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2. 概要
ナノスケール構造を持つ物質においては、その物性は系のサイズ、表面(端)形状等に

非常に大きく依存することが知られている。このことは、他方において、既存の物質に

おいても、物質のサイズをナノメーターオーダーとし、その形状を制御することにより、

新奇物性、新機能発現を誘起させることが可能であることを示唆している。実際、興味

深い物性を示す種々のナノスケール炭素物質群の合成が近年盛んになされている。例え

ば、有限幅のグラファイト断片（グラファイトリボン）はその端形状に依存して、端を

構成する原子にスピン分極が生じる事が知られている。さらに、このリボンを丸めた有

限長さのナノチューブでは、そのチューブ直径に依存して、強磁性、反強磁性磁気秩序

を示す事が我々の量子論に基づく全エネルギー計算から明らかになっている。また、チ

ューブに５員環と８員環からなるトポロジカル欠陥を導入することにより、欠陥にそっ

て分極電子が局在しチューブ軸にそって強磁性的秩序を発現する。 
我々のグループでは，ナノサイズ炭素系（ナノチューブ、フラーレン、グラファイト）

の電子物性を理論的に解析することによって，サイズ、形状が誘起する特異な電子物性

発現の可能性を探索する事を目的としている。 

3. 研究成果
【１】	
 ディラックコーンとカゴメ平坦バンドを有する炭化水素ネットワーク

グラフェンは炭素原子のみからなる蜂

の巣格ネットワークで、格子の特性か

ら得意な電子状態、すなわちディラッ

クコーンと呼ばれる線形分散バンドを

フェルにレベルに有している。ここで

は、炭化水素分子をレゴのブロックの

ように組み合わせることにより、グラ

フェンと同じような電子物性、さらに

奇妙な電子物性を有する炭化水素ネッ

トワークの理論設計を第一原理電子状

態計算の方法を用いて行った。ここで

は、フェナレニルと呼ばれる３個のベ

ンゼン環が３角形状に並んだ炭化水素
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図 1:ディラックコーンとカゴメ平坦

バンドを有る炭化水素ネットワーク

構造

-189-



を蜂の巣格子状に配置し、その間をフェニル（ベンゼン環）でつないだ２次元

のネットワークを考えた。驚くべきことに、この炭化水素ネットワークは、非

常に傾きの小さいディラックコーンを有するゼロギャップの半導体で、かつ、

ディラックコーンの上下にカゴメ平坦バンドを有する。また、ディラックコー

ンの傾きが小さいことから、シートはフェナレニルユニットに局在したスピン

による、種々の磁性状態を有することが明らかになった。	
 

【２】	
 六方晶窒化ホウ素リボンのエネルギー論と電子構造

六方晶窒化ホウ素(h-BN)
は、ホウ素と窒素からなる蜂

の巣格子であり、グラフェン

と等価なナットワーク構造を

有している。一方で、構成

元素が異なるために、電子

構造的には非常に大きな

バンドギャップを有する絶

縁体であり、グラフェン応用

のさいの担持基板や、グラ

フェンとの面内ヘテロ構造

を形成する物質として注目

を集めている。本論文では、

グラフェンとの類似性から、

h-BNのリボンに着目し、その端の安定性と電子状態を密度汎関数理論と有効遮蔽
媒質法を組み合わせた第一原理電子状態計算の手法を用いて計算した。その結果、

端のエネルギー、すなわち、端の安定性は水素終端されたリボンでは、端の形状依存

性はみられず、清浄端（水素等が付いていない端）では、アームチェアと呼ばれる端

形状が最も安定で、ジグザグに近づくにつれて単調に不安定性が増加することが明ら

かになった。この不安定化の原因は、フェルミレベルにおける状態密度の増加に起因

することを解明した。 
【３】	
 電界効果トランジスタ構造中の CNT 薄膜における異常な誘起電界  

カーボンナノチューブ(CNT)はその形状と得意な電子物性から半導体デバイス、

特にフレキシブルデバイス材料として注目を集めている。CNT は実デバイス中に

おいては、マット状構造（互いに絡まったシート状構造）を有している。すな

わち、互いに交差した薄膜構造を有している。一般にこのような薄膜の交点に

おいては、物質間の相互作用により、電子状態の変調が誘起される。この電子

状態の変調は、デバイス構造中の CNT へのキャリア注入に影響を及ぼすことが
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near-armchair edges. For ribbons with near-armchair edges, the CBB is distributed in the vacuum region above 
and below the atomic layer. In contrast, the formation energy of h-BN nanoribbons with clean edges monoton-
ically increases as the edge angle changes from armchair to zigzag. Our analysis reveals that the increase of the 
density of states (DOS) at the Fermi level EF arising from dangling bond states leads to the monotonic increase of 
edge formation energy of the h-BN nanoribbons with clean edges.

Results
We considered several edge structures between armchair and zigzag of h-BN to investigate their energetics and 
electronic structures. To simulate h-BN edges with various edge shapes, we considered nanoribbons with hydro-
genated and clean edges with edge angles of 0 (armchair), 5, 8, 14, 16, 22, 23, and 30° (zigzag) (Fig. 1). To allow 
quantitative discussion of the energetics of the nanoribbons with various edge shapes, the ribbons possessed 
similar widths and unit lengths of about 1.8–2.2 and 1.5–2.0 nm, respectively. The geometric structures of h-BN 
nanoribbons were optimized until the force acting on atoms was less than 0.005 Ry/Å under the fixed lattice
parameter along the ribbons, which was determined by the bulk bond length of 1.45 Å.

Hydrogenated edges. Figure 1 shows the optimized structures of h-BN nanoribbons with various edge 
angles. In all cases, the bond lengths of the nanoribbons are not equivalent. Bonds associated with hydrogenated 
N atoms are shorter than the other bonds. The bond lengths around hydrogenated N atoms are 1.44 Å or shorter 
due to the inward structural reconstruction increasing the π nature of edge N atoms to accommodate excess 
electrons provided by H atoms. For a ribbon with armchair edges, there is a symmetric bond alternation along the 
ribbon direction. In contrast, for other ribbons, bond alternation is asymmetric because of the asymmetric atomic 
arrangement at edges. In particular, significant asymmetric structural reconstruction occurs in the ribbons with 
zigzag edges. In this case, the bond length retains its bulk value near the N edge while substantial bond alternation 
occurs near the B edge.

Figure 1. Geometric structure of h-BN nanoribbons. Optimized geometries of h-BN nanoribbons with (a) an 
armchair edge (θ=0°), chiral edges with (b) θ=5°, (c) θ=8°, (d) θ=14°, (e) θ=16°, (f) θ=22°, (g) θ=23°, and 
(h) a zigzag edge (θ=30°). In each figure, left and right panels denote the h-BN nanoribbons with hydrogenated 
and clean edges, respectively. Black, gray, and white circles denote nitrogen, boron, and hydrogen atoms, 
respectively. Black, gray, and white bonds indicate short (−1.44 Å), medium (1.44–1.45 Å), and long (1.45 Å–) 
bonds, respectively. White bonds situated at the edge of the nanoribbons correspond to B–H and N–H bonds.

図 2、種々の h-BN リボンの端の安定構造 
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予想される。ここでは、このような薄膜構造を有す CNT に対して、対向電極か

ら電子/正孔の注入を行い、注入電荷

の空間分布、誘起される電界、さら

に薄膜の静電容量の解析をおこなっ

た。その結果、ある種の CNT の組み

合わせの下では、CNT の電子構造の違

いを反映し、印加した外部電界に対

して逆向きの電界が誘起されること

を明らかにした。この結果は、CNT

薄膜を用いた半導体デバイスにおい

て、その界面構造の制御の重要性を

示したものである。	
 

【４】	
 グラフェン端の化学修飾による電子物性変調

物質の表面では、構成する元素の物質内で有している周期性が壊れ、それに伴

い得意な表面状態が出現することが

ある。２次元の結晶である、グラフ

ェンの場合、端が結晶の表面に相当

し、端の導入により特異な物性の発

現が通常の固体と同様に期待される。

ここでは、グラフェンの端の仕事関

数と電子構造について、端に吸着し

た化学官能基、具体的にはケトン

(-O)、カルボニル(-COH)、カルボキ

シル(-COOH)、水酸基(-OH)について着目し、吸着による仕事関数と電子構造の

変調を量子論に立脚した計算科学の方法を用いて調べた。グラフェンの端の電

子構造と仕事関数は、吸着された化学官能基種に強く依存することが明らかに

なった。とくに、水酸基を吸着した場合、端の仕事関数が著しく小さくなり、

端の外の真空領域に分布を有し、端に沿って広がった特異な状態がフェルミレ

ベルに出現します。この状態は、水酸基を付加したグラフェン端において負の

電気親和力が発現する可能性があることを示したものであり、水酸基化された

グラフェンが、高効率な電界電子放出源として応用の可能性を有していること

を予言した。	
 

【５】	
 ２次元原子層状窒化ガリウムの物質設計と物性探索	
 

図 3 CNT 薄膜での CNT 間電界 

For
the

nanoribbons
w
ith

ketone
group

[Fig.3(a)],
the

nanoribbon
is

a
m
etal

in
w
hich

tw
o
sm

all
dispersion

bands
cross

the
Ferm

ilevel.O
ne

ofthe
tw
o
states

is
less

dispersive
around

the
Γ
point

com
pared

w
ith

the
other

states.
For

the
ribbons

w
ith

hydroxyl
group

[Fig.3(b)],
the

nanoribbons
possess

tw
o
flat

dispersion
bands

in
addition

to
the

states
w
ith

a
parabolic

dispersion
band

near
the

Γ
point

and
the

Ferm
i
level.

These
three

states
are

alm
ost

degenerate
w
ith

each
other

at
the

Γ
point.

In
contrast,

for
the

nanoribbons
w
ith

carbonyl
and

carboxyl
groups

[Figs.3(c)
and

3(d)],
these

nanoribbons
exhibit

characteristic
band

structure
of

the
nanoribbon

w
ith

hydrogenated
zigzag

edges
near

the
Ferm

i
level.The

alm
ost

degenerate
tw
o
states

possess
a
flat

dispersion
band

around
the

Γ
point

and
at

the
Ferm

i
level.

In
addition,

a
nearly

flat
dispersion

band
throughout

the
B
rillouin

zone
just

below
the

Ferm
i
level

indicates
that

the
state

is
associated

w
ith

that
distributed

in
the

functional
groups,because

the
functionalgroups

are
w
ellseparated

from
each

other
ow

ing
to

the
alternative

edge
functionalization.

To
investigate

the
electronic

structure
m
odulation

asso-
ciated

w
ith

the
functional

groups,
w
e
depict

the
isosurfaces

of
the

squared
w
ave

function
in

the
highest

branch
of

the
valence

band
(H

O
)
and

the
low

estbranch
of

the
conduction

band
(LU

)
at

the
Γ

point
(Fig.4).

For
all

nanoribbons,
the

edge-localized
state

still
em

erges
at

the
edge

C
atom

s
term

inated
by

the
H

atom
.
In

contrast,
the

distribution
of

the
w
ave

function
at

the
functionalized

edges
is

sensitive
to

the
functional

groups.For
the

nanoribbons
w
ith

carbonyl
and

carboxylgroups,the
LU

state
is
localized

atthe
edge

C
atom

s
term

inated
by

the
H
atom

and
extended

along
the

edge.
The

H
O

state
is

distributed
at

both
the

edge
C

atom
s
and

functionalgroups
w
ith

π-state
nature.Thus,the

carbonyland
carboxyl

groups
do

not
a
ffect

the
edge

states.N
ote

that
the

flat
band

just
below

the
edge

states
has

a
character

of
the

σ
state

of
the

functionalgroups.
In

the
case

of
the

nanoribbons
w
ith

ketone
group,the

H
O

state
is

perfectly
localized

at
the

edge
C

atom
s
term

inated
by

H
the

atom
and

extended
along

the
ribbon

direction,
indicating

its
edge

states
nature.In

contrast,the
LU

state
does

notexhibitedge
state

nature.The
state

is
prim

ary
distributed

at
the

O
atom

s
w
ith

p
x
nature

and
the

bonding
σ

states
betw

een
C

and
O

atom
s.

For
the

nanoribbons
w
ith

hydroxyl
group,

w
e
find

an
unusualelectronic

state
atthe

Ferm
ilevel.Tw

o
of

the
three

states
are

distributed
at

the
edge

C
atom

ic
sites,

exhibiting
edge

state
nature.The

H
O

and
LU

+
1
states

have
the

sam
e

distribution
as

that
of

the
usual

edge
states

of
graphene

nanoribbons
w
ith

hydrogenated
zigzag

edges.H
ow

ever,the
rem

aining
state

(the
LU

state)
possesses

a
quadratic

disper-
sion

and
exhibits

unusual
distribution.

The
m
axim

um
of

the
state

is
distributed

outside
the

hydroxylated
edges

w
ith

approxim
ately

3
Å

vacuum
region.Furtherm

ore,
the

state
is

extended
in

the
direction

parallelto
the

ribbon
w
ith

an
alm

ost
uniform

distribution
in

the
vacuum

region.The
characteristic

distribution
of

the
state

as
w
ell

as
its

quadratic
dispersion

allow
it
to

be
classified

as
the

N
FE

state
at

the
edge

of
the

tw
o-dim

ensionalm
aterials.The

N
FE

states
usually

em
erge

a
few

eV
above

the
Ferm

i
level

at
the

surfaces
and

edges
of

graphene
and

hexagonal
B
N
. 28–34)

H
ydroxylation

of
the

zigzag
edges

of
graphene

nanoribbons
causes

the
substantial

dow
nw

ard
shiftofthe

N
FE

state
and

injects
electrons

into
the

state.
Thus,

the
hydroxylation

of
the

graphene
edges

m
ay

cause
a
negative

electron
a
ffi
nity

at
the

edge,
allow

ing
the

functionalized
graphene

nanoribbons
constituent

m
aterials

as
field

em
ission

sources.
In

sum
m
ary,

w
e

studied
the

geom
etric

and
electronic

structures
of

graphene
nanoribbons

w
ith

zigzag
edges

that
are

asym
m
etrically

term
inated

by
H
and

functionalgroups
R,

w
here

R
are

ketone,hydroxyl,carbonyl,and
carboxylgroups,

using
first-principles

total-energy
calculations

w
ithin

the
fram

ew
ork

of
density

functional
theory.

O
ur

calculations
show

that
the

w
ork

function
and

electronic
structure

of
graphene

edges
are

sensitive
to

the
functionalgroup

species.
The

w
ork

function
of

the
edge

functionalized
by

hydroxyl
groups

is
sm

aller
than

that
of

the
hydrogenated

edges.
In

contrast,
the

w
ork

functions
of

the
edge

functionalized
by

ketone,carbonyl,and
carboxylgroups

are
larger

than
thatof

the
hydrogenated

edges.For
the

edges
w
ith

hydroxylgroup,
w
e
found

that
the

N
FE

state
substantially

shifts
dow

nw
ard

and
crosses

the
Ferm

i
level,

indicating
the

possibility
of

a
negative

electron
a
ffi
nity

atthe
hydroxylated

zigzag
edge

of
graphene

nano
flakes.

(a)
(b)

(c)
(d)

F
ig
.
4.

Isosurfaces
of

the
squared

w
ave

function
atthe

top
of

the
valence

band
and

the
bottom

of
the

conduction
band

of
the

zigzag
graphene

nanoribbons
asym

m
etrically

functionalized
by

(a)
ketone,(b)

hydroxyl,
(c)carbonyl,and

(d)carboxylgroups.In
each

figure,the
rightand

leftpanels
correspond

to
the

H
O
and

LU
states,respectively.The

brow
n,red,and

w
hite

balls
denote

C
,O

,and
H

atom
s,respectively.

A
ppl.

P
hys.

E
xpress

9,
115102

(2016)
R
.
Taira

et
al.

115102-3
©

2016
T
he

Japan
S
ociety

of
A
pplied

P
hysics

図 4 GNR 端に現れる特異な電子状態 
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グラフェンの合成以降、種々の原子層状物質の合成が報告されています。こ

れらは、構成要素となる元素種の組み

合わせにより、多様な構造と電子物性

を示すことが知られている。とりわけ、

グラフェンや h-BN といった厳密な意

味での原子層物質はその究極の薄さと

いう点から非常に興味深い物質である。

ここでは、半導体的な性質を有する原

子層物質として、h-BN と同じ III 族元

素と V 族元素の組み合わせからなる新

たな原子層物質合成の可能性を探索す

るために、Ga と N からなる２次元蜂の

巣格子ネットワーク物質の物質設計と

電子物性の解明を第一原理計算の手法

を用いておこなった。計算の結果、GaN

は平衡状態において、平面構造を取ることが明らかになった。また、シートは

2.2	
 eV の間接ギャップを有する半導体となる。一方、このシートを圧縮すると、

GaN が本来持っている凸凹した構造が復活し、シートの上下に分極が生じること

が明らかになった。また、その時の極性は、シートへの水素吸着により反転さ

せることができることをも明らかにした。	
 

【６】	
 電界印加下における５重付加 C60 分子の電子構造	
 

 C60 分子はその適度な化学反応性

から種々の分子デバイスへ応用さ

れている。ここでは５個の有機官能

基が付加した、バドミントンのシャ

トルコック状の分子に着目し、その

分子への外部印加によるキャリア

注入による電子物性の変調の解明

をおこなった。とくに、これらの分

子が電子デバイスの構成単位とし

て用いられることから、電界効果ト

ランジスタ構造内に置かれた時の、

分子の電子状態、スピン状態の変調

を調べた。この分子は、化学官能基

が付加することにより、C60 の形状

を保持した側と、官能基化された側とで静電ポテンシャルの差が生じ、分子と

consisting of 50 π electrons and a pentagonal network leading
to a radical spin of S = 1=2. An electric field was applied
between the electrode and the pentaorgano[60]fullerenes
to inject up to 1 electron=hole into the pentaorgano[60]-
fullerenes. The applied gate voltage to inject one hole=elec-
tron is approximately 3V regardless of the functional groups
and molecular arrangement. During the calculations under the
finite electric field condition, the geometries were kept the
same as those with a zero electric field.

Figure 2 shows the electrostatic potential of C60(Me)5 and
C60(Ph)5 in the zero electric field. The electrostatic potential
at the head (C50 bowl) moiety was higher than that at the
tail (C5 ring) moiety by 0.62 and 0.35V for C60(Me)5 and
C60(Ph)5, respectively, because of the asymmetric shape of
these molecules. The calculated dipole moments of C60(Me)5
and C60(Ph)5 were 1.7 and 0.9D, respectively. The higher
electrostatic potential was ascribed to the hydrogen atoms of
the methyl and phenyl groups, which are positively charged
compared with the C atoms. Because of the sp2 C atoms in
the head region, the pentagonal ring causes a relatively high
electrostatic potential. Thus, the electrostatic properties of the
pentaorganofullerenes are sensitive to their detailed atomic
structures, which may cause the orientation dependence on
the carrier accumulation from the electric field.

Figure 3 shows the electronic energy level of C60(Me)5 and
C60(Ph)5 without excess carriers. For both cases, the neutral
pentaorganofullerene had an S = 1=2 polarized electron spin
because of the five π electron system at the pentagonal ring
isolated by the five functional groups. Indeed, the polarized
electron spin was distributed on the pentagonal ring corre-
sponding to the highest occupied (HO) states of the penta-
organofullerenes. The number of the polarized electron spin
was sensitive to the carrier injection into the pentaorgano-
fullerenes. When one electron was injected into C60(Me)5 and
C60(Ph)5, both pentaorgano[60]fullerenes exhibited no spin
polarization because the partially occupied states associated
with the pentagonal ring were fully filled by an electron. In
contrast, when one hole was injected into these molecules, two
electrons in the nearly two-fold degenerated states of the HO
and HO−1 states preferred the parallel spin arrangement,
which resulted in the S = 1 spin triplet state. Thus, carrier
injection can control the spin states of the pentaorgano-
fullerenes from the S = 1=2 ground state to nonmagnetic and
S = 1 states by electron and hole doping, respectively.

Figure 4 shows isosurfaces of accumulated carriers in
C60(Me)5 and C60(Ph)5 with the head-to-tail and tail-to-head
arrangements with respect to the electrode. We found that the
accumulated carriers were localized on the C5 ring, and the five
functional groups were attached in the tail-to-head arrange-

ment for both electron and hole doping. In contrast, the accu-
mulated carriers were distributed on both the top of the bowl
and C5 rings in the head-to-tail arrangement, which indicated
that the accumulated carrier exhibits an extended nature com-
pared with the case of the tail-to-head arrangement. Further-
more, at the bowl region in the head-to-tail arrangement, the
carrier density also depended on the functionalized group and
injected carrier species. The carrier density at the bowl region
of C60(Me)5 was higher than that of C60(Ph)5. The density for
the electron doping was smaller than that for the hole doping.
The extended nature of the accumulated carrier for the head-to-
tail arrangement was ascribed to the singly occupied state at the
Fermi level, which can accommodate either a hole or electron,
even though the moiety is well separated from the electrode.
These results indicate that the carrier accumulation by the
electric field is sensitive to the molecular arrangement with
respect to the electrode, carrier species, and functional groups.
Note that the intermolecular arrangement may cause com-
plicated carrier accumulation and induce an electric field
because the carrier accumulation is sensitive to the molecular
arrangement with respect to the electric field.

The orientation dependence of the carrier accumulation
induced the unusual electric field around the molecules in the
external electric field. Figure 5 shows the contour plots of the
electrostatic potential and vector plots of the induced electric

(a) (b)

Fig. 1. Structural model of pentaorgano[60]fullerenes in field-effect
transistors with (a) tail-to-head and (b) head-to-tail molecular arrangements
to the electrode.

(a)

(b)

Fig. 2. Contour plots of the electrostatic potential of (a) C60(Me)5 and
(b) C60(Ph)5 in a zero electric field. In each image, the vertical line in the inset
denotes the plane where the contour plot is depicted.
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図 6：５重付加 C60 の静電ポテンシャ

ル図 

nature of GaN under periodic boundary conditions.24) The cell
boundary is located above and below the GaN sheet by 4-Å
vacuum spacing. In addition, to investigate the geometric
and electronic structure of h-GaN under an electric field, we
applied an external electric field normal to the sheet between
the two planar electrodes, simulated by the effective screening
medium, with infinite permittivity arranged parallel to the
cell boundaries.24)

Figure 1(a) shows the total energy of monolayer h-GaN
as a function of the lattice constant. We can see that the
equilibrium lattice constant of monolayer h-GaN is 3.2Å,
which is very close to that of bulk GaN with a wurtzite
structure, while the total energy is higher than that of the
bulk GaN by 0.87 eV per pair of GaN. Figure 1(b) shows
the optimized structure of the monolayer h-GaN under the
equilibrium lattice constant; it has a planar hexagonal network
consisting of alternating Ga and N atoms, similar to that of
h-BN. The optimized bond length of GaN is 1.85Å, which
is small enough to maintain its planar hexagonal structure
because of the substantial interaction between the pz states of
Ga and N atoms, although the bond length is longer than
that of graphene (1.42Å) and h-BN (1.44Å). By carefully
checking other possible structures under the equilibrium
lattice constant, we confirmed that h-GaN does not possess
the buckled structure as in the case of the atomic layers in
bulk GaN with a wurtzite structure, but that the planar struc-
ture is the ground state conformation of monolayer h-GaN.

Figure 2 presents the electronic structure of h-GaN under
the equilibrium lattice constant. The h-GaN sheet with the
planar conformation is a semiconductor with an indirect
energy band gap of 2.28 eV between the K and Γ points for
the valence band top and conduction band bottom, respec-
tively. This makes monolayer h-GaN distinct from bulk GaN
with a wurtzite structure, which has a direct band gap of
2.89 eV at the Γ point.25) The calculated effective masses
for the electron and hole are 0.96 and 0.51me, respectively,
which are heavier than those of the bulk GaN, where me is the
bare electron mass. Furthermore, the electronic band structure
of h-GaN is different from that of h-BN, which is another
planar III–V compound. Figure 2 shows the squared wave
functions at the Γ point for all valence bands and the lowest
two branches of the conduction band. The lowest and the
doubly degenerated highest valence states at the Γ point are
primarily distributed on N atoms with 2s and 2px+y character-

istics, respectively. The second lowest state, which corre-
sponds to the valence band top at the K point, is the 2pz state
of N atoms. In contrast, by focusing on the conduction band,
we find different characteristics for the wave functions: the
lowest unoccupied state is mostly composed of the 4pz state
of Ga atoms, with the 2s state of N atoms. The second lowest
unoccupied state exhibits different characteristics. The state
is distributed not only at the atomic sites but also in the
vacuum region where atoms are absent (Fig. 2), indicating a
nearly free electron state nature that is inherent in layered
materials such as graphene and h-BN.26–31) Thus, multi-
layered h-GaN may exhibit metallic properties similar to
graphite intercalation compounds by injecting electrons into
this state.32,33)

Because strain can effectively tune the physical properties
of a material, we studied the strain effects on the geometric
and electronic structure of monolayer h-GaN. Figures 3(a)
and 3(b) show the buckling height and electrostatic potential
difference between N and Ga surfaces under biaxial com-
pression, respectively. The buckling height is defined as the
longitudinal distance between N and Ga atoms under com-
pression. The lateral biaxial compression causes structural
buckling on the h-GaN sheet, whose height rapidly increases
with decreasing lattice parameter. Under a biaxial compres-
sion of 6% (corresponding to a = 3.0Å) or larger, the h-GaN
sheet prefers the buckled structure, and the height of this
structure depends on the compressive strain, rather than the
planar conformation. With structural buckling under biaxial
compression, polarization normal to the sheet occurs,
inducing an internal electric field in the buckled GaN sheet.
The polarization induced by the lateral compressive strain
implies that h-GaN with the planar conformation undergoes
a structural phase transition into the buckled conforma-
tion under an external electric field normal to the sheet.
Figure 3(c) shows the buckling height as a function of the
external electric field. The buckling height is found to
monotonically increase with increasing field intensity, reach-
ing 0.18Å when the electric field is −1.54V=Å. It should be
noted that such a strong electric field is rarely applied under
usual experimental conditions. In the buckled structure under
the electric field, Ga atoms are shifted to the negative elec-
trode, while the N atoms are shifted to the positive electrode.
Thus, the h-GaN sheet exhibits piezoelectricity and inverse
piezoelectricity, thereby showing applicability to piezo-
electric devices with atom thickness.

(a) (b)

Fig. 1. (a) Total energies of monolayer h-GaN as a function of the lattice
constant; energies are measured from that of bulk GaN with a wurtzite
structure. (b) The geometric structure of monolayer h-GaN under the
optimum lattice constant.

Fig. 2. Band structure and squared wave functions at the Γ point of
monolayer h-GaN. Energies are measured from that of the valence band top.
Band indexes correspond to those of squared wave functions.
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して双極子モーメントを有す。また、この双極子モーメントのために、電極に

よる電界印加時においては、分子と電極間の電界分布に、分子の廃校依存性が

あることを示した。さらに、電荷の注入により、分子のスピン状態を制御する

ことが可能であり、S=0,	
 1/2,	
 1 の３つのスピン状態を外場で制御できることを

示した。	
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