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研究成果の概要（和文）：本研究は、自作超高真空非接触原子間力顕微鏡（nc-AFM）を用いて、清浄Si探針をプロトン
アクセプター（A）とし、試料基板に形成したプロトンドナー（X-H）との水素結合[X-H…A]を1結合単位で調べること
を目的とした。試料は、Si(111)7x7表面に微量のNH2とHが吸着した表面を用いた。Nc-AFM像、トンネル電流像、および
、Δf―距離曲線から、吸着サイトを同定した。Si-Siの共有結合力は約1.0 (nN)であり、NH2基とSi探針の水素結合 [S
i-N-H…Si]の最大引力は約0.05（nN）、H基とSi探針の水素結合 [Si-H…Si] の最大引力は約0.1 (nN)であった。

研究成果の概要（英文）：The hydrogen bond was investigated with atomic resolution by a homebuilt 
non-contact atomic force microscope (nc-AFM) in ultrahigh vacuum. The hydrogen bond [X-H…A] was made 
with an apex atom of a clean Si tip as a proton acceptor (A) and a proton donor (X-H) adsorbed on a 
sample substrate. The samples were Si(111)7x7 surfaces adsorbed NH2 group and H group. I identified those 
adsorption sites from Nc-AFM images, tunneling current images and Δf- distance curves. The maximum 
covalent bonding force of Si-Si was approximately 1.0 (nN). I estimated that the hydrogen bonding force 
between the NH2 group and the Si tip [Si-N-H…Si] was approximately 0.05 (nN) and between the H group and 
the Si tip [Si-H…Si] was approximately 0.1 (nN).

研究分野：ナノ物理学

キーワード： 走査型プローブ顕微鏡　水素結合

  ２版



Ƈ� ľ� ɊȿɂɈ=ɋȿɂɈ=ɌȿɂɈȽßȎȾ�

 

ɂɀǂǍȣĜłåeǧŲ  
� ÷ĝqäĝȤdfƇ?cȈơxŚ^ƼÁÑ
ƳìMÙN=XvxďdǊ?eƪȆMƆŒR
vu>ƼÁÑƳe¸^dƒǚǞýMGu>X
eĘNRfßŷǞýrtŀHM=¢zµ�{
´·±�ìrtŁH>ƲĄdƋLWcHƒe
Ŝï=��� q�µ��ȆeɄƌÛƆȏq¢�
·±�|µ�eŝǫHdƒǚǞýfțǳcņ
ëxƁZT_Hu>ƒǚǞýf=Bƒǚ÷ĝM
ȮƑȨŎĽeĘNc÷ĝaßŷǞýT_ØL
dƍdĶȮT=ØLdȅdĶȮTZșǚqǏ
ǚ=. ȮĝǘcbeĞǐȮĝĨaȍŠT_Ʋ
UuȲßŷǞýŎeĿìCaǴcRvu>ǃ
Ld=ȮĝMĿŗLvZ÷ĝóŇeīRcƒ
ǚ÷ĝfĭœƺdȹHƍȮǯĥĽxŚ\=ȱ
ȮƺƼÁÑƳpŁH>TLT=õcuȱȮƺ
ƼÁÑƳ`fcO=ǞýdŬÿŎxŚ^Qa
pśťRv_Hu>ïƺc£³�µxÄTZ
ßŷǞýŎx×J_HuaưǵRv=Ȯǯǈ
ïxÌIaeǷǕǞƁpǄRv_Hu>ĥĽ
áȥŨƖcbǷǕǇğeȑƎdrtXeưǵ
fȑy[M=ƒǚǞýìxǗǡdǷƟVuġ
ȸfȑy`HcH>ƲÏäĝxǹŪaTZƔ
Ƴ÷ĝȤìȶŊȡȽ���ȾdruǵƀpđāR
v_HuM=Ô?eƒǚǞýƴŽeìxǷƟ
`NZÒfcH>�
 
ɃɀǂǍeƻƺ  
� ƒǚǞýf=ƒe�¯��·ðqƲÏäĝ
cbeƪȆeƼÁÑƳ`țǳcÙNxT_H
u>ƒǚǞýȽ���1�Ⱦdf=RmSmc£
³�µ��·Ƚ���Ⱦa£³�µ{��£�·
Ƚ�ȾaeȤe=ȱȮì=äƄ=Ȯǯǈï=ä
ŧìcbMȥÓT_Hu>ŹǂǍ`f=ÆǱ
ǥMƭǪȣƹTZȮĊöíȲŠǶ÷ĝȤìȶ
ŊȡƖ�äÝƖȽ�%�)�'!������ȾxƘƳVu>
�%�)�'!�������f=ĈÏǱȳa ��� şȟeȤ
dÙOì¶ƙvuȮƙeȉȭƫŎ¶öíȮĊ
ƫŎxƟĠVuŔƖ`Gu>ňsvZƫŎL
sǹŪaşȟȤeȱȮĿìĖð=¼ǥeǱȳ
ƢÍȤeȝĝìğƺßȺdruĿìĖð=Ȯ
Ī�­�±eĖðxǾju>��� şȟÜǒK
rhǹŪǱȳd=ƒǚǞýe{��£�·K
rh��·aT_=ƒǚäĝq{µ¬�{ä
ĝcbxǵȭĀƿRW=şȟaǹŪxǗǡd
ŠȍRW^^=ƒǚǞýìeĖð¶ȮƙĖð
xǵƀVu>Ç¹drt=BƒǚǞýCeưǵ
xȑĮRWu>�
 
ɄɀǂǍeŬƖ  
� ġȸdf=ǪÑe ����'!����Ƚć 	ȾxƳ
HZ>��� �­µ�·d=�µ���µ¢|
¯«µ�drtƒǚ��x�¯��µ�Tc
MsĪÞVuƊƆa={µ¬�{��xĪÞ
VuƊƆxǸǣTZ>�!���� Ƴ�µ�²�·
aT_=¡��ŘŖč �% �µ�²�·xƳH
Z>¡��ŘŖč �% �µ�²�·f=¦³µ
MȹƤĽd�·£Rv=�% şȟÜǒm`=Ī
ȮŎxŚ^>mZ=¡��ŘŖÏdȮƙxƙ
VQadrt=��� ½`ģŮdşȟxíƨV

uQaM`N=íƨaşȟÜǒieȮƷȫ½
xǝnýwWZâưxVuQa`=�% şȟx
Ɲƚð¶ÜȠðVuŕǰfǂǍÆǱǥdrt
ǃǐRv_Hu>ǹŪďſaT_ �%�			�
*

àƆŒǱȳxƳHZ>�%�			�
*
 ďſxǙ
���2díƨTcMs�¯��µ�RvZ÷
ĝƬƒǚxƧĩVua={�{�ª=øh=
²��{�ªe¸ȗdƒǚMĀƿVu>ďſ
ƞĽMǙ ���2eűf¬��}�¯}�dc
uQax�·�~äÝdrtǃǼTZ>Ɲƚ
c�%şȟxǙ���2díƨTcMs÷ĝƬƒ
ǚxƧĩT=ƒǚðşȟxÑǲTZ>{µ¬
�{�������xĢƞe �%�			�
*
 àƆŒǱ
ȳdƧĩVua ��� äĝemm{�{�ªm
Zf=²��{�ªdĀƿT=XvYv=Ȫ
Še²��{�ªmZf{�{�ªd � ďx
ĀƿRW_=ǵȭVuQaMǁsv_Hu�	�>
ćɃd=�#$�	 LsĿƳTZćxǄTZ>Ź
ǂǍ`ƳHZ �����%�			�
*
 ǹŪf=će 

erId ��
ďa � ďM={�{�ªa=²
��{�ªdĨ`ĀƿT_HuaT_=Ǥħ
xȑoZ>�
�
@ĿƳũƮA 
[1] I.K. Cho, Y.K. Kim, and H.W. Yeom, Phys. 
Rev. B, 73, 115328 (2006). 
�
ɅɀǂǍŒƁ�

ć 1ɀġȸdƳHZ UHV nc-AFM eƅōćɀ 
� � ƾǎĽɉ1.0x10-11 Torrɀ 

ćɃɀSi(111)7x7 àƆŒǱȳie{µ¬�{
��eĀƿ¶ǵȭeƈľćɀȽRef.1 LsĿƳȾ
(a)åo NH3 M{�{�ª¹dĀƿT=ŵǜ
ƺd{�{�ª¹d NH2ď=²��{�ªd
H ďMĀƿVuɀ(b) åo NH3M²��{�
ª¹dĀƿT=ŵǜƺd²��{�ª¹d
NH2ď={�{�ªd H ďMĀƿVuɀ 



 

 

�	��%�� a �% �µ�°µ�¦µ�ȤdÙ
Oì�
� Ɲƚ �% şȟxƳH_=ŊȝeƒǚxĀƿR
WZ ���%�			�
*
 Ǳȳe='!����Ƚ�§�¯
¢|��ȾÚa�µ�±ȮƙÚxþűûňT
ZȽćɄ���� �Ⱦ>ćdfǌįƋȧóõÍǨ���
aȲǌįƋȧóõÍǨ���xǴäPuZod
óõÍǨƏdȰǠxĿHZ>ǟe¾`ǄTZ
ǌįƋȧóõÍǨe � ^e{�{�ªfÅe
{�{�ªrtp�§Ú`ȹOŢLv_Hu>
²��{�ªdƒǚMĀƿVua=²��{
�ªeȓêcȮĝM=ȪŠVu � ^e{�{
�ªe�µ�°µ�¦µ�dǈïVuȽć
��!�Ⱦ>Ɲƚc �%�			�
*
 Ǳȳe{�{�ª
e�µ�°µ�¦µ�MȮĝx 	����µ�
·{�{�ª�Ls 
��Ƚ�·�·{�{�
ªȾǉĽTLŚZcHedĨT_=ć ��!�e
ȻǬ`ǄTZ{�{�ªe�µ�°µ�¦µ
�f=kl 	 ÔeȮĝxŚ^>ćɄ���� �e
ǟe¾e½ŋe²��{�ªdƒǚMĀƿT=
XvdȪŠVu � ^e{�{�ªe�µ�°
µ�¦µ�dfȮĝMÅe{�{�ªrtp
ėHZodƝƚşȟaeȍȉȭĿìȽßŷǞ
ýìȾMŁHaǤJsvu>ƌdƒǬe¾`
Ćy[ȗäe=½ęe{�{�ªfÎO=L
^=�µ�±ȮƙpĬcH>Qe{�{�ª
¹dƒǚMĀƿT_HuaǤJsvuȽćɄ
�"�dƈľćȾ>{�{�ª¹dƒǚMĀƿV
ua=�%��% ȤeßŷǞýìfÙLcOcu
M=�·�·¥·±q=Ǳȳ÷ĝMƦHĒœ
dƐjua=ÐsLeȍȉȭĿìMÙH_H
u>Si eȮƑȨŎĽf 1.8 `=H e 2.1 rt
pīRHZo=Si e���¦µ�`Ȯǯǈï
MȈQscPvg=Si aƒǚeǞý`ƒǚÖ
dȮĝMƩrt=ȎķeǵȚ`eƒǚǞýf
ȈQscH>TLT=Si şȟøh=Si {�{
�ªf���¦µ�xÄT_ȮĝMģŮdǈ

ïVuZo=��-Si1H-Si-]eƇcƒǚMÄċ
TZļHŐă`ƒǚǞýìMÙHZaǤJs
vu> 
 
�
�Ŋȝ ��� xúŌRWZ �%�			�
*
 Ǳ
ȳa �% şȟȤdÙOì�
� ǂǍȣĜłåf=�%
şȟdp ��
 ďxŃŒ
T=ć � dǄVƇc
ɍ���1����ɎeƒǚǞ
ýxǷƟVuÀĠ`G
]Z>TLT=��
��%
şȟaǹŪȤeȍȉȭ
ĿìMŀO={�{�
ª=ĀƿďxȁçVu
QaM`NcL]Z>
�%�� eǞýMąȊT
_HuL=mZf=�
ďa³·µ¤{·xè
ŉT_ƫĠeŬÿxÿPuQaM`NcHZ
o`GuaǤJ=ÎƞƱĔ`ertǺǛcǂ
ǍxǷƶT_Hu>�
� ƌd=éǖaþƇdƝƚ �% şȟÜǒe�µ
�°µ�¦µ�a=��
a � ĀƿďMƜċVu
�%�			�
*
 Ǳȳ÷ĝȤeȍȉȭǞýìd^
H_ǵƀTZ>ćɆd �����%�			�
*
 Ǳȳe
'!���� ÚxǄV>ćɆxûňTZşȟa �%
ďſȤeȉȭf=ćɄxûňTZȉȭrtp
ǭĹȕH>XeZo=�µ�±ȮƙfƃãȦ
ƷÇº`G]Z>{µ¬�{��eųȯȝL
sšĠT_=ćɆ���eȌƥf NH2ďmZf
H ď`GuaǤJsvu>Ǌ?eġȸżÈ`
ÚxûňTZǞƁ=rtȹOŢLv_HuȌ
ƥȽȇǀöȾf=H ďrtpĘNc NH2ď`
Gt=XvrtÎHM{�{�ªaǤJsv
u�}�rtȹOŢLv_HuȌƥȽƒǬǀ
öȾf=H ď`GuašĠ`Nu>ǀö`¨
·�TZ�}�eƄĘÍǣ`=-f/ȉȭŴǠ
(ćɆ(b))xûňTZ>ćɆ(a)eǸĠ-f f
-18.3 Hz `Gue`=ćɆ(b)Lspȇ`¨·
�TZȌƥMƒǬrtpǙɂ,ȹOŢLv_
HuQaMäLu>-f/Z ŴǠLs=Ȣȉȭ

ćɄɀŊȝƒǚĀƿ Si(111)7x7 àƆŒǱȳe
nc-AFM Ú(a)a�µ�±ȮƙÚ(b). ǹŪ�}
{�ɉ-0.6 V. ĂƗŨ�¢�ɉ-46 Hz. (c)(d)
ǌįƋȧóõÍǨeƈľć.�²·e¾fĀ
ƿTZƒǚxǄT=�²µ�f{�{�ª=
ȻǬf²��{�ªLseȮǯǈïdrtȮ
ĝMĕíTZ{�{�ªɀ 

ć ���{©�ðR
vZşȟ0ǹŪȤe
ƒǚǞýeƅōć��

ć 5ɀ(a)Ŋȝ{µ¬�{Āƿ Si(111)7x7 àƆ
ŒǱȳe nc-AFM Ú. ǹŪ�}{�ɉ-0.4 V. 
ĂƗŨ�¢�ɉ-18.3 Hz. (b)-f/ȉȭŴǠ. ȇ
ǠKrhƒǬǠfXvYv (a)½`ȇ (NH2
ď)=ƒǬ(H ď)ǀö`ǄTZ�}�¹. (c)ì/
ȉȭŴǠ. -f/ȉȭŴǠLsȢȉȭìeĤ»
xĿN=Sader ƖdrtƓoZɀ 



 

 

ì`Gu van der Waals ìaȱȮĿìŒäx
ĿN=Sader Ɩ[2]drtȍȉȭìeneì-
ȉȭŴǠdĖţTZ(ćɆ(c))>b\spȍȉ
ȭĿìeƄĘÕxƃã`N_Kt=ƄĘÕx
ǄVȉȭeĴf 1.7,`Gt=QeÕf Si {
�{�ªdĀƿTZ H ďa NH2ďeȹRe
ĴaȍHÕ`Gu>QeȍȉȭĿìeȈơf
ɍ-Si1H-N-ɎƒǚǞýa=ɍ-Si1H-Si-Ɏƒ
ǚǞý`Gt=ǞýìeŵĘÕfXvYv=
Ǚ 0.05=0.1 (nN)`G]Z>¸Ŭ`=Si şȟ
-Si {�{�ªȤeßŷǞýìfǙ 1.5 (nN)
`G]Z>ćɆ(a)fşȟaeǞýìȽŵĘÕȾ
MīRHȵdȹOŢNãRv_HuM=Qv
fƆȏƺcȹRxúůTZǞƁ`Gu>N e
ȮƑȨŎĽf 3.04 `Gue`=ɍ-Si1H-N-Ɏ
a=ɍ-Si1H-Si-ɎxƐȋT_=ɍ-Si1H-N-Ɏ
eŬMŁHƒǚǞýìxǄVaÀŏTZM=
Si {�{�ªMbv[PȮĝxŚ]_Hu
Ldr]_=ġîƺc Si {�{�ªeȮƑȨ
ŎĽfĖwt=Xvdr]_=ƒǚxÄTZ
ǞýeŁRpĖwuaǤJsvu>�
�
@ĿƳũƮA 
 [2] J. E. Sader, S. P. Jarvis, Appl. Phys. 
Lett.,  84, 1801–1803 (2004).�
�
Ɇɀ¿cƹǱǿũǔ�
ȽǂǍÆǱǥ=ǂǍäřǥøhȐŤǂǍǥd
fºǠȾ�
 
DȬǻǿũEȽǷ ɇ ÈȾ 
3�Makoto Nogami, Akira Sasahara, 

Toyoko Arai, and Masahiko Tomitori, 
“Atomic-scale electric capacitive change 
detected with a charge amplifier 
installed in a non-contact atomic force 
microscope”, Appl. Phys. Express, 9, 
046601 (2016).  DOI: 
10.7567/APEX.9.046601 
Ƃǽŷt 

4�Hiroaki Ooe, Mikihiro Fujii, Masahiko 
Tomitori, and Toyoko Arai, “Evaluation 
and optimization of quartz 
resonant-frequency retuned fork force 
sensors with high Q factors, and the 
associated electric circuits, for 
non-contact atomic force microscopy”, 
Rev. Sci. Instrum., 87(2), 023702 (2016). 
DOI:10.1063/1.4941065 
Ƃǽŷt 

 

5�Toyoko Arai, Masashi Koshioka, Kouhei 
Abe, Masahiko Tomitori, Ryohei 
Kokawa, Masahiro Ohta, Hirofumi 
Yamada, Kei Kobayashi, and Noriaki 
Oyabu, “Atom-resolved analysis of an 
ionic KBr(001) crystal surface covered 
with a thin water layer by frequency 

modulation atomic force microscopy”, 
Langmuir, 31 (13), 3876–3883 (2015). 
DOI: 10.1021/acs.langmuir.5b00087 
Ƃǽŷt 

6�Hiroaki Ooe, Tatsuya Sakuishi, Makoto 
Nogami, Masahiko Tomitori, and 
Toyoko Arai, “Resonance 
frequency-retuned quartz tuning fork as 
a force sensor for noncontact atomic 
force microscopy”, Appl. Phys. Lett., 
105, 043107-1-043107-4 (2014).  DOI: 
10.1063/1.4891882  
Ƃǽŷt 

DğËƹǱEȽǷ 29 ÈȾ 
3�ǋŻ Ǒ, Ħû ƍń, ūÂ Ȅĝ=ȲŠǶ÷

ĝȤìȶŊȡdKPu�®·±ƹƨdr
u��±�·ŧȒeǂǍ=Ǔ 63 ąŌƳƪ
ưğËŰŸğǰȀƣË=2016 Ļ 3 Ŷ 19
ŭF22 ŭ=žĳĘĘıİ�­µ��Ƚž
ÃȘƻȼòȾ 

4�Toyoko Arai, Kohei Sato, Masashi 
Koshioka, Asuka Iida, “Atom-resolved 
analysis of solid surfaces covered with 
thin water layers in air by frequency 
modulation atomic force microscopy”, 
23rd International Colloquium on 
Scanning Probe Microscopy (ICSPM23), 
2015 Ļ 12 Ŷ 10 ŭɏ2015 Ļ 12 Ŷ 12 ŭ, 
�±�µ��� ²��¥�±ȽñƛȔ�
��ƵȾ 

5�Toyoko Arai, Masashi Koshioka, Kohei 
Sato, “Frequency modulation-atomic 
force microscopy imaging of solid 
surfaces covered with thin water layers 
in air”, ǱȳƷȳ�¤��³��¡·
2015, 2015 Ļ 11 Ŷ 27 ŭɏ2015 Ļ 11 Ŷ
28 ŭ, ĉǐěŎŦǦËȷȽĐƯƽƐÉȖȾ 

6�R. Inamura, M. Tomitori, T. Arai, 
“Dissipation decrease in a proximity 
region enhanced with a 
hydrogen-terminated Si tip in 
non-contact atomic force microscopy”, 
The 18th International Conference on 
Non-contact Atomic Force Microscopy, 
2015 Ļ 09 Ŷ 07 ŭɏ2015 Ļ 09 Ŷ 11 ŭ, 
CassisȽFranceȾ 

7 H. Ooe, M. Fujii, M. Tomitori, T. Arai, 
“Simultaneous NC-AFM imaging with 
current and damping energy using a 
retuned fork sensor with a high 
Q-value”, The 18th International 
Conference on Non-contact Atomic 
Force Microscopy, 2015 Ļ 09 Ŷ 07 ŭɏ
2015 Ļ 09 Ŷ 11 ŭ, CassisȽFranceȾ 

8�ǋŻ Ǒ=ČȜ ùƉ=Ħû ƍń=ūÂ Ȅ



 

 

ĝ=ȲŠǶ÷ĝȤìȶŊȡdru Si şȟ
¹eƒǚǜǒǩdru��±�·ŧȒȝ
ieŅȴ=Ǔ 62 ąŌƳƪưğËŰŸğǰ
ȀƣË=2015 Ļ 3 Ŷ 11 ŭF14 ŭ=žƛ
ĘğƠô�­µ��ȽǅĚĲƽĺēĵȾ 

9�ČȜ ùƉ, Ħû ƍń, ūÂ Ȅĝ=ȲŠǶ
÷ĝȤìȶŊȡ/ìäÝƖdru NH3 ú
Ō Si(111)-(7x7)Ǳȳ¹e NH2 a H Āƿ
ďeæç=Ǔ 62 ąŌƳƪưğËŰŸğǰ
ȀƣË=2015 Ļ 3 Ŷ 11 ŭF14 ŭ=žƛ
ĘğƠô�­µ��ȽǅĚĲƽĺēĵȾ�

:�T. Arai, Y. Sakano, R. Inamura, M. 
Tomitori, ”Force spectroscopy of an 
NH3-reacted Si(111)-(7×7) surface by 
non-contact AFM with different tip 
states”, 22nd International Colloquium 
on Scanning Probe Microscopy 
(ICSPM22), 2014 Ļ 12 Ŷ 11 ŭɏ2014 Ļ
12 Ŷ 13 ŭ, ƨĲ�}�(ȱıƽžÊȃƵ) 

;�ČȜ ùƉ, Ħû ƍń, ūÂ Ȅĝ=ȲŠǶ
÷ĝȤìȶŊȡ/ìäÝdruŊȝ NH3
xúŌRWZ Si(111)-7x7 ǱȳeȮĝƬ
őǵƀ=Ǔ 75 ąŌƳƪưğËǆŸğǰȀ
ƣË=2014 Ļ 09 Ŷ 17 ŭɏ2014 Ļ 09 Ŷ
20 ŭ=ñƛȔĘğźĸ�­µ��(ñƛȔ
źĸĵ) 

<�Toyoko Arai, Yuki Sakano, Masahiko 
Tomitori, “Atomic contrast change of 
NH3 reacted Si(111)-7x7 surfaces 
observed by non-contact atomic force 
microscopy”, The 17th International 
Conference on Non-contact Atomic 
Force Microscopy, 2014 Ļ 08 Ŷ 04 ŭɏ
2014Ļ 08Ŷ 08ŭ, ^OgĉȩËȂĒȽǮ
Ďƽ^OgĵȾ 

�
DXeÅE�
¥·ª¤·�ǔ�

http://nanophys.w3.kanazawa-u.ac.jp/ 
�
ɇɀǂǍǝǢ�
�	��ǂǍÆǱǥ�

� ūÂ� ȄĝȽ�������(+(&(Ⱦ�

ȞƕĘğ¶ŨƪǇğǘ¶ŦŞ�

� ǂǍǥƸüɉɃɁɃɆɁɃɄɆ�

�


