
film was nearly zero. 

In order to obtain a good soft magnetic property, it 
seems useful to control the Co content to be around 
                                                 
Corresponding author: 
Mitsuru Ohtake (e-mail: ohtake-mitsuru-yt@ynu.ac.jp). 

30–40 at. %, because the magnetocrystalline anisotropy 
energy is almost zero. Furthermore, B is often added to 
Fe-Co alloy to improve the soft magnetic property. The 
magnetostrictive properties of Fe-Co-B alloys have been 
studied by using film10)–13) and ribbon14)–15) samples 
consisting of poly-crystalline or amorphous phase. There 
is a possibility that B atom addition may enhance the 
magnetostriction, similar to the case of Fe-B alloy. 
However, there are no reports on systematical 
investigation on magnetostrictive properties by using 
single-crystalline, poly-crystalline, and amorphous 
specimens. 

The purpose of present study is to prepare 
single-crystalline, poly-crystalline, and amorphous 
(Fe0.7Co0.3)100–xBx films with different B contents and to 
investigate the magnetostrictive properties. In the 
present study, (Fe0.7Co0.3)100–xBx films are formed on 
VN(001) single-crystalline underlayers at 600 °C for 
preparation of single-crystalline (Fe0.7Co0.3)100–xBx films. 
A high substrate temperature of 600 °C is used to 
promote epitaxial growth on VN(001) underlayer. 
(Fe0.7Co0.3)100–xBx films are also formed on VN 
poly-crystalline underlayers at RT for preparation of 
poly-crystalline and/or amorphous (Fe0.7Co0.3)100–xBx 
films. When growth of a film on an underlayer follows 
the Volmer-Weber mode16), the film consists of islands. 
The contact angle of island with respect to the 
underlayer is influenced by the combination of surface 
energies of film and underlayer (Young’s relation). In  
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FFiigg..  11  [(a-1)–(d-1), (e)–(h)] RHEED patterns observed for (Fe0.7Co0.3)100–xBx films of 100 nm thickness with x = [(a-1), 
(e)] 0, [(b-1), (f)] 5, [(c-1), (g)] 10, and [(d-1), (h)] 15 formed (a-1)–(d-1) on VN(001) single-crystalline underlayers at 
600 °C and (e)–(h) on VN poly-crystalline underlayers at RT. (a-2)–(d-2) Line profiles measured along the dotted 
lines in RHEED patterns of (a-1)–(d-1), respectively. (d-3) XRD pattern measured for the (Fe0.7Co0.3)100–xBx film with 
x = 15 formed on VN(001) single-crystalline underlayer. (i) Schematic diagrams of RHEED patterns simulated for 
(i-1) (001) single-crystalline and (i-2) poly-crystalline surfaces with bcc structure. The incident electron beam is 
parallel to (a-1)–(d-1) VN[100] (|| MgO[100]) or (i-1) bcc[110]. 

order to suppress the surface undulation, it is useful to 
employ an underlayer material whose surface energy is 
larger than that of film material. The surface energy of 
VN crystal (2.7 J/m2)17) is higher than that of Fe crystal 
(2.2 J/m2)18), though there are, to our knowledge, no 
reports on the surface energy of Fe70Co30 crystal. 
Introduction of VN underlayer seems effective to realize 
flat film surface, similar to the case of Fe50Pt50 film on 
VN underlayer19). VN underlayers are thus introduced 
in the present study. 

22.. EExxppeerriimmeennttaall  PPrroocceedduurree  

A radio-frequency (RF) magnetron sputtering 
system with the base pressure lower than 4 × 10–7 Pa 
was used for film formation. The distance between 
target and substrate and the Ar gas pressure during 
sputtering were respectively fixed at 150 mm and 0.67 
Pa. (Fe0.7Co0.3)100–xBx (x = 0, 5, 10, and 15 at. %) and VN 
alloy targets of 3 inch diameter were employed and the 
respective RF powers were adjusted to 51, 90, 56, 60, 
and 96 W to make the deposition rate 0.02 nm/s for all 
the materials. The film compositions were confirmed by 
energy dispersive X-ray spectroscopy (EDS) and X-ray 
photoelectron spectroscopy (XPS) and the errors were 
less than 1.5% from the target compositions. 

VN(001) single-crystalline underlayers of 10 nm 
thickness with B1 structure were prepared through 
hetero-epitaxial growth on MgO(001) substrates of 300 
μm thickness in the orientation relationship of 
VN(001)[100] || MgO(001)[100]19), whereas VN 
poly-crystalline underlayers of 10 nm thickness were 
formed on thermally oxidized Si substrates of 350 μm 
thickness. The substrate temperature during 
underlayer formation was kept constant at 600 °C for 
both cases. The arithmetical mean surface roughness 
(Ra) values of VN single- and poly-crystalline 

underlayers measured by atomic force microscopy 
(AFM) were lower than 0.1 nm. Then, (Fe0.7Co0.3)100–xBx 
films of 100 nm thickness were formed on the VN(001) 
underlayers at 600 °C and on the VN poly-crystal 
underlayers at RT.  

The structure was studied by reflection high-energy 
electron diffraction (RHEED) and X-ray diffraction 
(XRD) with Cu-Kα radiation (wavelength: 0.15418 nm). 
The surface morphology was observed by AFM. The 
magnetization curves were measured by vibrating 
sample magnetometry (VSM). The magnetostriction was 
evaluated by using a cantilever method under rotating 
magnetic fields up to 1200 Oe. The relative length 
variation, Δ l / l , was calculated from the following 
formula, 

ΔS ts
2 Es (1 + νf)

3 L2 tf Ef (1 – νs)
=

Δl
l , (1) 

where ΔS is the measured bending, L is the distance 
between laser beam points (12.5 mm), t is the thickness, 
E is the Young’s modules, ν is Poisson’s ratio, and the 
subscript of s or f respectively refers to substrate or film. 
The details of our measurement system and calculation 
are reported in our previous papers9),20). 

33.. RReessuullttss  aanndd  DDiissccuussssiioonn  

33..11    SSttrruuccttuurree  
The structures of (Fe0.7Co0.3)100–xBx films with 

different B contents prepared on VN single- and 
poly-crystalline underlayers were studied by RHEED. 
Figures 1(a-1)–(d-1) show the RHEED patterns 
observed for (Fe0.7Co0.3)100–xBx films of 100 nm thickness 
formed on VN(001) single-crystalline underlayers at 
600 °C.  A d i f f ract ion  pattern from bcc (001) 
single-crystalline surface is recognized for the film with 
x = 0 (Fig. 1(a-1)), as shown in the schematic diagram of 
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FFiigg..  22  (a)–(d) AFM images observed for (Fe0.7Co0.3)100–xBx films of 100 nm thickness with x = (a) 0, (b) 5, (c) 10, and 
(d) 15 formed (a-1)–(d-1) on VN(001) single-crystalline underlayers at 600 °C and (a-2)–(d-2) on VN poly-crystalline 
underlayers at RT. (e) B content dependences of Ra values of (Fe0.7Co0.3)100–xBx films formed (e-1) on VN(001) 
single-crystalline underlayer at 600 °C and (e-2) on VN poly-crystalline underlayer at RT. 

Fig. 1(i-1). A single-crystalline Fe70Co30(001) film is 
epitaxially grown on the VN underlayer. The 
crystallographic orientation relationship is determined 
as (Fe0.7Co0.3)100–xBx(001)[110] || VN(001)[100]. A 
diffraction pattern from bcc(001) surface is also 
observed for the film with x = 5 (Fig. 1(b-1)). However 
when the B content increases up to x = 10 (Fig. 1(c-1)), 
ring-like and halo patterns are overlapped. The result 
suggests that the film with x = 10 involves 
poly-crystalline and amorphous phases in addition to 
bcc(001) crystalline phase. With further increasing the 
B content to x = 15 (Fig. 1(d-1)), the RHEED pattern is 
more blurred, though the reflection spots from bcc(001) 
surface are still appearing as shown in the line profile of 
RHEED pattern of Fig. 1(d-2). The existence of bcc(001) 
crystalline phase is also confirmed by XRD, as shown in 
Fig. 1(d-3). These results indicate that the volume ratio 
of amorphous to crystalline phase has increased. 
Although the crystallographic quality deteriorates with 
increasing the B content, (Fe0.7Co0.3)100–xBx films 
including bcc(001) crystalline phase are obtained for all 
the investigated B contents. 

Figures 1(e)–(h) show the RHEED patterns 
observed for (Fe0.7Co0.3)100–xBx films of 100 nm thickness 
formed on VN poly-crystalline underlayers at RT. A 
diffraction pattern from bcc poly-crystalline surface is 
recognized for the films with x = 0 and 5 (Figs. 1(e), (f)), 
as shown in the schematic diagram of Fig. 1(i-2). The 
films are composed of bcc poly-crystalline phase. When 
the B content increases to x = 10 (Fig. 1(g)), a halo 
pattern is overlapped with a ring-like pattern. The film 
with x = 10 consists of a mixture of poly-crystalline and 
amorphous phases. Only a halo pattern is appearing for 
the film with x = 15 (Fig. 1(h)). Amorphous film is 
formed at the B content of x = 15. B content dependence 
of crystallization is similar between the 
(Fe0.7Co0.3)100–xBx films formed on single- and 
poly-crystalline underlayers. In detail, however, 

amorphous phase formation is more pronounced for the 
films formed on VN poly-crystalline underlayers, which 
are prepared at a lower substrate temperature of RT. 

33..22    SSuurrffaaccee  mmoorrpphhoollooggyy  aanndd  mmaaggnneettiicc  pprrooppeerrttyy  
Surface morphologies, which influence the 

magnetization properties, were observed by AFM. 
Figures 2(a-1)–(d-1) show the AFM images observed for 
(Fe0.7Co0.3)100–xBx films formed on VN single-crystalline 
underlayers at 600 °C. Figure 2(e-1) summarizes the B 
content dependence of Ra. For the film with x = 0 (Fig. 
2(a-1)), a flat surface with the Ra value of 0.4 nm is 
realized, even though a high substrate temperature of 
600 °C is used. However with increasing the B content, 
wettability of (Fe0.7Co0.3)100–xBx film with respect to VN 
underlayer gradually deteriorates (Figs. 2(b-1)–(d-1)). 
Ra value increases to 13 nm with increasing the B 
content to x = 15. For the film with x = 0, employment of 
VN underlayer with high surface energy (2.7 J/m2)17) is 
apparently effective in reducing the surface roughness, 
similar to the case of Fe50Pt50 film19). The reason for Ra 
increase with B addition is attributed to an increase of 
surface energy of (Fe0.7Co0.3)100–xBx alloy material, which 
is expected from the cases of Ti-B21),22) and V-B21),23) 
alloys. The contact angle between the film and the VN 
underlayer materials is considered to have increased 
and the surface roughness is thus enhanced. 

Figures 2(a-2)–(d-2) and (e-2), respectively, show 
the AFM images and the Ra values of (Fe0.7Co0.3)100–xBx 
films formed on VN poly-crystal underlayers at RT. 
These films have flatter surfaces, when compared with 
those of (Fe0.7Co0.3)100–xBx films formed on VN(001) 
underlayers. The difference is possibly due to the effect 
of lower deposition temperature of RT. Furthermore, it 
is noted that lower Ra value is realized with increasing 
the B content, which is interpreted to be corresponding 
to the structural variation from crystalline to 
amorphous phase. 
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FFiigg..  33  (a)–(d) In-plane magnetization curves measured for (Fe0.7Co0.3)100–xBx films of 100 nm thickness with x = (a) 0, 
(b) 5, (c) 10, and (d) 15 formed (a-1)–(d-1) on VN(001) single-crystalline underlayers at 600 °C and (a-2)–(d-2) on VN 
poly-crystalline underlayers at RT. The magnetic field is applied parallel to (Fe0.7Co0.3)100–xBx[100] (|| VN[11

_
0] || 

MgO[11
_
0]) or (Fe0.7Co0.3)100–xBx[110] (|| VN[100] || MgO[100]). (e) B content dependences of Ms and Hc values of 

(Fe0.7Co0.3)100–xBx films formed (e-1) on VN(001) single-crystalline underlayer at 600 °C and (e-2) on VN 
poly-crystalline underlayer at RT. 

Figures 3(a-1)–(d-1) show the in-plane 
magnetization curves of (Fe0.7Co0.3)100–xBx films 
involving bcc(001) crystalline phase prepared on VN 
single-crystalline underlayers. The magnetic field is 
applied parallel to [100] or [110] direction. The film with 
x = 0 is easily magnetized when the magnetic field is 
applied parallel to [100], whereas the magnetization 
curve measured along [110] saturates at a higher 
magnetic field (Fig. 3(a-1)). The magnetization behavior 
is reflecting the magnetocrystalline anisotropy of bulk 
bcc-Fe70Co30 crystal with the easy magnetization axes 
parallel to <100>5). On the contrary, the films including 
B atoms (x = 5–15) show nearly isotropic in-plane 
magnetic properties (Figs. 3(b-1)–(d-1)). The reason is 
considered to be partly due to reduction in 
magnetocrystalline anisotropy energy and structural 
variation from crystalline to amorphous caused by B 
addition and partly due to increase in surface roughness 
which is shown by AFM observation (Figs. 2(b-1)–(d-1)). 
Figure 3(e-1) shows the B content dependences of Ms 
and coercivity (Hc) measured for (Fe0.7Co0.3)100–xBx film 
formed on VN(001) single-crystalline underlayer. With 
increasing B content, Ms is decreasing, while Hc is 
increasing. The increase in Hc is attributable to the 
enhancement of surface roughness that prevents the 
magnetic domain wall motion. 

Figures 3(a-2)–(e-2) show the in-plane 
magnetization curves and the Ms and Hc values of 
(Fe0.7Co0.3)100–xBx films consisting of poly-crystalline 
and/or amorphous phases prepared on VN 
poly-crystalline underlayers. As the B content increases, 
Ms value decreases, similar to the case of 
(Fe0.7Co0.3)100–xBx films formed on VN(001) underlayers. 
On the contrary, Hc value decreases with increasing the 
B content, which is different from the case of films 
formed on VN(001) underlayers. The reduction in Hc 
seems to be related with the decrease in Ra and the 
structural variation from crystalline to amorphous 
phase. 

33..33    MMaaggnneettoossttrriiccttiivvee pprrooppeerrttiieess  
Magnetostrictive behaviors were investigated by 

using a cantilever method under in-plane rotating 
magnetic fields. The relative length variations of 
bcc(001) single-crystal along [100] and [110], Δl/l[100](φ) 
and Δl/l [110](φ), under an in-plane rotating magnetic 
field are respectively shown9) as 

[100](φ) = 
Δl
l

3
4

1
4

λ100 cos2φ + λ100 , (2) 

[110](φ) = 
Δl
l

3
4

1
4

λ111 sin2φ + λ100 , (3) 

where φ is the angle of magnetic field direction with 
respect to [100]. Δl/l[100](φ) and Δl/l[110](φ) are cosine and 
sine waves, whose phases vary depending on the signs 
of λ100 and λ111 and whose amplitudes correspond to the 
absolute values of 3/4 times λ100 and λ111, respectively. 
Figure 4 shows the Δl/l[100](φ) and Δl/l[110](φ) measured 
for (Fe0.7Co0.3)100–xBx films including bcc(001) crystalline 
phase prepared on VN(001) underlayers. The 
amplitudes of Δl/l[100](φ) are fairly larger than those of 
Δ l / l [110](φ) for the respective B contents. The result 
suggests that the films possess large λ100 and small λ111. 
The phases of Δl/l[100](φ) correspond to positive λ100 for 
all the B contents. On the other hand, the phase of 
Δl/l[110](φ) is different between the films without and 
with B atoms. The signs of λ111 of films with x = 0 and 
5–15 are respectively negative and positive. 

The relative length variation of poly-crystalline 
and/or amorphous phase, Δl/lpoly-crystalline/amorphous(ψ), is 
shown as 

poly-crystalline/amorphous(ψ)
Δl
l

3
4

1
4

λpoly-crystalline/amorphous cos2ψ + λpoly-crystalline/amorphous= ,
 (4) 

where λpoly-crystalline/amorphous is the magnetostriction value 
and ψ is the angle of magnetic field direction with 
respect to the direction rotated by 45° from the  
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FFiigg..  44  Δl/l[100](φ) and Δl/l[110](φ) under a rotating magnetic field of 1200 Oe measured for (Fe0.7Co0.3)100–xBx films of 
100 nm thickness with x = (a) 0, (b) 5, (c) 10, and (d) 15 involving bcc(001) crystalline phase prepared on VN(001) 
underlayers. The observation direction is parallel to [100] or [110] of the bcc(001) crystal. 
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FFiigg..  55  Δl/lpoly-crystalline/amorphous(ψ) under a rotating magnetic field of 1200 Oe measured for (Fe0.7Co0.3)100–xBx films of 
100 nm thickness with x = (a) 0, (b) 5, (c) 10, and (d) 15 consisting of poly-crystalline and/or amorphous phases 
prepared on VN poly-crystalline underlayers. 
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FFiigg..  66  Magnetic field dependences of λ100, λ111, and λpoly-crystalline/amorphous measured for (Fe0.7Co0.3)100–xBx films of 100 
nm thickness with x = (a) 0, (b) 5, (c) 10, and (d) 15. 

observation direction. Figure 5 shows the 
Δl/lpoly-crystalline/amorphous(ψ) measured for (Fe0.7Co0.3)100–xBx 
films composed of poly-crystalline and/or amorphous 
phases prepared on VN poly-crystalline underlayers. 
The amplitudes of Δl/lpoly-crystalline/amorphous(ψ) are smaller 
than those of Δ l / l [100](φ) and larger than those of 
Δl/l[110](φ). 

Figure 6 shows the magnetic field dependences of 
λ100, λ111, and λpoly-crystalline/amorphous. The λ100 and λ111 
values of film with x = 0 almost saturate at a low 
magnetic field of 25 Oe. The λ100 and λ111 values of film 
with x = 15 do not saturate at a magnetic field of 1200 
Oe. On the other hand, the λpoly-crystalline/amorphous of films 
with x = 0–15 saturate at low magnetic fields around 
25–50 Oe. The saturation behaviors of magnetostriction 

are consistent with those of magnetization which are 
shown in Fig. 3. 

Figure 7 summarizes the B content dependences of 
λ100, λ111, λcal, and λpoly-crystalline/amorphous measured under a 
rotating field of 1200 Oe. Here, λcal, which is given as 

λcal =
2
5

3
5

λ100 + λ111 , (5) 

is the approximate magnetostriction value of isotropic 
material calculated by using λ100 and λ111. The film with 
x = 0 consisting of bcc(001) single-crystalline phase 
shows a large λ100 value of +200 × 10–6, similar to the 
case of Fe70Co30 film epitaxially grown on MgO(001)9). 
λ100 value increases to +310 × 10–6 by B atom addition of 
x = 5. With further increasing the B content, λ100 value 
begins to decrease. The result is considered to be partly  
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FFiigg..  77  B content dependences of λ100, λ111, λcal, and 
λpoly-crystalline/amorphous under a rotating field of 1200 Oe 
measured for (Fe0.7Co0.3)100–xBx films of 100 nm 
thickness. 

due to unsaturation of magnetization at 1200 Oe and 
partly due to deterioration of magnetostriction caused 
by rough surface. λ111 value increases from a small 
negative value of –10 × 10–6 to a small positive value of 
+20 × 10–6 with increasing the B content from x = 0 to 5 
and then stays almost constant from x = 5 to 15. As a 
result, a maximum value of λcal is recognized at x = 5. In 
contrast, the films composed of poly-crystalline and/or 
amorphous phases have similar λpoly-crystalline/amorphous 
values of around +60 × 10–6 for all the B contents. These 
results indicate that λ100 value of bcc(001) crystal does 
not decrease in the B content range of x = 0–15. It 
seems possible to prepare an (Fe0.7Co0.3)100–xBx film with 
larger λ100 value with the B content higher than x = 10 
by reducing the surface roughness which may yield low 
Hc. The present study shows that B atom addition is 
effective in enhancing λ100 value and that it is important 
to prepare a thin film with reduced surface undulation 
in order to extract the intrinsic magnetostrictive 
property. 

44.. CCoonncclluussiioonn  

(Fe0.7Co0.3)100–xBx (x = 0–15, at. %) alloy films of 100 
nm thickness are prepared on VN(001) 
single-crystalline underlayers at 600 °C and on VN 
poly-crystalline underlayers at RT. Single-crystalline 
films of bcc(001) orientation are obtained on VN 
single-crystalline underlayers, whereas poly-crystalline 
and/or amorphous films are formed on VN 
poly-crystalline underlayers, where the structure varies 
depending on the B content and the deposition 
temperature. The surface roughness, Ra, of 
single-crystalline film increases from 0.4 to 13 nm with 
increasing the B content from x = 0 to 15, while 
poly-crystalline and/or amorphous films possess flatter 
surfaces with the Ra lower than several nanometers. 
Good soft magnetic properties are observed for the films 
with flat surfaces, and surface roughness is shown to be 
an origin in increasing the coercivity. The 
single-crystalline film with x = 0 shows a large λ100 
value, which is enhanced by B addition of x = 5 up to 
+310 × 10–6. As the B content further increases, the λ100 
value decreases due to unsaturation of magnetization 
and increase in surface roughness. The λ111 values are 

nearly zero (–10 × 10–6 – +20 × 10–6) for all the 
investigated B contents. The films consisting of 
poly-crystalline and/or amorphous phases show 
moderately large λ values of about +60 × 10–6 for all the 
B contents. The present study has shown that B 
addition as well as realization of flat surface are 
important factors in enhancing the magnetostriction. 
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Fullerene C60 shows astronomical four infrared bands (IR) of carbon rich planetary nebulae. However, there remain 
many unidentified bands. Our previous paper revealed that single void-defect induced graphene molecule reproduce 
many astronomical bands. In this paper, we investigated a series of multiple-void induced graphene molecules. We 
tried spin dependent DFT calculation. Model molecules are C23 (one carbon pentagon ring among hexagon network), 
C22 (two), and C21 (three). Those were all magnetic molecules with spin state of Sz =2/2, 2/2 and 4/2 respectively. 
Calculated IR was compared with astronomical observation. The largest astronomical band at 18.9 micrometer was 
found in C23. Second largest band at 17.4 micrometer appeared both in C22 and C21. Other major bands from 6 to 10 
micrometer were reproduced well by a combination of C23, C22 and C21. Similarly, larger size graphene molecules of C53, 
C52 and C51 were also magnetic and reproduced astronomical bands as well. Weighting sum IR of those molecules 
could successfully trace astronomical 12 bands from 6 to 20 micrometer. A series of multiple void induced graphene 
would be major component of astronomical carbon. Fullerene C60 would be one of them.  
 
KKeeyy  wwoorrddss: graphene, fullerene C60, spin state, DFT, infrared spectrum

 
11..  IInnttrroodduuccttiioonn  

  
It is well known that fullerene C60 1) shows 

astronomical infrared bands (IR). In 2010, Cami et al.2) 
reported the presence of C60 in astrophysical 
environments by the detection of a set of four bands at 
7.0, 8.45, 17.3 and 18.9 μm. Many studies are following 
it 3)- 8). Typical astronomical objects are the Galactic 
planetary nebula Tc1 2) and the Small Magellanic Cloud 
nebula Lin49 9). Observed spectra were 12 bands, which 
were compared with experiment and theory 10)- 12). There 
remain many unidentified bands not explained by C60. 
It is also well known that graphene is a raw material for 
synthesizing fullerene 13), 14). Otsuka et al.9) suggested 
the presence of small graphene in space. Graphene was 
experimentally synthesized by Geim and Novoselov 15). 
  Our recent study on graphene molecule by the density 
functional theory (DFT) shows that single void-defect on 
carbon hexagon network brings highly polarized spin 
configuration and structure change 16), 17), and finally 
brings drastic change of molecular vibrational IR. Such 
result was understood based on pure carbon 
magnetism 18)- 24). Model molecules were C23 and C53, 
which has one carbon pentagon ring among hexagons. It 
was firstly revealed that calculated IR shows good 
coincidence with astronomically observed one.  Also, 
calculation show rough coincidence with the laser 
induced carbon plasma experiment 25)- 28). 
________________________________________________ 
Corresponding author: Norio Ota (n-otajitaku@nifty.com). 

Those molecules were magnetic with spin-state of 
Sz =2/2. Calculated IR of C23 and C53 could reproduce 
astronomically observed one of carbon rich nebulae Tc1 
and Lin49. However again, there remain some 
unidentified bands, especially second largest band at 
17.4 μm. We should do advanced study on nano-carbon 
candidates.  
Here is an interesting idea that we should study 

multiple void induced graphene molecules, because 
fullerene C60 has 12 carbon pentagon rings combined 
with 20 hexagons. Such multiple pentagon rings could 
be induced from multiple voids on graphene sheet. In 
2013, Tielens opened such concept under the name of 
top-down-process in his review article 29). In this study, 
we investigate a series of multiple void induced 
graphene molecules focusing on spin-state and 
molecular vibrational IR. Results will be compared with 
astronomical observation and laboratory experiment. 
This paper is a joint study by different research field, 
which would develop a new science field named as like 
the Astro-magnetism. 
  

22..  CCaallccuullaattiioonn  MMeetthhoodd  
 

In calculation, we used DFT 30), 31) with the 
unrestricted B3LYP functional 32). We utilized the 
Gaussian09 software package 33) employing an atomic 
orbital 6-31G basis set. 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 
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molecular configuration, fundamental vibrational 
modes were calculated, such as carbon to carbon (C-C) 
stretching modes, (C-C) bending modes and so on, using 
the same Gaussian09 33). This calculation also gives 
harmonic vibrational frequency and intensity in 
infrared region. The standard scaling is applied to the 
frequencies by employing a scale factor of 0.975 for pure 
carbon system taken from the laboratory experimental 
value of 0.965 based on coronene-molecule of C24H12 34). 
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 of 4cm−1. Any molecular symmetricity was 
not applied to compare delicate change of molecular 
configuration and compare small difference of total 
energy. 
 

33..  FFuulllleerreennee  CC6600  aanndd  GGrraapphheennee  CC2233  
 
33..11  SSttaabbllee  ssppiinn  ssttaattee    

Input parameters for DFT are charge and spin 
parameter Sz. Charge was zero (neutral) for every case. 
We dealt total molecular spin SS (vector). Molecule is 
rotatable material, easily follows to the external 
magnetic field of z-direction. Projected component Sz to 
z-direction is a good quantum number.  

Result of C60 is illustrated in Fig. 1. Total molecular 
energy of Sz =0/2 is 1.79 eV lower than that of Sz =2/2. 
Stable spin-state was nonmagnetic one of Sz =0/2, 
which is contrary to previously reported graphene 
molecule of C23 16) with magnetic Sz =2/2. We note again 
here the creation step of C23. As illustrated in Fig. 2, 
starting molecule was C24 having seven carbon hexagon 
rings. High-speed particle may attack one carbon atom 
and kick it out. Single void will be created. There occurs 
re-bonding between carbon atoms. Resulted molecule 
was C23 having one pentagon ring. Initial void-defect 
holds 3 radical carbons and allows 6 spins. 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 show 
unstable high energy. Here, we should compare Sz =0/2 
and 2/2. It should be noted that molecular energy of 
Sz =2/2 was 0.64 eV lower (stable) than Sz =0/2. We can 
see up-spin major spin cloud for Sz =2/2 as illustrated 
on bottom right of Fig. 2 at a cutting surface of spin 
density 10 e/nm3. We can see up-spin cloud (by red) at a 
pentagon site. 
  
33..22  IInnffrraarreedd  ssppeeccttrruumm  
Comparison of calculated IR with astronomically 

observed one is important. Both DFT targeted molecule 
and interstellar molecule have common condition, that 
is, of ultra-low material density and of low temperature. 
Laboratory experiment on earth cannot realize such 
conditions. Otsuka et al.9) opened astronomically 
observed bands as illustrated in Fig. 3 on top for Tc1 
nebula by red and for Lin49 by blue. Laboratory 
gas-phase experiment for C60 by Nemes et al.26) was 

marked by blue arrows on middle. Calculated spectrum 
of C60 was illustrated for Sz =0/2 by green and for Sz 
=2/2 by light green. It should be noted that the observed 
spectra are seen in emission, while DFT gives 
absorption. A star may illuminate the molecule and 
excites them to give rise infrared emission. Detailed 
discussion was done by Li and Drain 35), 36). We regard 
that DFT calculated absorbed spectrum is a mirror 
image of emission one in case of sufficient high energy 
excitation. 
 Calculated spectrum of Sz =2/2 of C60 shows so 

ambiguous as illustrated on bottom of Fig. 3. Whereas 
for stable spin-state Sz =0/2, we can see specific four 
bands.   
 In Table 1, every IR obtained by experiment, 
astronomical observation and DFT calculation were 
listed in detail. Calculated largest band of C60 is 
18.7 μm, which is 0.1 μm shorter than gas-phase 
laboratory experiment of 18.8 μm. Whereas, 
astronomically observed band was 18.9 μm. There 
remains a question that astronomical 18.9 μm band 
would come from C60 or not. Because, in our previous 
study, single void induced C23 show a band just at 18.9 
μm.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  11  Spin state of fullerene C60 by DFT calculation.  
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TTaabbllee  11 Infrared spectrum of C60 and graphene molecules 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  22 Spin state of single void induced graphene C23. 
 

 
 

In Fig. 4, sharp astronomical emission peak at 18.7 
μm (marked by black arrow) is a strong atomic emission 
line of SIII. We are afraid that such strong atomic line 
may hide a band of C60.  
Calculated band of C60 at 17.4 μm coincides well both 

with astronomical Band-B (17.4 μm) and with 
gas-phase laboratory experiment at 17.4 μm 26).  

In shorter wavelength region, calculated C60 show a 
band at 6.77 μm. It was 0.2 μm shorter than 
experimental bands of 6.97 μm. Cami et al. suggested 
that Band-L at 7.1 μm comes from C60. However, it was 
strange that in our previous paper 16), graphene C23 
show just 7.1 μm band. Gas phase experiment also has 
some difficulty. Experiment was done at temperature 
from 850 to 1150 K and simply extrapolated to 0 K, 
which has a gap of five order weak strength. Under such 
complicated situation, we need advanced study.  

Cami et al.2) also suggested possibility of fullerene C70. 
Astronomical bands would be explained by mixing C70 
and C60. However, bands of C70 were 18.7, 17.3, 15.5 and 
14.8 μm. They could not explain observed major bands 
from 6 to 13 μm.  
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FFiigg..  33 Comparison of IR of fullerene C60 by astronomical 
observation, laboratory experiment and DFT 
calculation. 
 

As shown in Fig. 4, we can see many astronomical 
bands from Band-A to M. Our previous results 16) are 
again illustrated in Fig. 4. Major band of C23 has twin 
peaks at 18.9 and 19.0 μm, also C53 has single peak at 
18.9 μm, which are just related to observed Band-A. 
Second major Band-B was seen at 17.4 μm, which was 
reproduced well by calculated C60. However 
unfortunately, C23 and C53 show weak intensity at 17.4 
μm.  

At shorter wavelength region from 6 to 10 μm, 
calculated spectrum of C60 only show two bands at 
positions of Band-I and M. While graphene C23 and C53 
show many bands to coincide well with astronomical 
bands of Band-G, H, I, J, K, L and M. Moreover, C53 
could reproduce further detailed bands coincide with 
astronomical Band-D, E, F.  
 

44..  MMuullttiippllee--VVooiidd  IInndduucceedd  GGrraapphheennee  MMoolleeccuulleess  
  

44..11  SSttaabbllee  ssppiinn  ssttaattee    
 Fullerene C60 has 12 carbon pentagon rings among 20 
hexagons. Multiple pentagon rings could be realized 
from multiple voids. In this study, we assumed multiple 
voids for multiple carbon pentagons. We started from 
C24 as illustrated in Fig. 5. Single void could induce C23 
with one pentagon ring marked by red circled 5. 
Two-voids induced C22 has two pentagons. Molecular 
configuration was umbrella like curved structure as 
shown by side view. Three voids induced C21 also show 
umbrella like configuration. Origin of such structure 
was discussed by Ota 37) based on re-bonding between 
carbon atoms by mixing sp2-orbit with sp3. Also, Galue 
& Leines 38) discussed the -electron irregularity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  44 DFT calculated molecular vibrational spectra of 
(C60, Sz =0/2), (C23, Sz =2/2) and (C53, Sz =2/2) compared 
with astronomically observed spectra of carbon rich 
nebulae Tc1 and Lin49. 
 
As shown in Fig. 6, possible spin states of C22 are Sz 

=0/2. 2/2 and 4/2. Most stable state was Sz =2/2, which 
energy was 0.17 eV lower than Sz =4/2 and 1.06 eV 
lower than Sz =0/2. Spin-distribution was illustrated on 
right. Similarly, C21 has three pentagons. Stable spin 
state was Sz =4/2. In every molecule, there arises 
up-spin cloud (by red) at pentagon carbon atom. 
Size dependence was checked. Large size molecules 

starting from C54 were analyzed as shown in Fig. 7. 
Single void induced molecule of C53 show stable spin- 
state of Sz =2/2. Spin configuration was complex as 
illustrated on right column. Two voids induced C52 has 
two carbon pentagon rings and show stable spin state of 
Sz =2/2. Similarly, three voids induced C51 has three 
pentagons and show stable spin-state of Sz =2/2. 
 
44..22  IInnffrraarreedd  ssppeeccttrruumm  
 In Fig. 8, calculated IR were illustrated for molecules 
of (C23, Sz =2/2), (C22, Sz =2/2) and (C21, Sz =4/2). It 
should be noted that Band-B at 17.4 μm (marked by a 
red broken line) was reproduced well by two voids 
induced C22, also by three voids induced C21. Other 
detailed bands were well reproduced by C22 and C21. 
In Fig. 9, calculated spectra of C54 family are 

illustrated. Both on C53 and C52, we can see the largest 
band at 18.9 μm, which just coincide with Band-A. 
Unfortunately, we could not find any large intensity at 
17.4 μm of Band-B. Number of pentagon rings to 
hexagons may contribute to the intensity at 17.4 μm. 
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At middle wavelength region, Band-D, E, and F were 
reproduced by C54 family. Also at shorter region, Bands 
from H to M were reproduced well. While calculated 
band at 6.2 μm was not shown by observation. We are 
afraid of the sensitivity at 6.2 μm, because detection 
range of Spitzer/IRS spectra was 6 to 9 μm 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  55  Creation of multi-void induced C24 family.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  66 Stable spin state of graphene C24 family. 
 

 
 
 
 
 
 
 
 
 
 
  
  
  
  
  
FFiigg..  77 Stable spin-state of larger size graphene C54 
family. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
FFiigg..  88 Calculated IR of (C23, Sz =2/2), (C22, Sz =2/2) and 
(C21, Sz =4/2) compared with observation. Band-B was 
well reproduced by C22 and C21. 
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FFiigg..  99 Calculated spectra of (C53, Sz =2/2), (C52, Sz =2/2) 
and (C51, Sz =2/2) compared with observation. 
 

55..  WWeeiigghhttiinngg  SSuumm  IIRR  
 

As discussed in a previous section, C60 was difficult to 
reproduce full bands of astronomical bands as shown on 
panel (C) in Fig. 10. A series of multiple void induced 
graphene has a capability to reproduce full bands.  We 
tried a weighting sum spectrum by C23, C22, C53, and C52. 
It was demonstrated on panel (D). Observed major 
bands of Band-A and B were well reproduced. Also 
detailed bands of Band-C, D, E, F, were reproduced well. 
Shorter wavelength bands of Band-G, I, K, L and M 
were well reproduced again. In panel (E), we add 
spectrum of C60 to above weighting sum of graphene. It 
looks that major part of (E) was similar with (D). There 
is not any significant difference. Major contribution of 
astronomically observed spectrum may come from 
graphene. Fullerene C60 would contribute a part of 
them.  
 

66..  LLaasseerr  IInndduucceedd  CCaarrbboonn  PPllaassmmaa  EExxppeerriimmeenntt  
 
As an analogy of astronomical creation of carbon dust, 

the laser induced carbon plasma experiment (LICP) was 
done. High power laser irradiates bulk graphite to 
create carbon plasma and finally creates nano-carbon 25). 
In third column of Table 1, IR by LICP was noted.  
In Fig. 11, we can see rough coincidence of LICP 

spectrum with calculated weighting sum IR of C23, C22, 

C53 and C52. While as marked on middle, there was little 
coincidence with gas-phase experimental two bands of 
C60 28).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  1100 Astronomical spectrum were compared with 
calculated one of C60 in (C), with weighting sum 
spectrum of C23, C22, C53 and C52 in (D). Further addition 
of C60 is illustrated in (E). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  1111 Infrared spectrum of the laser induced carbon 
plasma experiment was roughly explained by weighting 
sum IR of C23, C22, C53 and C52.  
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77..  CCoonncclluussiioonn  

  
A series of multiple void induced graphene molecules 

were studied by DFT calculation comparing with 
astronomical observation and laboratory experiments. 
(1) Fullerene C60 gives astronomically observed IR. We 
could obtain four bands by calculation. However, there 
remain many unidentified astronomical bands.  

(2) Single void-defect induced graphene molecule 
reproduced well many bands. However, there remain 
major astronomical band at 17.4 μm.  

(3) A series of multiple-void induced graphene molecules 
were studied. Model graphene were C23 (one void 
induced one pentagon ring), C22 (two), C21 (three). 
Stable spin state was Sz =2/2, Sz =2/2 and Sz =4/2 
respectively.  

(4) The largest band at 18.9 μm was found in C23. 
Second largest band at 17.4 μm was seen both in C22 
and C21.  

(4) Similarly, large size graphene C53, C52 C51 could also 
reproduce astronomical bands as well.  

(5) Weighing sum IR by C23, C22, C53 and C52 could 
successfully trace observed 12 bands from 6 to 20 μm.  

(6) Laboratory experiment of laser induced carbon 
plasma suggested rough coincidence of spectrum with 
a weighing sum IR by C23, C22, C53 and C52.  

A series of multiple void induced graphene molecules 
would be a major component of astronomical carbon 
dust. Fullerene C60 would be a part of them.  
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