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Thermal transport measurement of spin liquid on a 2D triangular lattice 
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M. Yamashita 

Graduate School of Science, Kyoto University, 
 
Unveiling the nature of quantum-spin-liquids (QSL) states, quantum fluctuation-driven disordered ground states, 
has been a central challenge in condensed matter physics. Especially the nature of the low-lying spin excitations 
and the presence/absence of the ‘spin gap’ have been of great interest. Recently, NMR measurements have 
shown that a QSL state is realized in !-(BEDT-TTF)2Cu2(CN)3 with a nearly isotropic 2D triangular lattice 
structure. Here we report on our thermal-transport measurements in this compound down to 80~mK. We find 
that the QSL state has a full gap of ~0.5 K (~J/500) and the gap is hardly affected by magnetic fields up to 10 T, 
which sharply contradict recent reports of heat capacity measurements reporting a finite "-term. We will discuss 
some possibilities to explain the tiny spin gap in this triangular system. 
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Ê!õ6FýmNC&/TX,-Ñ7 T3 CQ�ÇRõkõ6Fý3VNCT23VW�e�`VW46H

@[X/a 300 mK8>acM¸¹¬I�acMÝpñC�VW4ÇX7�]03Æ6 T3aÝpñû

EOWE-E/ÿûQ�6H_3/aÆ,-®c¬*7�]0a\ÙÚÛ]Üû34³J�ÜM@¬

��6/ÿ3ÆÇX,-Ñ7a T3acMÝpñû789:;<34EWY�;÷þ6H; 7 (a)ay�

;3�õÆ,3cMa�*�V�3C�OWoök-^WE6Æ,3EO6��X/þ��7�]0

3Æ6789*�üò¬*-kX./0)¦3Æ6789:;<&spinû�üò3-^WE6ÿNO�

þ6H�VWX/a &spinû eQS¬Y10 TaQSC89Ð3PQ3�5FÿöYcUdM9y¬�

a &/T 3O�,Æ,3EO6H/þ*X®c¬&/T û>�acMÝpñC¤^W e3O�^WE6

/ÿXõ-Qì#$a!%ûpqV-E/ÿCæâõ6H/aAb��/aKL3456./012

; 6 (Ga¼-634(A, B)3456789:;<Ab[31]H(a) 4 KL�3�e_²-/_�û
�;÷þFHy�;*ÔFcM¸¹3456QRÑ7aAb[30]H(b) 80 mK @¬az{|}�
cM3456 &/Ta T2ÝpñH 
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; 8cMCd<3�^F�a789:a
QSÝpñHmN*QS3Æ6£n�C

QSC�56wa`¬�,nVWÂ�V

W46H 

*(Ï��8.¬*-kX(Ï��a46./012¬46/ÿûAB¬ö6H 

 

 

 

äåa789:;<aAbCC. Naveÿ Patrick Lee3

Æ6(Ï��8../0123456789:aïB¦

§aAb[12]ÿÑëVFaû;7(b)¬46HClean limit3

456¦§Ab*oö÷Y�acMÝpñY�êAbÿ

oök9þWE6H®c¬a`C/a(Ï��8../

012aïBÿ��V-EÆ,3õ63*./0)¦a

\ÙÚÛ]Üû,-��a 10 �ÜMÿE,233�E

�MaQñt{KCx<V-5þ©-�[X�{Ma@

AB34¬�aÆ,-/ÿû46ÿ*�"NO�þ-EH 

" (Ï��8.a./012¬jEÿE,/ÿ*Ø6X

(Ï��a46./012¬46ÿE,/ÿ¬46H�

aoö÷CE·Y6Fý3Arrhenius plotVFaû;7(a)

¬X®c¬�oIoò3\]VWE6Õ-ûQ�6H(

Ï��aoö÷* eQS¬*0.46 Kÿ 250 K46 a

Å¡ 1/500ÿ233&÷kX10 T>¬Y 0.38 K¬Åÿ«

+QS3Æ^W£nVWE-E/ÿûQ�6H 

QS£n3GEWÔFcM3456789:aQS£nC�VFaû;8¬46H/a;��Å¡

4 T L���QS3Æ6789:aIàû¾þèýX�a��*®cÅ+¢£¬46/ÿûQ�6H

d¤3QS>¬*�L]0-+3Æ^W7�]0a\ÙÚÛ]Üû¥k-ÇX7�]0a789:*

\]õ6/ÿû7�þWE6H/a/ÿ��/a789:aIà*6��aQRò)¦3Æ6Ya¬

46ÿ>Qþ6û�a¦¦*@AtA¬46H@FX/a;<Ab*)Na;<34EW�§JK3

; 7 (a) 789:aArrhenius plotH®c¬�oIoò3\]õ6Õ-ûEO6Ḧ ÿ�80Ka©*

�þªþ,-a«¬C 100 mK¬�þªþ 1/2, 3/4AÿVW�V�EFYaHy�;* log-log plot
¬XsraN3�ß¬7^�`VF�a�oC�e�`VW46H(b)(Ï��8../012aï
B¦§[12]ÿaÑëH­®a©*t{Ka\ÙÚÛ]Üû,-a 10�ÜMÿVF�a¦§AbH 
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Æ6./0Mÿ7�]0�a7\¯û°þWE-E/ÿY�VWE6H�89234EW*®c¬7

�§û­k-Eÿö3QS¬�89C±VWYJ-a789�a«¬û¾þ-E/ÿû7�þWE6

[32]ûX)N*�V�®c¬QR)¦û¢£3EOWE6a¬�a²ü*-EÿEO6H 

 

iDjkl&

/aÆ,3789:;<3Æ^W#$a!%ûpqV-E/ÿX�VWM0.5 KÿE,./0��H

óôDa 1/500 ÿE,233&÷-(Ï��û/aM346/ÿû�÷þFH/acM¸¹¬aÑ7

;<¬*^9�`Î_3Æ6[oûõ¬3¾þWV@^WE6��Ñ7¬*/a./0(Ï��CE

³VWV@^WE6Yaÿ>Qþ6HNMR a 1/T1Y®c¬@{-ZU´©3-�-E/ÿ��QR

t{K-+3Æ^W�oIoò-×6ØEûEµ�k-^WV@^WE6a¬*-EA�,�Hd¬X

äåaArrhenius plot*�oIoò3\]õ6/ÿûfg÷þFcM¶·û¸kX6¹3YQF^W\

]õ6Õ-û�;õ6/ÿ*¬ö-�^FH�aFýX./0(Ï��aoö÷3GEW*4E@E

÷ûf6Abÿ-^FûX;6(b)��#$a !%apqû46Æ,3*EO[X(Ï��8../0

123cUdM"$@¬�@6/ÿ*jEÿEO6Hõ-QìXÑëò�caÑ7;<���º÷þ

FÆ,3 1 KÆÇIacM¬*./]0*7�'�ÐC¤^W(Ï��8.a)¦C¤Ga�YVþ

-EûXÆÇ®c¬*�a7�'�Ð*t¾<nVW(Ï��CHhõ6a¬*-E�ÿNO�þ6H 

(Ï��a46./012Ì#C�õïB±²34EW*�a(Ï��aoö÷*./0��H

óôDÜM¬46/ÿû¯kX-º/aÆ,-&÷-./0(Ï��ûHh÷þF�3*»ûf6H

/þÿI¼VWX789:3*5 KL�3/_�û�;÷þW4ÇX@F�acMÿ%&'(_ò3

�E 4 T L�aQS��789:aIàûE�þ6/ÿ��XJ ÆÇY/þ�a%&'(_.½_'

aÅ,û./0(Ï��ÿI¼VWE6Æ,3>Qþ6û¾ef¬*¾;a¹C¿-EH 

ÒÓ§aJ-a./0Ì#-+*§ñ-íî-+3Æ^WQ�ò-;<û��¬46ûX#�K3

4EW*��÷--+û¯k�@þ6Fýt��¬46H�aFýX7�°;<-+a��ò-;<

3À�Á6Cl-EûX)Naäåa;<3Æ^W789:;<û./0M34EWY$®%&'(

_)¦aÌ#Cñò6233­E¬¥ÿ-^WE6/ÿûQ�^FH#�K3*áâãE./0rs

C¤GKLû¯o46û789:;<û]QþFÖ*]-EH/aFýX789:;<C»a(#)

*+,-aKLRX(#)vwx,-X�JÐ_vwx,-[33]-+¼-656°ò7�.`8_^

90C¤GKL3�Dõ6/ÿ¬Â-6±²a0�û��3-6Yaÿ>Qþ6H 

 

mn&

�±²C0ý634FÇSÔ±²Ùa§mÃ1XÄ÷ÅdXÆå�ÇÈXÉ=Q¿X&ÊËyXs

�ÌXÍaÇÎXÏmÐÑaÒÓ3ÔÕEFV@õHÖ×Ø³0�_aÙÕ3*o��G¾<VFÈ

ÉaÊËCVWEFAö@VFH//3ÚkÛÜÝVIX@õH�±²*¯°±²ÞßàÒ!áâ_ã

1P%ä20224008a4Æ�3å�.�_`���_ã1P%ä20840026aaßàC¢5W]Qþ@V

FH 
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Angular Resolved Nuclear Magnetic Resonance on Strongly Correlated 
 Electron Systems 

  
UVW 1X YZ[ 2 

1ìío°o°î2°±²¯X2ïìo°Kñ±²à 
T. Waki 1 and M. Takigawa2 

1 Graduate School of Engineering, Kyoto University, 
2 Institute for Solid State Physics, University of Tokyo 

 
 Angular resolved NMR on a single crystal gives valuable information about strongly correlated electron systems. As 
an example of its application, we introduce an angular resolved NMR study on 9Sr0.33V2O5 at ambient and high 
pressures. 

 

CDwxly&

" PQRST¥*�ñðAgò�Pi�"HóôDC_FWX

AB§a�;Pó�aJ-Ì#CôÔ3�e_�õ6/ÿû¿

uXGHIJ-KLaKñCA34EW�Ã-õöCbFVW

öFHGHIJ-M¬*É3JSò�./0�M¤÷a7Eû

�Ã¬46HABarsCø3*óþñCYÿ3VFX©Nù

R§ñ-NùûDE�þ6ûXíîú-a�_^FJ�0_û

oûQ[�3¼-6³J`aCüîõ6/ÿ*_3aX©Nù

¬*'(¬46Hd¬NMR *�àò-./0�MXJSýü

3ôÔ¬XNù�êÿHßò-k»ûl�þ6HÉ3³J`þ

ÿò3J-Ì#a7Eûl�þ6/ÿû�Ã-zà¬46H.

e�`'aÒ³J`�a!Ó*X�a"%û#õ6��ò-U

#ñ��],ûXJS¤÷û$�3V�%Q-E³J`Cüî

õ6é3*X@AB34CQS§¬NO÷BXNMR.e�`'

a+MÝpñC&�3;<õ6/ÿûV©V©ZÃ3-6H@

FX�aÆ,-/ÿC],/ÿ¬X/þ@¬üî¬ö-�^F

Q[�-J-Ì#a%ERXHOµ3',�àU#ña£nC

ôÔ3(7õ6/ÿû¿u6H�)¬*X&�+MNO NMR

C*d#)929-Sr0.33V2O5aE�+¦H3�DVFÖ3GEW»¼õ6H 

 

HDz{|P}~���M������&

P./0 I C#õ6÷-PCQS§34kÿXP./0a%&'(_,-* _�0ób3ÆÇ

2I+1G3«��3¤.õ6H�þ�a%&'(_�3HØõ6JQ/C=0õ6ÿ%&'(_aST

;1 +MNO�rLöNMR�e_�
a�1b¤H�7ô80^Ï'(�C

2­VX34CQS3UVWâæa+

M3O56/ÿû¿u6H34aÆ,

3E�³'C�Ü0`õ6/ÿY¿

u6H
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õÞû¦/6HJ-./0ûMa3pqõ6ÿXQS3

ÆÇ�þ�û¤"÷þXP-ý3LÞò-QSG@Ç�

ñðQSHhf  =gA<S>,:g: ú-X A: �ñðQSAg<o>

CGk6H�ñðQSCN5VFP./0a��'`G

�0*X9bQSCH0ÿõ6ÿHz  = -#hI(H0+Hhf):#: PQ

RNOÑ>ÿ6k/ÿû¬öX4�§aP./0aSTó

/o :0=#H0��a[þaögC^7`K=(:-:0)/:0ÿVW

<7õ6H/a^7`��X�;Pó�a./0�M3

Iõ6k»ûl�þ6H@FXI>1/2aÿö3*÷-Pa

JS¤÷û8U#¬-k-ÇXPi�"ª_x0`ÿJ

SýüÿaHóôD3Æ6%û�F6H�a��'`G

�0* 

$ % $ % ),1(
2
3

126 ,

2 !&
'
(
)

*
+
, -.

-
/

ji
ijijjiijQ IIIIIV

II
eQH 0

ÿ656H//¬ eQ : JRi�"ª_x0`XVij : JS

ýü�0~'¬46HHz>>HQaé3* 2I �a«��3

¤.VF.e�`'û�;÷þX�þ�a¤.��1Qû

QSC�5F¬OaJSýüÿ 

$ % ),2(
122

!
"

231 V
II

eQ
Q -
/  

aÆ,3A�GEW4ÇXJSa¤÷3Iõ6k»ûl�þ6H 

" �ñðQSAg<oYX�é*�0~'�-a¬X@AB34CDEW KX1Q�þªþa+MÝp

ñ���ñðQSAg�0~'XJSýü�0~'CA��3õ6/ÿû¬ö6H/þ�a�0~'

*�;P3456./0�MRJS¤÷X@F�;P-ýaU#ñCðpVW4ÇXU#ñ��³J

`aÔ<C],/ÿû¬ö6H³J`9îaQRòXJRòk»Cl�þ6/ÿûX@ABCDEF

+M¤CPQRST¥aG�¬46H 

" @ABa¬-C:f3;0`e_'õ6?3XNMR�e_�a�13�7ô80^Ï'(�C2s

VF(N34NO�rC;OW4ÇX0.5MÜMa<�¬AB¬-CgQõ/ÿû¿u6H;13*X

/.`0¢E�³'C�Ü0`VF�e_�C�õH34*NiCrAlgÒa/.`0¢³'a3�þX

n-e0�0ÿJ~��'a=g>1CE�?2ÿVCuOa 63Cu-NQRaSTó/o��E�C@:V

FH 

 

UD�W����UU�H�iE�������"  

" 9-Sr0.33V2O5_A=Li+XNa+XAg+XCa2+XSr2+XPb2+a*; 23�õÆ,3XA�5ü-YVk*6ü

-a VO¯Ð2ûBS#XCS#3ÆÇbN¬O3V1XV3KLDLERV2(�FG-CHhVW

E6*d#)92¬46H�aH+*cM+¦ÒÓc+2OµC�VXc+2Ha!"Ì#ûAvI

�0aûo3ÆÇXðGQñlmÌ#_1ûa4Æ�./0(Ï��Ì#_2ûa¬46/ÿû7�þ

WE6[1]H�&¬*E�3ÆÇJSlmCIJõ6/ÿ¬Á¾õ6�89_A=Na+,Ag+a[2] RXJS

lmaóþûE�3ÆÇôÔ3£nõ6KLMaNOÿ¨©þ6H£n_A=Sr2+a[3] û�;÷þÊ!

÷þWE6H�±²¬*É3�Ùa9-Sr0.33V2O53Ê!VX3EÒÓHò�2.0 GPa>¬a+MNONMR

V3a

V2b

V1a

V1b

V2a

V3b

V3b

V2a

V1b

V1a

V2b

V3a

b

c

a

V2a

V2a

V2b

V2b

a

b

c

V1b

V1a

V3b

V3b

V1b

V3a

V1a

a c

b

V3a

V2 ladder V1,V3 zigzag chain

Sr

; 2P&9-Sr0.33V2O5aABrs&
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aAb3GEW»¼õ6H;33�M3456E�

cMH;C�õH3E>bc¬*�M*ÒÓò¬X

cMC>XW]kÿ TMIT  =170 K ¬QR-JRJK

:aIàûE�þXCDO_JSjlmaH�� CO

_JSlmaH�aÒÓc+2Oµû�;÷þ6H

ÒÓHaQn:*cM3UVWÅ¡d<`Cÿ6

Pauli3QñC�VXc+2H¬*T= 50 K¬�e_

²-/_�CÿÇT= 0 K¬ 03O�,./0(Ï�

�ò-×6ØEC�õH�M3E�C�5W]kÿX

JRJK:X!Q:acMÝpñ3E�þ6Oµc

Mû®>VW]öX÷�3*CO �aOµÿ*¼-

6¼3û�;÷þ6H�E>¬aX©Nù��AB

rsaU#ña£nû�;÷þXCDO�� CO�a

Oµ¬* bN¬O�a3�azóþrsû�;÷þ

FH@F÷�3E�C�56ÿXCO_aXCO_b_5�

óþaX CDO(AF?)-+aHû�;÷þFH$�a±

²¬* CDOXCOXCO_aXCDO(AF?)aSTûÅ@

6L�:120 K, 0.8 GPaó�>3XQ[�-cMXE�

a%E3Æ^WUo�azóþrsû¼-6Hû¿

¾õ6¸¹û46/ÿû7�þWE6[4]H 

&

bH���[5] 

" ; 43 T=190 KXH=10.509 TXHVb¬;<VFNMR

.e�`'C�õHWoaXE/_�û¼-ÇWY-

HÌCVWE6ûX+MNO3UV.e�`'û¼Z

ò3£nVWE6/ÿû¤�6H/a.e�`'aC

{3*XBò-7çû#D¬46HNMR¬*XAB°

ò3*«û¬4^WYQS§¬2«û3-ÇXST©

û¤.õ6Sgû46H9-Sr0.33V2O5 a��X* P21/a

¬X46±\KÜÝ³J 1̀G3GöX@-,-§3

AB°ò3«û-³J`û4G46H/þ�a,ìð

O[ô¬A�GEWE62G[G3GEW*QS§¬

Y«û¬46ûX�þ89aU#[ô¬A�GEWE

6³J`*Xd¤ò-¬O3QSC�56ÿ2«û3

-ÇX�M¬*1Ga±\KÜÝ³J`��*2\a

"%û�;÷þ6H;a.e�`'*QSCacÐa3

�5WE6ûX2 N�B«Nû b Nÿ\]3pqõ6

FýX/aU#[ô¬A�GEWE6³J`*bN3

PQG@Ç ac Ða3QSC�5FSg*«û3-ÇX

/aSg*XAB°ò3ËÌ-³J`��*1\a"

; 3  3-Sr0.33V2O5acME�H;H]X̂ _ö

a­%*!Q:ò�JRJK:acM£n3

E�þ6¼3��Dý�þFOµcMHR`X

aHXb+Ha­%*rsCø3ÆÇA��ÿ

-^FXbcars3Uõ6 bN¬Oazóþ

CÂVWE6H

;4  190 K, 10.509T 34EWQSCacÐa
3�5W;<VF 51Vó/o.e�`'H119 
MHzL�3EO6Ya*RF;J'3c^W
E6 63Cu��a"%Hsr3 aN��a+M
C�VWE6H 
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$ % $ %$ % $ %,3spindipcpspin !655 AAK ./  

ÿÂ÷þ+MÝpñC�õH//¬ Acp: ah¤"ò�XAdip(;): QRi"-3Æ6�ñðQSAg<o

¬46H<spina¼¬ñ*&÷EFýXKspina+MÝpñ* d fg346./0ûô6i"-QS3Æ

6Ya¬46H�MaSgd 0~1(t2g)¬4ÇXd

fg* VO ¯Ð2a§a±\K'Ag V=O 

_¯Ð2§¬dP¥EAgñfga3PQ-

\Ð3jû^WE6FýX�þ3PQ_G@

Ç±\K'Ag3\]a3QSC�5FSg

3 Kû"&`C�6Yaÿþÿ÷þ6H"&

C�6+MÿXABrs��D@6V=Oa¬

O3­Edkû��þX/þC)3"%C

V1(A, B), V2(C, D), V3(E, F) 3U�µ56/
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M_JS�Ma3ÑÖVWE6FýXÒ³J

`aJS�MûÒÓÌ#34EWl3oök

¼-^WE6/ÿû³J`Ô<C],/ÿ3

ÆÇA��ÿ-^FHÉ3�M¬*�_^F

Vna, Vnb³J`�¬JS�Ma�ûE�þ6

/ÿûÉ?ò¬46HI¼KLa9-Na0.33V2O5

¬*/aÆ,-�*E�þ[ [6]X9-A0.33V2O5
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" ; 63Ò³J`a�K���0L'_MA, :Q = 0C�6+MX7�3¤.VWE6.e�`'û�-

6Fý�êI#mX@FSTÐ'.noYd¤a+Mÿ¼-6?~îûpq¬46a¬;<VFKò

� 1/T1T C�õH/þ�3GEWY³J`ÝpñûE�þ³J`�¬J-Ì#ûoök¼-6/ÿû

¤�6HÉ3V2aXb³J`¬*Xi�VF³J`¬463Y��Q�[Xd¬*Korringaò (C)(1/T1T

ûd<`Cÿ6×6ØEXd¤3ÒÓÌ#¬þÿ÷þ6aXY,d¬û®c3O�^WÁíò_Da¬

46ÿE,"ýWU=ò-×6ØEû�;÷þFHÒÓÌ#34561/T1T acMÝpñ*X_3.

/0aû�ü3Æ6ÿNO6ûXD³J`a 1/T1Ta[Þa¡Î*¼3¬Xr,ò- 1D-Luttinger 12

ª�'R SCR ïB��sY÷þ6¡ÎCoök�OWE6H^7`3GEW*XÉ3DXF¬¢£-

cMÝpñûE�þ6HD³J`¬* |K| û[ÞVXOµcMQI¬bca`a 1.5�ÜM3-^WE

6H@FX �ñðQSAg<o*3dtµÒÓ¬*�¬4ÇX!Q:*Q[�3[ÞVWE6FýF

³J`a |K| û\]õ6×6ØE*dE¼3¬46H/þ�a×6ØE*XQRû�üacM£nA

5¬*C{õ6/ÿ*¬ö[XD³J`aK(~< (q=0)) ò� 1/T1T (~&< (q)) a[G*./0�M�aY

aû[ÞVWE6FýÿNO6aûuØ¬X�a[Þ¤* F³J`aJS�Ma®>¬ßQþWE6

ÿõ6ÿ��-k,Aõ6/ÿû¬ö6Häåû_34!3��6KL¬*XbcÜM¬*HOµû

4/�-E$ÇJS¤÷*cM£nV-EHd¬�M¬*X cMa®>3'E V2-V2 (�FG-3

V1-V3(�FG-��vå3JSû¸þw«¬4ÇX³J`�aJS¤÷ûHOµC'Q[¼Zò3

£nõ6ÿE,Ì#û�¾VWE6/ÿûA��ÿ-^FH 
 

iH�����&�H��&���� 

" ; 33�õÆ,39-Sr0.33V2O5*E�3ÆÇ¯Õ

-Hû¿¾õ6Häå*)NXCDO(AF?)HaJ-

Ì#3GEW±²C]^FHCDO(AF?)* 1.0 GPa

8I, 150 K8>a¸¹¬¿¾õ6H/aOµ*!

Q:ò�JRJK:a¼3��E¿÷þXOµc

M8>¬JRJK:aQR-Ià*E�þ-�^

FFýXÒÓðGQñOµÿNO�þWE6[3]H 

" ; 7 3�M¬�;÷þ6Ë¢ò-.e�`'a

cMÝpñC�õHbcL�¬*�E>34EW

Y acÐa33Eÿ�E+M3MAûfg÷þFH

OµcM*IJ÷þW4Ç140 KÜM@¬d�a

/_�û�;÷þ6H�a+MC�ìGGcMC

>XW]kÿXMA ¬aÐ'.no¬*STû4

/�-k-ÇXHOµû4/^WE6/ÿûQ�

6HOµcM8>34EW*Xac Ða34EWXOµcM8I¬aMA �� 2,3 M[þFÿ/�3

MAû 2và�;÷þFH�E+M346/ÿ��X«û¬4^F"%û2G3¤.VF/ÿC�V

WE6H3c3Ea@-,-§3*AB°ò3«û-�þªþaV³J`* 4G4ÇX/aHOµ¬

*�þ�û2\[G3¤.õ6YaÿNO�þ6HacÐa3MAûf^WE6/ÿ��XbN¬Oa

xyN*f^W4ÇXa L�J²ûz{VFYaÿNO�þ6H/þ*X/þ@¬3Á|÷þWE6

CDO(AF?) Ha��Xÿ��V-EH/a/ÿ��XOµcM8>¬*«û¬4^FT�õ6�°_

û2«û3-^F/ÿC�VWE6H@FXOµcM8>¬a.e�`'*X¤.VF�þªþ3G

In
te

ns
ity

 (a
rb

. u
ni

ts
)
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;7 �K���0L'¬�;VF.e�`'
acM£n_B³J`aH 
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EW*MA34EW1�a"%V��;÷þW4

�[X/aHOµ*ÒÓðGQñOµ¬*-kX

QRlmC'Q-ErsHOµ¬46/ÿû¤

�6H; 73* 140 KL�aHOµ34EW¤.

VFd¬a MA aOµcM8>a.e�`'a

cMÝpñY�VWE6HOµcM8>¬*@ñ

-cMÝpñC�VWE6ûX40 K L�ÆÇ©

Uû[oõ6H/þ*abQSaÁ�ûNO�þX

6��aQRlmÌ#3-^WE6ÿNO�þ

6H/aHOµ*NMR¬èýWA��3-^F

Ya¬46} 

" ; 8 3* MA ¬;<VFÒ³J`3456K

ò� 1/T1TacMÝpñC�VWE6H140 K8

>acM¬*dba³J`3GEWcMÝpñ

C;<VWE6HF³J`a^7`acU`a\

]û�;÷þFûX�þ89a³J`a^7`a

cMÝpñ*3EaYa3ÑòoökIO�þWE6HOµcM8>¬*X"13^7`acU`û

\]õ6³J`û46d¬¬X^7`û[oõ6³J`X@F.e�`'û�;÷þ-E³J`ûp

qõ6H/þ*G@Ç/acM¬rsHOµ3'EXJSa~¤üû¦/^WE6ÿNO�þ6H 

&

�Djkl&

" �M34EW3EHò��EHC_FWÒÓH*dE@{- Pauli 3QñÒÓ¬46ûXÒÓH3

4EWl3³J`�3JSatÙdûpqVX�G�þ�û¼-6cMÝpñC�õ/ÿûA��3

-^FHJS�MûRVkcM£nE�£nVW4ÇX,-a��0^Ï'3J-MûôÔ¬4ÇX

¸EE�¶·¬KLMaNOaÆ,-¯�-Hû¿¾õ6YaÿNO�þ6H 

" /aÆ,-/ÿ*X³J`þÿò3JSû�üRQRû�üC�;õ6/ÿ3ÆÇ*FýWA��

3-^F/ÿ¬4ÇX&�+MNOPQRST¥a#DñCgçVW�5F�nE¬46H 

 

mn&

" $�3X­L- 9-Sr0.33V2O5a@AB34CÁÊVW�EFïìo°Kñ±²àa=a�ÓX�m�

AàäXIm�ä�XAB¬-CXRD 3WÔ<VW�EF=��dàäX+MNO¢�E³'a¹

ÁCVW�EF���díê_¾�Ìx�^;a3ÔÕEFV@õH 

 

o& p& q& r&
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MnO2\]^_`abcdefgh 

Room-Temperature Single-Step Synthesis of MnO2 Nanosheets  
 

ijdk1Xlmno1,2Xp=q1Xrstu1,2Xvwxy3XZz{3 
1ìío°o°îï°±²¯X2��o°�g±²àX3=�o°ï°b 

K. Kai1, Y. Yoshida1,2, H. Kageyama1, G. Saito1,2, T. Ishigaki3, J. Kawamata3 
1 Graduate School of Science, Kyoto University, 

2 Research Institute, Meijo University, 
3 Faculty of Science,Yamaguchi University 

 
Preparation of single-layer manganese oxide nanosheets (monosheets) comprised of edge-shared MnO6 octahedra has 
relied on multistep and time-consuming processing involving a high-temperature solid-state synthesis of bulk templates, 
and succeeding ion-exchange and exfoliation reactions in solutions, causing high cost and long processing time. Here 
we demonstrate the first single-step approach to directly access the MnO2 monosheets, by the chemical oxidation of 
Mn(II) ion in the presence of tetramethylammonium cation in an aqueous solution. Of importance is that this 
template-free reaction readily proceeds within a day at room temperature. Self-assembling ability of the MnO2 
monosheets allows to aggregate to form layered structures with cationic tetrathiafulvalene (TTF) derivatives as 
intercalants.  

 

C�&wxly&

" øÌee�.vJ`RøÌI�0AnK-+aøÌj�ngK*Xø�J�0C��E#�J�0

3ýö�O6/ÿ3ÆÇXÒj�øû�|VX@ø�ÿ-^FK\]^_`Oÿ¨©þ6KLC¬O

6_; 1aH\]^_`*Ú�ûo nmÿE,"�a(#)^_`ÌKL¬4ÇXøÌngKa�'�

^0L�e��ÿVW�O6FýX\].½_'�-¾*aSÿVWX@FX��ñ�4¹ÁaÐ¬

Ê!C��WE6H/þ�*�JS_@F*:JSaC!�W>?§3;eJ²ÿVW¤íõ6FýX

!:C\]^_`��13��õ6-+a>1�e³.3ÆÇX��nR^_`a·ø3Æ6�,-

ar�X4Æ���ñ#�J�0ÿaWgnCpq3¬ö6ÿE,mBC¤G[1,2]H@F\]^_`a

oö-ÑÂÐ·*XJRn°ð�R§?ð�-+aù2ÂÐûIQ6ð�3#ó�D¬ö6FýXo

ö-JS�·�C¤GÎÏÐ^�[3]Rð�ó:a­Eù2A§?[4]-+X�DÐ¬YÊ!CÅýWE6H 

" /þ@¬X\]^_`* 2ÿ-6øÌj�KLCgh�XWoaJ�0��ð�CZÃÿõ6�

|¡ÜC¢Wl�þWöFHÖO©Ca2Nb3O10-+aøÌee�.vJ`a\]^_`aSg
[5]X 2

;1" £Âò-\]^_`ars

TiO2 Ca2Nb3O10 MnO2 
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C¤h3ÆÇlFaìX�a 2CAñ�>1§¬d¥�Å+¦§õ6/ÿ¬ø�a�'vÛÒÓC

�e`03ý�õ6H�VW�e`0ý�÷þFj�K_�e`02aC�`��I'�0ªGÜÝ

_TBAa-+ai¨�0ªGÜÝ�AnKa�>1§¬d¥�Å+¦§õ6/ÿ¬X\]^_`a�

�1Cl6_; 2aH/aÆ,-¯ef¬a\]^_`gh*X 2Cghõ6Fýa�c©ïCZÃ

ÿVXÉ3�|¡Üû>1§¬aJ�0��ð�C��Fý3zEð���CÃõ6Ya¬4^FH

÷�3Xl�þF��13*ª�|a 2Y¯k�@þ6Fý3Þ:û®kX«²¤|-+a&-¡

ÜCZÃÿõ6ÿE,01Y46H 

äå*X>1gh3Æ^W°J8�`3MnO2\]^_`Cl6¬¥_bcdefgh¥aCE¿

VFH�¬¥¬*X 2aghRJ�0��ð�CZÃÿV-EFýX�c©ïÿ��X��CoU

3¥¬¬ö6H@F�|¡ÜCZÃÿV-EFýX\]^_`_ª]^_`aC�Þ:¬l�þ6ÿ

E,É?û46HMnO2\]^_`* CdI2¢aørs¬4ÇXøa¬*Mn ÷-û:*+,-CHh

V 3+/4+  a=g÷-ûÌ#346H/aFý./07�.`8_^903¦úVFáâãEKñ3þÿû

¤W6H÷�3�ó:ÛIÜÝJ­RJR(�øÎÏÐ^�-+aJ"�4�a�D[6,7]û(®÷þW

E6FýXgh�e³.a@CÑ�¯n*�DÐ¬Y233�Ã¬46H�)¬*XMnO2\]^_`

a��gh¥-��3l�þF\]^_`aÔ<ÿrsX\]^_`°Å2arsÿñLX÷�3¤

-ñ9J2C¬O6J-²\_¤-ÿ\]^_`ÿaøÌWg2arsÿñL3GEWÃÄõ6[8]H 

 
HD� ¡¢£¤¥¦E§¨©$ª&

" d¤3XÒÓAnKCl63* 1000!±�EcM¬a¤hûZÃÿ-6ûXI�0AnK[9]R±\K

ÜÝAnK[10]-+XdbaÒÓAnK3*�þÆÇY[^ÿ®EcM_200!±8>a¬a>1gh¬

l�þ6Yaû46HøÌ�0~0AnKY�adG¬X²³�*Mn(II)!C���>13�'vÛÒ

Ó�AnKÿAnÉ_H2O2aa=g�>1C´Þõ6/ÿ¬XøÌa AxMnO2·yH2O_A:�'vÛÒ

ÓaClWE6[11]Hø�3�@þ6�'vÛÒÓ*XDE6�AnKahi3Æ^WÚÛ3£O6/

ÿû��¬46HMn(II)!�>1��øÌ�0~0AnKûl�þ6@¬að�¡Ü*X�'vÛµS

>¬�hõ6øÌa Mn(II)(OH)2 !ûXH2O2 3Æ6AnC¢5W�F6 Mn(III)OOH C¢F�X

AxMn(III,IV)O2 ÿ-6¶#ò-Anð�¬46/ÿûXLuo �3Æ^Wfg÷þWE6[12]H//¬Ê

!õòöB*XMn(II)(OH)2XMn(III)OOHXAxMn(III,IV)O2û�þªþS_aMn–O&�`·_�C¤

^FøÌngK¬46ÿE,B¬46HMn–O ��h6ørs*XMn aûo[Þ3¦úõ6Mn–O

�aAg{|a¥¬C¸öXÅÿ«+£nV-EH 

" øÌMn(OH)2aHh*XMnCl2û�'vÛno>¬OH-ÿaü--��3ÆÇMn(OH)2øC�hV

; 2" Ïua¯efghÿbcdefgha.Î_Ý;

< Conventional Multi-step Synthesis > < Room-temperature Single-step Synthesis >

A=alkali 

Sinterin

O2, 7 

MnO2 layer 

Ion-exchange 

acid 

= alkali cation = H+ 

exfoliation 

TMA·OH H2O2, R.T. 

= = MnCl2
=H2O or =H2O or 

A2CO 

Mn2O3 
+ 
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F�Xvan der Waals�3Æ^WøÔêû°Åõ6/ÿ¬0]õ6HÏ^WX²³�aÆ,3OH-ÿH2O2

CÔ�3´ÞVFSgXMn(OH)2øa�hÿS3XMn aAnûÔ�3¦/6FýXMn(OH)2øa·

øõ6¡ÜÿXMn(III)OOH R Mn(III,IV)O2 aøaHh¡Üû¹gVWE6��ñû46HºÙ�*

MnO2øû�F6é3X�þ�a°ÅCIJõ6Æ,-KLûó·34þ©XMnO2\]^_`ûl�

þ6*[AÿNOFH 

" \]^_`a¤=¬*Xj�øC�|÷B6#�KÿVWi¨�0ªGÜÝJ�0ûÆk7�þW

E6H/a#�vI�0*»�÷-I3�qõ6:JSû�'Î'!3Æ^Wj�øÿ�W�þWE

6Fý CoulombHóôDû�ý�þX·ørsCt¾<n÷B6ÿNO�þWE6H@F·øVFS

g¬Y/a#�vI�03ÆÇ~��|÷B6/ÿû¬öX\]^_`*>1§¬¾<n÷þ6H 

" /þ�#�vI�0a�AnKC�'vÛÒÓ�AnKa£QÇ3DEþ©X²³�agh¬¥C

�D¬ö6FýXbc¬Q�XMnO2\]^_`Cgh¬ö6ÿNOXMnO2\]^_`abcdef

gh3�Ç\«AH 

 

UD1#«$%¬­®E¤¥¯°S±¯²³&

äåa¹ÁVFMnO2\]^_`agh¬¥*X0.3 

M MnCl2�>110 mL3�`�xI'�0ªGÜÝ�

AnK_TMA·OHaÿ H2O2a=g�>1_�þªþ

0.6 MX0.9 Ma20 mLC´ÞVF�XbcÑoR§¬ 1

�¦§õ6a�¬46H=gÿÔ�3X¼½®¬4^

FMnCl2�>1*Q¯3An÷þ¾¿®a��1_1a

ÿ-6_; 3aH/a¾¿®��1*I0°'óbC�

õ/ÿ��;eJ²>1¬46/ÿûfg¬öXo�

�ÀýVWEWYÁÂ-+*�F-EH 

/a��1 1a UV-VisõÞ.e�`'C;43�

õH380 nmL�3¾þ6õÞ±0²*MnO2\]^_

`§a MnJ�0a d-dtµ3Ûuõ6Ya¬4ÇX

¯efgh¥3Æ^Wl�þ6MnO2\]^_`ÿÔ

ÕaõÞ/z¬46[13]HõÃMÿÄM3*ÑÖIÔ

_; 4Xy�;aûhÌVXÄMC£n÷BWYõÞ

/zû£Q�-E/ÿ��X/þ�aÄM¹¬*\]

^_`a¶g*¦/^WE-EH 

��1 1 C}AÅÆVWl�þ6ÇÌaÈÉ_2a

CÊËJ-¢ñÌ_SEMa3ÆÇ�Íõ6ÿXV³J

�ûoRMoÆ�J�ex_`'a^_`ÌKL¬4

6/ÿûfg¬ö6_;5aH@F/þ�^_`ÌKL*XÎr346KLûÏ5WEO6Ü3�EH

}AÅÆ¥*\]^_`a°ÅCIOGG>?CÐÁ÷BX34CNÞ¬ö6FýX/aÆ,-^_

`ÌarsC�Íõ6a3�VWE6H 

^_`ÌKLaÚ÷CE·Y6Fý3X÷-��¢ñÌ_AFMa�ÍC]^FH��1 1C./0

;_`¥3Æ^W�Jv!:I3õöVX��/0Lª_²3W;<VFAbC;63�õH!:I

3fg¬ö6HÌûXE[þYd<aÚ�C¤^F^_`ÌKL¬46/ÿû~W¬öX�÷�e7

; 3_qaMnCl2 �>1._saTMA·OH/H2O2

�>1C´ÞVF�a��1|. 

; 4" ��1 1aUV-VisõÞ.e�`'H_y
�;a380 nm3456õÃMaÄMÝpñH
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ôJ'��^_`aÚ÷*.0.9 nmÿE·Y�þFH/

a^_`Ú÷*XMnO2øaAB°ò-Ú÷_~0.52 nma

3ÑòWoö-`¬46H/þ*Æå��a»¼346

Æ,3XMnO2\]^_`aoÐ3�¤-_~0.2 nmaû

õöVWE6FýAÿNO�þ6[14]H@FX!:Ia^

_`ÌKLaÚ÷¤÷_; 7a��X\]^_`apq

Ñ*. 80%_Ð·Ñaÿ233�E/ÿû¤�^FH/

þ�a/ÿ��XMnO2 ø*�Eög¬\]^_`ÿV

W¤íVWE6ÿNO�þ6HÏua¯efgh¥¬ô

hVF\]^_`a��1*X«²¤|-+3Æ^Wª

�|aYaC¸Ñõ6&-¡ÜCZÃÿõ6ûX�aÆ,-&-¡ÜC¢6/ÿ-k�E@ø:CÒ

h¬ö6a*dkòö/ÿ¬46H/þ*Xj�øa�|¡ÜC¢-EÿE,�¬¥aÉ?CðpV

WE6ÿ>Qþ6H 

 
bD´µ¶,·E²³k¸±&

" \]^_`��1Cx0��07^'�_CDEWN

ÞVX3c3E¬ÅÆVF°Å2_3a*XXRD Ð�_

034EW(001)M(003)a"Ðð03U�õ6/_�C

�õ/ÿ��øÌngK¬46ÿNO�þ6_; 8aH

MnO2aø�{|*0.95 nmÿ-ÇX̄ efgh¥¬ôh

VF(TMA)xMnO2·yH2O aø�{|:~0.96 nm>ÿÆkd

kõ6[15]H@FXMnO2 øaÐað03U�õ62U#

-/_�û 37°X65° L�3�;÷þXMnO2 øû�0°

Ý3·øVWE6/ÿC�ºVWE6[6]H)�¤ø¬*X

/a°Å2 3 a\hû(TMA)0.20MnO2·0.2H2O ÿ-ÇX

; 5 }AÅÆ34 2a SEMÓ.

; 8" ÅÆÈÉ((TMA)0.20MnO2·0.2H2O)
aÈÉXRDÐ�_0. 

; 7" MnO2\]^_`aÚ÷¤÷(Ð·Ñ)H; 6 :I>�Jv!:I3õöVFMnO2\

]^_`a*#)AFMÓ.:>>¾©ba�
÷�e7ôJ'. 
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Mnû+3.8a=g÷-ûÌ#¬46/ÿC�VFH��11§3*XMnO2\]^_`a»3 TMAR

H2Oû�@þ6FýX3c3E¬ÅÆÑ°ÅVFSg*TMAR H2O¤-Cø�3��øÌngKÿ

-6H 

" °Å2 3((TMA)0.20MnO2·0.2H2O)aÔQn:acM£nC;93�õH20 K8IacM¹¬*Currie

<o(C) = 1.44 emu K mol-1XWeisscM (Õ) = –36.4 K¬ Curie-WeissÖ (×= C(T-Õ)-1) 3Ï,H®cr¬

*XQS|Ø :FC> ÿ eQS|Ø:ZFC>ÿ¬Qn:3Af-%EûE�þXZFC34EW 10 KL�

3v.�û¾þ6HWeisscM��sY÷þ6ðGQñOµcMÆÇY®EcM3v.�û¾þW4

ÇX/aM3QRò-7�.`8_^90ûpqõ6/ÿC�VWE6H/aÆ,-v.�*�¸Q

n:34EWY�;÷þX�¸ó/o (1) ûIàõ63'^Wv.�acMYIàõ6_; 10aH/a

¾**./0L�.R�3Qñ3É?ò-Ya¬4ÇXoÙ*OµcMTc :1 = 03456/_�cM

ÿ<7> 3Æ^W�,nVFQ©aÙö7Tc / Tc log(71)Xõ-QìQSa×¶3Uõ6./0a¶öR

õ÷3Æ^W�êò3üîõ6/ÿû¬ö6[16]H//¬7Tc*Xó/o£n713Uõ6/_�cMa

£n�¬46H�M34567Tc / Tclog(71)* 0.035ÿ-ÇX/a`*./0L�.aSg3�gõ6

:�3QñaSg* 0.18Iÿ-6[16]>/ÿ��X/þ�aKLa®cH*./0L�.HAÿABV

FH 

" �M¬*XMnO2ø3�@þ6MnJ�0�ûðGQñHóôDC¤ìX:*+,-3Ûuõ65

6°ò-7�.`8_^90C¤^WE6/ÿÿXMnJ�0û 3+/4+ a=g÷-ûÌ#34ÇXû
o¤÷3�0°Ý&.û46/ÿ¬./0L�.HCHhVWE6ÿNO�þ6H 

iD¹Oº1$»OkE¼¤½&

" J�0��¥3Æ^WøÌa#�/j�Wg2Cl63*Xd¤3ø�{|CjX6Fýa%&'(
_ûZÃ-FýX�e`02ÿa§Uð�3Æ^WzE�'Î'��0-+Cy�VF�3X!òa

#�¤-ÿaJ�0��ð�C],ZÃû46_Ú.`��¥a[17]Hd¬X\]^_`��øÌWg

2Côhõ6Sg3*Xø�{|ûj$o3jû^FÌ#��øÌngKûHh÷þ6a¬X_3a

J�0��ð�¬*l�þ-EÆ,-oö-#�¤-ÿaWg2ûl�þ6ÿE,É?û46[18]H

MnO2\]^_`_��1 1aaSgXMn÷- 19ØFÇ– 0.2ÜMa�JSC¤^WE6FýXvI

; 10 °Å23_(TMA)0.20MnO2·0.2H2Oa

a�¸Qn:aó/oÝpñ 

; 9" °Å2 3_(TMA)0.20MnO2·0.2H2Oaa
ÔQn:cM£n. y�;*®c¹¬a FC
�ZFCÛçC�õ. 
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89ñC#VWE6H@FX/þ�*�3�>¬46FýX\]^_`��1ÿa=g3ÆÇXøÌ

a#� / j�Wg2C¬O6/ÿûþÿ¬ö6H)NX��1 13 (TTF)3(BF4)2 R (BEDO-TTF)2(BF4) 

aÈÉ34C´Þõ6/ÿ3Æ^WXWg2aôh3hßVFH>CñaÆE (TTF)3(BF4)2 ¬*X´
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ÇX°Å23_(TMA)0.20MnO2·0.2H2OaÿÑòWoö-ø�{|aáÀû46HTTFXBEDO-TTF a

¤-zNzû�þªþ9 ÅX13 Å ÜM¬46/ÿCN5

õ6ÿX¤-*�azNCMnO2Ð3UVWÅ¡PQ3

O5Wø�3y�VWE6/ÿ3-6H%&'(_¤í

¢â©¤ø_EDSa3ÆÇ S/MnÑCE·YÇX7��¤

ø_TGAa3Æ^Wø�aH2O��CE·Y^Fÿ/�X

Wg2a\h*�þªþ (TTF)0.15MnO2 · 1.0H2OX

(BEDO-TTF)0.21MnO2·1.6H2Oÿ-^FH/þ�aWg2

*XKBr e8�`CDEFUV-VisõÞ.e�`'a®%

&'(_¸¹ (~5000 cm-1) 3 TTFM¤-�aJSµ¶3

Ûuõ6õÞ±0²C¤^W4ÇXø�aTTF M¤-�

3*ÜJ-Ýa�-Çû4ÇX�Gb¤JSµ¶Ì#3

46/ÿC�VFHV�V-û�X89M;<¬*ã92ò-cM£nC�VFFýXø�a¤-*

²xJ0CHhõ6-+tÙd3¤÷VWE6ÿNO�þ6H@FX)Na\hÑ¬*XTTF M¤-

*j�ø�a��C20äÜMV�åýW4�[XÜJ-Ýa�-ÇCÄVFÎÏÛ�a¼Zò-`�

0.7ô_û'(¬46/ÿYXã92¬46÷úadGÿNO�þ6HÒÓò-89ñCl63*

ÆÇABña�E34ûZÃ¬46ÿÿY3Xø�a¤-a��C[RõÆ,-2æûZÃ¬46H 

 
�D¾¿;y&

Mn(II) a�>1C¿ÁKLÿVXbcdefgh3Æ^W MnO2 \]^_`Cghõ6/ÿ3hß

VFH�¬¥*Ïua¯efgh¥3ÑòXgh3ZÃ-�c©ïR��CoU3çk/ÿû¬ö6

A5¬-kXÆÇ�EÞ:¬\]^_`Cl�þ6ÿE,É?C¤GH>1gh¬*XÒÓJ�0R

AnÉaÄMXghcM-+að�noañèû��¬46FýX¯efgh¥¬*'(-\]^_

; 11" TTF 4Æ�BEDO-TTF a¤-rs
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1#)}_.~." ��Ag��GHI�-R2�� 

A One-Dimensional Bose Gas 
– from the weakly interacting gas to the strongly correlated gas – 

 
�>�� 

ìío°o°î" 1�ÑµS°±²¯" HIµS°ãù" KLHIB¤= 

Toshiya Kinoshita 
Graduate School of Human and Environmental Studies, 
Course of Studies on Material Science, Kyoto University 

 
  A set of experiments was performed on a one-dimensional Bose gas system. A 3D Bose-Einstein condensate 
of 87Rb atoms formed in an all-optical trap was loaded into a 2D optical lattice that consists of an array of parallel 
1D tubes. By measuring the total energy, cloud size, and local pair correlation function of the atoms, the 
properties of the 1D Bose gas from the weak coupling to strong coupling (Tonks-Girardeau) limit were 
elucidated for the first time. The characteristic property of fermionization of the wave functions was observed in 
the TG limit.  
 
CDwxly&

1995&3Òh÷þF�'vÛ÷-R2a}_.Ñ�J0^'�J0°¬_BECa*X80&£��z

(a0)C*XWöF8_D_|ØÑ`��/0L_+,a-.adGaÅoh¬4^FH÷-R2

*z�-Fý÷-�HóôD*22��ûÆkhÇÌìXV�YHóôD*"ýW�EH÷�3X ÷

-R2*[ôñ3/þX�-¾*CQ��0n¬ö6mBC1BY^W4ÇXLe.Ñ/�%7.Î

__GPaïBÿaïVEÑëX�)¦a�;X�-2a�hÿ�;-+XÍ-�aHóôDûGE1

2ÚÛÜÝ¬*fgV3k�^F¯ka34RñLûA��3÷þFH 

BEC Ú23Iõ6!éò-±²ûdü5ÇVF�X �-R2_�-Î¦ñaóbû¢£3¾þ6

R2¬XBECR�a�3�¾VF7�'�¬&VF÷-R2-+û�aÖaC�F-¿ÁBÿVF±

²û0ý�þWE6H�a§a"d"Ga±²�_�ÿVWXGHIMa�hÿ�aKñaïCC!�õY

aû46Hf�3X�kHóôDV4^WE6/ÿû�-R2a�Lò-É?¬4ÇX�þ/�û|Ø

÷-CmDVWKï¾*a�LCA639ö¿B6à8¬Y4^FûX GkHóôDV4,MXEQ7
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1#)}_.~.aïB±²aç=*zkX1936& 1#)I3ú«A�_²;���-6R2aÎ

¦òñLC>?Ëò@3±²VF Tonks31CÁõ6[3]H1960&Girardeau*X?Ëò-W28C>4
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ûÆÇoö-��Cò¡õÆ,-ÌÍCMþ©X÷-R2CGHIM3õ6/ÿû¬ö6H|Ø÷-

aSgX÷-�HóôDaoö÷ÿNg_���´��a*X22aíîzaoö÷ÿN%¬D@6H

Ôha|Ø}~0-�"s"/íîzX7�'��0-�p /íîzûHóôDañLCD<µ56H÷

-aSgX9bQSaññè3Æ^WíîzCÚq3JÛ¬ö6X7��^'±��STÿ¨©þW

E6¾*û46H/þ3ÆÇXíîzCoök¬öXI­a2Ga%&'(_aHUò-±�0.X

G@ÇIC£O6/ÿû¬ö6H3#)M¬ICoökõ63*XHóôDCGk_"s"/íîzûoö

ka�G��M3õ6ZÃû46ûX��Ma>¬7�^'±��STC],ÿX2Oñíî3Æ6

÷-oae.ûP@FkR2*¥��¬Q±VWV@,Hÿ/�ûXIaÃ�ÿ-^WE6\ÙS%

&'(_ÿ�q3'^W[Þõ6è¶%&'(_a,ìX�Ù*1#)ÿ 3#)¬¼-6�MÝpñ

CYGH1#)aSgXwÙaHóôD%&'(_*3#)aSgÿÔFk÷-o�Mn3ÑÖõ6

ûX�Ùa�q3Æ6è¶%&'(_aIà*X:÷-�{|>�2"G@Ç n a 2 ß3ÑÖõ6a¬X

A�I* n3ðÑÖõ6HÏ^WX1#)¬* 3#)ÿ*ðU3�Mû&÷E¬ûI*oökGHI

M3-6H®�MaYÿ¬�h¬ö6a¬X2Oñíî3Æ6÷-oae.*NF¬ö6H 

8I��X1 #)Ma}_.R2*XB�Capqÿ¾<-GHIMa�hÿE,XïBÑ�êa

oÐ¬mBCYGH[ôñ3R«A÷-R23Æ61#)}_.~.a�h*XoïKï°ò3�Ã

-ïBa(S3õÌìX�êÿïBÿaïVEÑëû��¬46FýX+aÆ,-Kï�CE�3V
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I*X3#)¬a÷-a s/íîzaX2#)¬Oa/¶IoaU_×¶-z÷aaVX1#)a÷-o

�M n-+X�ê¬JÛ¬ö6¾�ò-Kï�3ÆÇ#u¬��ò3Â÷þ6[6]H 
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oûëF÷þ6ZÃû46H/a%&'(_aJ$*X ÷-Ôêa[\-+û¦/^WY÷-û)¦

÷þ-E/ÿXG@Ç2#)¬Oaè¶*GH3!"Ì#3}A÷þWE6/ÿCÃ]VX÷-ûV

¬O3>[þ-E@/ÿC�Cõ6H^,@¬YjkX�\¬Oa`0&Û0L-+Y¦/^W*-

�-EH 

1 #)ñanoCëFVF,O¬XICoökVW÷�3GHI¸¹3�63*X_1auÆÇXz

�-_n&a÷-R2C233�J`3XFwý_aV&aXíîz aCoökõ6/ÿûÃ]÷þ6H

�/¬@[XíîzaCoökõ6ÆÇYXfÇ2GaÐ�x_�_¬GHI¸¹3�Ò¬ö6Æ,

3õ6HWaveguideÿVW*Xäå*2#)Ã,-¬Hh÷þ61#)I'_�CmDVFHÃ,-

ÿ*X8_D_Ãa<q/a;@F*_3X �-¬&VF�|Ø÷-Å`C��ò3�ÖüA÷BF

KL¬46H1�a<q/_|D Latticea¬*÷-aè¶*Ò�^.�Ia2#)I3X2�_2D Latticea

¬*I'_�Ìa�©aba1#)3$<÷þX

®#)MCM6/ÿû¬ö6[7]H 

�ê¬*XQRÃ°`���_MOTaÿaÃ

ýü|Øa�XÃi"-`���a3÷-Å`

CµõHÃi"-`���DaYAG 8_D_

_/z 1.06 =ma* 2�3Q5�þX�a��

¸¹¬bÁ|ØC]^WBEC C�hõ6[8]H

�aéX�_Ý80�^.�ÝC9�õ6/ÿ
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ö6H. 2à�abÁ|Ø3ÆÇX|F mF > =|1 1> 

Ì#3464Æ�3000009a 87Rb÷-aÅÿ

«+�Wû}_.°¬õ6H/a�X;13�

õÆ,3X2�aQ�õ6Ã,-�_ÝCBEC

a§²3�-6Æ,3�0õ6HÃ,-�_Ý

aãc*. 600#=m ¬X`_�.Ñ7�'��

;1" tuò-�êüý;H¾E£dûYAG8_
D_XeEoö-£dûÃ,-�_ÝCÂõH�

�¸¹3*XfQ¬O_Z NaCNÿõ6|#)
I'_�aîûHh÷þWE6H 
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*X/þ8IÅÿ«+6Y£n*¦/�-EH�HI��GHI¸¹�a£n3'^WX/þ�Kï

�3>mU@¾*ûEOþ©XGHIóba1GaS÷ÿEO6H 
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ökVFSg_:baaaÒå3UVWXÃGMCIX6/ÿ¬XFwýaG÷C£O-û�XH%&'

(_C;<VFAbC;33�õH;¬*XHI'_�3�6\Ù[ôCÞâVFIaveÿïBB¦§

aAbYo�þWE6H_aa¬*XIaveû 4 8I3-6ÿ%&'(_ûmUVX¬O�þF÷-o�

M3U�õ6Tonks-Girardeau (TG) "$aïB`3Å¡«Vk-^W4ÇX\ÙSïB¬*­®¬ö

-EGHI¸¹3�^WE6/ÿûQ�6Hd¬X_ba¬*X XFwýaG÷a£n*_aaÿHk
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:aaX_baÿY3XÃ,-aXFwý��0^Ï'aã÷ûR¤ãk-6ÿX7Û_Ð�x_�Cc

Q[ÿYïB¦§ÿEj-dkûE�þ6Hd¬Xã÷ûpESg*TaI'_��a`0&Û0L

N ~ 270/tube 7(w
h 2) (=m

2) 

(b)

N ~ 50/tube 7(w
h 2) (=m

2) 
(a) 

; 3" 1#)}~0a 1÷-ØFÇaH%&'(__1#)cMXT1D3�§aH]q*H%&'(

_a;<AbCÂõHI'_�aa÷-o�Mû®ESg_(a)X\Ù÷-or50aÿ�ESg_(b)X
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��0^Ï'aã÷* 16"=K¬46H|Ø÷-a�ê¬*X��0^Ï'aã÷-+C7�`0_)
aSg*Ã,-�_ÝaÃaaÀ¿3',ðs%&'(_ErecC@-3õ6Sgû¯kX16 =K *
85 Erec3HØõ6H¨a©*\ÙS��3Æ6¦§XeE©*TG"$X¾E©*B�C3!µk
¦§AbC�õ_; 4YÔÕaH­®ai+*Xn]��§aV¬O�ajûÇt(Wh 2") CÂõH
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G�ad"G¬4ÇX¾q¬*÷-a2�à-HIIoCY;<¬ö6¬¥ûEkG�¹Á÷þWE6H 

32a�àHIIog(3) *X32[\û¦/6|MC¬O6Hg(3) ÿ g(2) * g(3) = ( g(2) )3 aIÔû4

6a¬Xg(2) û 03�EGHI¸¹¬*32[\3Æ6÷-ae.Y}ò3&÷k-6HÏ^WX G

HI¸¹¬*7�^'±��STCc^WHóôDC÷�3oökVWYX46E*��HóôDõ

6Æ,3VWYXÞ7Re.a01*�F-EH�E~uX1 #)��M}~0a±²Y¬ö6¬4

�,Hd¬X�ê¬*XIû&÷k-63GþWg(2) = 13�µEWEkÙOûE�þ6HïBI*X

û�üaFýÙd-1#)M¬*#$cM¬BEC*¦/�-EûX̀���a46tÙd-÷-M¬

*z/zû�ü3Û��`û4ÇX#$cM¬4a 1#) BECû¦/6ÿsY÷þWE6[10]H�a
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U`@F*2ß3¦úõ6Kï�û7�'��0ÿÔFñLCYGHäå*÷-aH%&'(_XM

a³J�R22a�àHIIoa;<C_VWX/þ�1#)GHI}~0añLC�ê¬�ýWA

��3VXHIaG÷û¼-6jE¸¹3QFÇXïBò37�þWEFB�Cÿa/þFdkCf

gVFH�BõòWCA��3VFQ5¬*-kX�)¦a�;RcU`¬*-k/¶Io�aYa

ûI¬õ6FýX7�'��0ÿ*¼-6ñLCYG12a2�àHIIo_46E*�þC7_Û

%£�VWl�þ6è¶�¤÷aa;<*XE@A]QþWE-EHHI3Iõ6�ê±²a�Xäå

a±²*1#)MûYG�·¤ñ3ö!VF±²�ÿ^7`VF[11]H�·¤ñC#õ6�-R2*X

2\¯R�-v�.a±²C��3õ6�VE�êM3-Ç,6HºÙ*¾qX!�VWÚ�a±²
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Real-Space Observation of Hydrogen-Bond Exchange in Water Clusters 
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Structure and dynamics of individual water clusters adsorbed on Cu(110) were studied by using a scanning 
tunneling microscope (STM) at 6 K. The dimer consists of hydrogen-bond donor and acceptor molecules, and 
dynamically rearranges the hydrogen bond, resulting in the interchange of their roles. The large isotope effect 
(~60) was observed in the interchange rate between (H2O)2 and (D2O)2, suggesting that the process involves 
quantum tunneling. The interchange motion was enhanced upon the excitation of a specific vibration mode that 
correlates with the reaction coordinate. 
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�¤-*��Ag3Æ^WóE3A�Lö&�`·_�CHhõ6H12a�¬*��Aga�

hÑ5WC�Ç�V-û�X�a&�`·_�*��ÿÿY3\��Q^W4ÇX��Aga°J\

��.*�>1§an°ð�R�2ð�-+34EW�Ã-õöC×^WE6HRHa�¤-°J�

_R`�J�_-+a]o��.�_*��AgC��@@-M¬X�a°J\��.CïCõ6F

ýa�e`�J�ÿVW¤Ã°ò�¥RïB¦§3Æ^W|�3ñò�þWöF[1,2]HRHa�°J

�_*��Aga²\_4Æ���³��_¤-��rh÷þW4ÇX��Aga\��O3Æ6«

û-üýû8Gpqõ6H�þ�a�3*�-Bò-�-Çû�FW4ÇX×¶ëNO.e�`'a

%&'(_,-3¤.©C¬O6H2 h46\��O¡Üa,ìX²\_ÿ��³��_¤-û�þ

ªþaõöC�þ�O6¡Ü_²\_ë��³��_��a3GEW*X¤.U��U�õ6��|

M* 109 s-1ÿE·Y�þWE6H÷�3É<a×¶ª_²ÿ��è¶aAgYE¿÷þWE6[3]H 

d¬XÒÓÂÐ3456�¤-a×ØE*;eJ²n°XJ"ð�XtÙd§?-+ÿI¼VX°

.ò3Y�Ã-�_�¬46H��4�§aÒÓÂÐ3456�¤-a±²*l340&8Iaç=û

4ÇX/þ�a±²hb*o»a8�'_3@ÿý�þWE6[4,5]H�ëÒÓÂÐM¬*��Ag3

Æ6�¤-�a��HóôDû�¤-�!:ÒÓ�aHóôDaoö÷3�EFýXoÙaHUò-

G÷3Æ^W¯�-õörsûHh÷þ6H¡Ña¤ÃÑNù¥CDEF±²¬*X100 KÜM¬�

¤-ûÒÓÂÐ3Hhõ61 ¤-8J�_rs3�BûØW�þX�a�rsRhzÕu3Iõ6±

²û�Á3]QþWöFHd¬X��aHh¡ÜCïCõ6I¬X@[ÒÓÂÐ3�ÌVF�¤-R

]o��.�_arsR°J\��.C76/ÿ*�Ã¬46HÂÐ3456]o��.�_arsX

áíX�VW��Aga\��OC���¤-a°J\��.CïCõ6/ÿ*XWY-ù2ÂÐa

K�þOaxvG�ÝC÷-8¡'¬ïCõ6Fýa$d)¬46ÿNO�þ6H 

äå*$�XCu(110) ÂÐ3õöVF�°J�_34EWX²\_ë��³��_��è¶CÊË
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`0&'¢ñÌ :STM>"3Æ^WQ��;VX/a��¡Ü3��÷-a`0&'óbû�@þ6/ÿ

CÁ|VF[6]H;<*õòW 6 K¬]^WE6H�)¬*°J�_3ÞOW`�J�_arsÿ��

Aga\��Oè¶3GEWÃÄõ6H 
 

H�&æç&

�ê* STM:��4�§X6 K>CDEW]EX��3*JC±�VF W ©CDEFHCu(110)@A

B!:*Ar+.Ð��ÿJ-[�3Æ6�GÀ'C�Ç�õ/ÿ¬��nC]^FHH2O4Æ� D2O

C!:cM 12-30 K ¬7^_'²a39�VFHõöcMCJÛõ6/ÿ3ÆÇXª]�_X°J�

_X`�J�_-+CôÇ¤56/ÿû¬ö6Hõ-Qì ~20 K8I¬*�¤-ûR¤7áíõ6A

bX`�J�_-+a��.�_û¯kÂÐ3�hõ6H@FSTM C��I�0±_a3*�ê�

Y�¤-ûf�õ6FýXÔ-2C5Ç�OW�êC],w3*I�0±_H2a¡_Î0LC]^

FH 

�¤-��.�_ars$�nÿõö%&'(_a¦§X4Æ�STM^�'8_^90*DFT3

!µk$d÷ï¤-¶�°�eL�ÝSTATE CDEW]^F[7]H��HI%&'(_4Æ���0

^Ï'3*PerdewXBurkeXErnzerhof3Æ6d¤n�Mýü��[8]C�DVFH÷-P��0^Ï'

*Ü'`�~7`*��0^Ï'[9]CDEWÂ¾VFH/¶IoÿßGJS�M*\Ð/!"¬�¹

VXv�`�7%&'(_*�þªþ254Æ� 225RyÿVFHCu(110)ÂÐaª�Û0L*5ø.�

�CDEW]EX°J�__`�J�_aars¦§3*(2x3)_(2x4)aÂÐ�G�`³'C½DVX

�Û'�0¹·¤3*16(64)kBCDEFH°J�_3Uõ6STM^�'8_^90*(3x4)�G�`

³'X64kBCDEXTersoffÿHamann[10]a¬¥3ÆÇ]^FH 

 

U�&è»Oé#ê$&

" !:cM 20 K8>¬�¤-3�¿õ6ÿXÂÐI3

*�@¤-û¿3�;÷þ6_; 1a aHª]�_*qk

A6ErsÿVW�Í÷þXDFT¦§3Æ6ÿ!:Cu

÷-aÅ¡4I3X¤-ÐCV3VWõöVWE6_;

1b,c aH; 1aay�;*dAn��_�EaÿúòW;

<VFÓ¬46HdAn��*Cu÷-a4I3õöõ

6/ÿûl37�þW4ÇXHU-ý���¤-*f�

3 Cu÷-aI346/ÿûQ�6H@F; 1asIa�

¤-*�§¬5þWE6Æ,3EO6ûX/þ*;<§

3�¤-ûÂÐ3�^W_[11
�

0] ¬O3aTa Cu÷-a
I3µ¶VF_Cu÷-�{|a0 a/ÿ3Æ6H<�ò

-Cø3ÆÇX�¤-aµ¶|M*6 K34EW. 7à

3 1N¬46/ÿûQ�^F[11]H 

 

b�&è»Oëìê$&

°J�_*ª]�_ÔêCæ;ò3[\÷B6/ÿ

3Æ^W@@3�hõ6/ÿû¬ö6H; 2*�°J�

_a�hC{OFSTMa¼ZÓ¬X; 2aaqE�B*

; 1 (a) �ª]�_a STMÓHy�;* CO
¤-_�ErsaÿaSõöÓHx�^'

* Cu!:C�õH(b), (c) DFT¦§3Æ6ª
]�_aõörsH 
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; 2" ª]�_��°J�_a12òôhH
(a) _3a;<*³0�'±J�.JE 24 
mV¬]EX(b) 54 mV¬ª]�_aµ¶û
+¦÷þ6H(c) HhVF°J�_* 2Ì#
�C]öuVWE6Æ,3EO6HÊË¸¹

* 4x16 nm2H 

; 3" (a) (H2O)2ÿ(D2O)2a STMÓaÑë 
(5.5 x 5.5 nm2)H 
(b)-(d) (D2O)2 a STMÓ (2.4 × 2.0 nm2)Hx�^
'* Cu÷-a,-CÂQõH°J�_*(b)ÿ(d)
a«û- 2Ì#�C]öuõ6H 

õòWª]�_¬46H±J�.JEVs > 43 mV34EWª]�_a÷-A3�^Fµ¶û STM3

ÆÇ+¦÷þ6a¬[11]X/þ3ÆÇª]�_ÔêC[\÷BF_; 2baH�±J�.JE¬¤-3`

0&'J-CÊ�õ6/ÿ3ÆÇXÉ<a¤-×¶û)¦÷þX¤-aa2ñUAg3ÆÇú0è¶

û+¦÷þ6H/þ*¤-×¶)¦CmDVF STM3Æ6¤-[ôadh¬46H; 2c3E�þ6

Æ,3�hVF°J�_*]J�aÆ,-û�üC�õÓÿVW�;÷þFHSTMÓ*;§3�VF

¬O3�.�_ÊËVW�lVWE6a¬XÓû/aÆ,35þWEO6a*¤-û[11
�

0]¬O3WZ
ò3¶EWE6/ÿC�VWE6HG@ÇX°J�_*÷-A¬O3�^W2Ì#�CcO�-kè

¶VWE6Æ,3EO6H 

°J�_a STMÓ*���ý�VF�¬*}ò3£nõ6H; 3a*(H2O)2ÿ(D2O)2CÔ�3{O

F STMÓ¬X(D2O)2¬*(H2O)2¬E�þ6è¶a¯Mû£Vk�k-6FýXÔ�VFÌ#C�;õ

6/ÿû��3-6H°J�_*[11
�

0]¬O3NCYG�¢arsÿVW�;÷þ6H/a�¢*(H2O)2

a 2Ì#�þªþa��©34EWY�;÷þ6/ÿ��XoÙ*¶ò-ñLa�û¼-^WE6/

ÿûQ�6H; 3c *.ÎÏ0§3(D2O)2 aè¶C{OF STM Ó¬4ÇX°J�_* 2 ü-a

short-bridge³J`CðO§²ÿVW(b)ÿ(d)a«û-Ì#�C]öuVWE6H 
 

 
; 4*DFT3Æ^Wl�þF°J�_a¾<rs4Æ�STM^�'8_^90¬46H°J�_

*!:÷-A3�^W��AgCHhVW4ÇX²\_¤-_>aÿ��³��_¤-_Ia*�÷

û 0.067 nm¼-^WE6H@Fõö%&'(_* 56 kJ/mol¬46_RHa°J�_3UVWaHÔÕ

arsûAga$�Ð¬l3E¿÷þWE6[12]H/ars3UVW¦§÷þFSTMÓ*o&2Ga

�B¬É?µ5�þW4ÇX�ê¬l�þF�¢aÓC<ñò3~¾VWE6H�E-ý346��

³��_¤-ûÆÇA6EHÏ^W�ê¬l�þFSTMÓ3UVWXA6Eraon-top-ý3��

³��_¤-XY,x¬a on-top-ý3²\_¤-ûõöVWE6ÿD<VFH÷�3/aÿö°J

�_aè¶*X²\_ÿ��³��_ûõöC�þ�O6è¶Xõ-Qì²\_ë��³��_��

3U�VWE6/ÿûA��ÿ-^F_;5aH 
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��è¶axvG�ÝCñò6FýX��|M Ra<�ò-CøC]^FHSTM��C°J�_I

3ù<VX7^_²±��N�C5WVFÌ#¬`0&'J I̧ta��£nC;<VF(; 6a)HJ¸

`ûfeÌ3£nõ6 �û��ð�3U�VW4ÇXð��a��t ��Î¦ò3��|MC§¿

VFH¡2ò3*ð��3Ãõ6��Cj.`L�ÝÿVWX/þC�oIo{N = N0exp(-Rt)}¬7^

��^0Lõ6/ÿ¬��|MR ClFH; 6b 3�õj.`L�Ý¬*mNûUoÂ�3-^W4

Ç��|M*Q©aÙö��¬O�þ6H$o¬4Æ� 10�J¸`C£n÷BW(0.06~0.7 nA);<C

]^FûX�þªþaJ¸`¬|M*Åÿ«+£nB[X(6.0 ± 0.6) × 101 s-1ClFHõ-QìXVs = 24 

mV ano>¬*��|M*J¸�_Ê�÷þ6J-ao4Æ���ë¤-�a{|a3ÝpB[X

�;÷þFè¶*°J�_ù#a_��+¦¬*-EaYa¬46/ÿûQ�6Hd¬X(D2O)2¬*

Vs = 24 mV34EW�a|M*1.0 ± 0.1 s-1ÿ]ý�þX��|M3456Ô-2Ñû ~60ÿ-^FH

/aoö-Ô-2ób*��¡Ü3��a`0&'óbû�@þWE6/ÿC�ºVWE6H°J�

_a²\_ë��³��_��*;6f3�õÆ,-(�"&a��0^Ï'3456è¶¬46H�

/¬ïB¦§3Æ^W��è¶atµÌ#C]ý�aC¢C§¿VFH¦§Ab��tµÌ#ÿVW

; 6f3�õC2v3Óõ6rsûl�þFH]ý�þFC¢* 23 kJ/mol¬4ÇX6 K¬*7ò3£O6

/ÿ*Åÿ«+¬ö-EH/a/ÿ*��ð�3`0&'óbû�@þ6/ÿC�¤VWE6Hÿ/

�¬XRHa (H2O)23UVW;<÷þF��|M*~109 s-1¬4ÇX)NaSg(~60 s-1)ÿ 107Ya%

EûE�þ6H/þ*°J�_ûÒÓÂÐ3õöõ6Fý3��aC¢û[Þõ6/ÿûïÛadG

ÿVWNO�þ6_RHa��C¢*2.48 kJ/mol [2]aH÷�3ÂÐI¬*X��a¡Ü¬A�÷-û

óE3ÔF�÷@¬µ¶õ6ZÃû46FýX��A5¬-kA�÷-aè¶ûÑëòoök�a¡

Ü3�@þ6H)Na��è¶C<�ò3ïCõ6Fý3*XA�aærY�ýF¯#)a��0^

Ï'Cr�VX�aI¬a�-Bò-NÍûZÃ¬46[13]H 

#3X��|MaJEÝpñC�õH; 6c* It = 0.5 nA¬d<ÿVW;<VF��|MC Vs3UV

W�e�`VFL�7¬ (H2O)2ÿ(D2O)2a|MC�þªþ¤4Æ�¥¬�VWE6H��|M*40 

mV L��� Vs3ÝpñC�VX46¦`¬[Þõ6Hõ-Qì/aJE¹¬*STM 3ÆÇ��ð

�û+¦÷þWE6H¦`*(H2O)2ÿ(D2O)2ÿ¬�þªþ 45X41 mV ¬4ÇXÔ-2ób(~1.1)ûE

; 5" ²\_ë��³��_��ð
�H��AgC\��O6/ÿ3Æ

ÇX�þªþa¤-û²\_ÿ��

³��_ÿVWaõöC��õ6H

 

 

 

 

 

; 4" (a),(b) DFT¦§3ÆÇl�þF°J�_a
õörsH(c) /ars3Uõ6 STM^�'8_
^90H��Aga��³��_¤-(sr)ûÆ
Ç�E-ý34ÇXÏ^WA6k�;÷þ6} 
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; 6" (a) ��ð�a���¦;Hð�a �X`0&'J¸ût¼Z3£nõ6H(b) ±J�.
24 mV34EW;<VF����aj.`L�ÝHJ¸3Ý�[��|M_Ùöa*d<ÿ-6H
õ-Qì 24 mV>¬*��è¶*°J�_�uaè¶¬46H(c) ��|MaJEÝpñH46
¦`8I¬|Ma[Þû�;÷þ6Hõ-Qì��è¶û STM3ÆÇ+¦÷þ6H(d) ¦JEw
�3456��|MaJ¸ÝpñH�Ù3GEW*+¦3Æ6è¶C§ûõ6FýXÚ6-è¶

3Æ6|MC�EW46}+¦÷þFè¶*J¸3UVW 1#aÝpñC�õH(e) DFT3ÆÇ
l�þF��C+¦õ6×¶ª_²H(f) ��að�ærH¾*×¶)¦CÄVF��ð�Hð
�C¢* 23 kJ/molH 

�þFH÷�3;6d*(H2O)23Uõ6Vs = 54 mV3456J¸Ýpñ:¤>C�VWE6H//¬*

ÑëaFý3Vs = 24 mV3456J¸ÝpñC¨¬�VWE6ûX�3Y®òFÆ,3/ì�*J¸

�3ÝpB[d<¬46H¤-aè¶û`0&'J-3Æ^W+¦÷þ6SgX�a|M*R ? It
Nÿ

­®÷þX#oN*è¶3ZÃÿ÷þ6J-oÿ-6HVs = 54 mV¬* RûJ¸�3UVW1#aÝ

pñC�õ/ÿ��X��ð�a+¦*1J-¡Ü¬0]VWE6/ÿûQ�6H@FX¦`aÔ-

2Ñ:~1.1>��ú0×¶ª_²a)¦CÄVWE6ÿsY÷þ6H�/¬ïB¦§3Æ^W°J�_

a×¶CøC]EXU�õ6×¶ª_²ÿVW; 6e3�õ²\_ë!:�a�¬ +��³��_aN

OC��×¶CD<VF_¦§3Æ6×¶%&'(_*36 meVaH/aª_²*²\_ÿ��³��

_a�÷a�C\]÷B6×¶¬4ÇX��að�ær3Q�HIVWE6HÏ^WSTM 3Æ6�

�è¶a+¦*X; 6f3¾©¬�õ×¶+¦`0&Û0La�r¬,A¬ö6Hõ-Qì×¶)¦C

¢Ûõ6/ÿ¬X��0^Ï'aUû¸k-Ç`0&'f:ûoU3[Þõ6H 

 

i�&è»O%íìê$&

�aª]�_R°J�_*6 Ka Cu(110)ÂÐIC7^kÇµ¶õ6ûX`�J�_¬*µ¶*�

;÷þ-EH;7*`�J�_aSTMÓÿDFT¦§3Æ^Wl�þF¾<rsC�VWE6H`�

J�_*2U#-*+Ha�BÿVW�;÷þX/þ3*4 Ga«û-üOûpqõ6:; 7a-7d>H

STMÓ3�©F^E©*Cu(110)a,-BC�VW4ÇX(a)a]q*¤-aõö-ýC�VWE6H

`�J�_*¾<¬|GaüO¬Åÿ«+Ô�VWE6Hd¬X/þ�4Ì#�aOµûX±J�.

JE ~200 mV8IadÞ3ÆÇ+¦÷þ6H(b)a�.�Û.�*X�aOµ34EWU#§²ÿ-6
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; 7" `�J�_a STMÓ:IX2.3 × 2.3 nm2>ÿDFT3ÆÇl�þFõörs_>aH̀ �J

�_* 4Ga«û-üýC¤^W4ÇX��Aga\��O3ÆÇóE3µ]õ6HSTMÓ
*ÔFSà¬46H(a)a]B*�¤-a-ýCÂQVW4ÇX(b)a�.�Û.�*£�a§
²346 Cu÷-C�VWE6H6 K34EWHóa£�*Åÿ«+�;÷þ-EûX±J�
.JEC[Þõ6/ÿ3ÆÇX°J�_ÿÔÕ3\��Oð�C+¦õ6/ÿû��¬46H

,-B¬46H�þªþaSTMÓa>T3*DFT¦§3Æ^Wl�þFU�õ6`�J�_ars

C�VWE6H̀ �J�_* 3Ga¤-û÷-A3�^WEI3G-ûþWE6HSTM3Æ^W��

Aga\��Oû+¦÷þX�aAb4Gars�Cµ]õ6/ÿûQ�^FH»aÂÐ3456`

�J�_arsÿVWXAg(111)¬*X²\_¤- 1G3UVW��³��_¤-C2G#õ6(«�

*+rs[12]X@F Pt(111)¬* 3Ga¤-û�þªþ��Ag¬µÌ3A©þFrs[14]ûïB¦§3

Æ^WÁÂ÷þWE6H/aÆ,3X�¤-û��.�_CHhVWEk3GþWX�ars*ÂÐ

a÷-hR�oÐ3ÝpVWEkH�ý3®òFX�¤-a¯�-ÂÐ2#)_@F*1#)a&�

`·_�Hhÿ�a°J\��.CïCõ6I¬X/aÆ,-]o��.�_a±²*!éò7EC

¬O6ÿNO�þ6H 

 

��&jkl&

Cu(110)ÂÐ¬�¤-a°J�_4Æ�`�J�_arsÿ°J\��.CSTMÿDFT¦§3ÆÇ

1 ¤-8¡'¬±²C]^FH��.�_aa��Ag\��Oð�CQ��;VFHÉ3°J�_

34EW��ð�C<�ò3§ûVX�a|M3 ~60�ÿE,oö-Ô-2óbCÁEVFH÷�3

DFT¦§¬ð�C¢CE·YÇX��¡Ü3��÷-a`0&'óbû�@þWE6/ÿCÁ|VFH

@FXÉ<a×¶)¦3Æ^W��|Mû[Þõ6¾*CE¿VX×¶+¦`0&Û0La�rCÁ

ÂVFH`�J�_3GEW*4Ga«û-rsC#õ6/ÿCSTM3ÆÇfgVXDFT3ÆÇE

ÌrsCÁ|VFH 

ÂÐ3456��÷-_�e`0aa`0&'óbûXSTM 3ÆÇKEO6OÆ,3-^WöFH

��÷-*ÂÐIaÕå-n°ð�34EW§²òpq¬4ÇX`0&'óbû+aÆ,-õöCb

Fõa�áâãEH�0n3Æ6�VE¾*aÁEûX)�oE3þÿ÷þ6H 

&

&
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DFT¦§*oªo°«Õ¯°±²àa¬m5­®íê±²åX¯Z­°ÿä�aæ�C¢5Xïì

o°Kñ±²à._Ð_;0/'_�³0�_¬]E@VFH 
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Annual meeting of the researchers and students who were affiliated with LTM center was held on March 13, 

2009 at Kyoto University Clock Tower Centennial Hall. 
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1C¤�ÇRõk4_VVWEFAö@VFH 

´µ¶3�A^WwZ³0�_zÆÇÕÖ

û4ÇXØ³0�_a�¶3GEW_÷þXÉ

3#&M\h 21 &MÆÇè@6ÈÉüZ^.

�Ý3GEWaÃÄû4Ç@VFH 

Pÿ´µC4ãEV@VFØ³0�_a£

¤¥¦Ó3*X`��±��_ÿVW#�89

KLa¹Áa_CVWEFAö@VFH�[

1940 &£��è@Ç#��892aÁE3i

6¤-ñ92a±²Á�û,A÷þFaìX*

d#)ò-J-Ì#C¤G#�KL
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(EDO-TTF)2PF634EW 3 hiaÒÓ�c+2O

µa�rûÔ�3SÔVW�ö¦/÷þ6/ÿX

PF6 Þ2û��¯Ñ�ó:-Ã+¦HOµC�õ

/ÿ-+XáâãEû¾*ûÃÄ÷þ@VFH 

(P!3ÈÉVFï°±²¯n°ãùap=q

Ó*X500±8>a®cn°ð�3Æ^W�VEK

ñR��CYGtµÒÓAnKCô6�¥C,A

VX®cÊ)ð�3Æ^Wl�þFSrFeO2aáâ

ãEKñX®cJ�0��ð�3Æ^Wl�þF 

(CuBr)Sr2Nb3O10 û(#):¬,-Qñ2ÿE-

õ/ÿû¬ö6/ÿ-+_÷þ@VFH)�/a

�¥3Æ^W+aÕ-®c;<ûZÃ-�VE3

4û¹Á÷þ6�áâû¤Fþ@õH 

$�3ÈÉVFï°±²¯Kï°ÑÒËKï°

ãùaw=Ì�Ó*Xe�Û0LVFJ-a./

0û\]3-^WE6./0Ñ`Û�8�`�8

92a,AC]EX./0Ñ^0L8�`a�8

92¬46fÿ Sr2RuO4a�gCØ³0�_a�

Û_0'_Ý¬-ôVW�êC]^FAbÆÇX

Sr2RuO4 û./0Ñ`Û�8�`�892ÿf<

¬ö6/ÿûÃÄ÷þ@VFH�Û_0'_Ýa

�ÃñC�õ±²ÖÿVWYÊ!õòö_V¬4

Ç@VFH 

3�a´µaëì�X�.�_ÁÂ40oa±²

�¸¶C]E@VFHÒ�.�_aw¬a³0�

_3IQ6Õå-¤=a±²Ùa�Ç�F^F¶

*X±²bÿÔF¤=a±²Ù�3XF�þûì

-±²�¸aUCjXX<ÞVFo°î��aä

öóbÿE,Ð¬Yoö-æ7û4^FÿNOW 

4Ç@õH@F¶a�§ÆÇTbÿa�aÐ_�^^90CÍÑVXDæ÷þWEFÎÏKCÐV�

-û�÷�3�¸Cãý6/ÿû¬ö@VFH/a¶û)�a�F-°é±²�ÿG-ûÇX®cK

L¯°±²aÂ-6Á�3-6/ÿCþÿVW4Ç

@õH 

-4�.�_4Æ�3ÃÅ3IVW*ÑÒÇ[

ÓX¶SÚéÑÆù¶3IVW*Æå�ÓÓ3Ôj

C¤×VWEFAö@VFH 
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îïe¹·y¾ðÕ»Oñò�&

£¤ ¥¦ 

ìío° ®cKL¯°±²³0�_ 

E-mailäyamochi@kuchem.kyoto-u.ac.jp 

" �ÁÂ¬*X¤-ñ92aç=Cïk@@3×Ç�^F�X�aÒÓÌ#3¯�t¾<

ñC¤G(EDO-TTF)2PF6ÿI¼KL3GEWÃÄõ6H 

" 1940 &£��#�¤-C9J¢�ÿõ6KLClÆ,ÿõ63�ûh÷þWEFH1954

&Xä�¬#�ã92ÿ¨©þ6�9JñKLû¹À÷þFjCÕ�ÿVWX� ÖÉõ~

¼¬a±²*dR3Þ¯÷þFH/þ�¤-ñ92ÿY¨©þ6KL*Xd¤3 *jEæ

â¬aJSµ¶Þ23ÓVWE6H1973 &3*ÒÓò-ì¶C�õ¤-ñABûX1980

&3*#��892ûl�þFH/þ�a±²34EW*X9Jñh¤¤-aH ÌRoö

÷CJÛõ6j3ÆÇX¤-ñ92aJ-Ì#a#)ñC[Þ÷BXÒÓ -c+2(MI)Oµ

CIJõ6jû3��þWuFHÔ�3XMI Oµa�rû(®÷þXd¤3*XFÿG

aMIOµ*FÿGa�r3Æ^W,A÷þWuFH 

" ÁÂÙ�*X* 1 #)ò-J-Ì#C¤G(EDO-TTF)2PF6ûX

bcQ>a 280 K ¬éÌ^F¤-£H(×´)C', MI OµC¦

/õjCE¿VF(syØ<=)H/a MI Oµ*XÏuaYaÿ

*¼-ÇXAB§¬a¤-aHÌÚÛMûHOµ�3ÁÐ÷þ

FÖ¬46ÿNO�þ6H@FX/aOµ*X3 ha�rûSÔ

VW�ö¦/÷þWE6ÿC{÷þWE6H^E�Oþ©X�

KLaÒÓòJ-Ì#*¯�t¾<ñC¤^WE6HEDO-TTFCb¤���nõ6ÿXO

µcM*. 3 K IàVFH@FXÔHrsC¤GXÆÇ³J�aoö-pJ�0(AsF6, 

SbF6)ÿaÞ2*XPF6Þ2ÆÇY®EOµcMÿoö-cMj.�Û^.C�VFH 

" PF6Þ2a®cH38_D_Ð'.ÃC=0õ6ÿXÐ'.a��U(. 0.12 ps)aa3Ã

ð0:ûQ£VX�a�X;j_80`/_�ÿ¨©þ6ð0:aóþò£nC 'E-û

�,¾<Ì#3ZUõ6H/a�XÃ- 1 93UVWX50 - 500 ¤-û�9VW4ÇX�

Þ2*��¯Ñ�ó:-Ã+¦HOµKL¬46H/a�B��Y�KL*áâC¤FþX

(®û]QþWE6HÃ=0Q�(. 0.1 ps)aJ-Ì#3GEW*X®�cHX6þÿY¼

-ÇX�GX��ò3,-ûû�E¬E6JSlmÌ#¬46ÿ¾<÷þWE6H 

" ¤-arsaÚÛMC��VFKL¹ÀÿVWXEDO-TTF 3xI'!C9�VF

MeEDO-TTF C(®VFH/a¤-aSgXÞ2§3Hh÷þ6v�Ýa¬a¤-aüO

Õu3ÝpVWX* 1#)òXÙE*X2#)ò-J-Ì#C�6jû~^FH 

" ªA(EDO-TTF)2PF6 ÿI­aÔHÞ2893Xi�ngK��*¯�t¾<ñC¤GK

L*l�þW4�[XÁÂÙ�*X)�YÑëò&÷-9Jñh¤¤-CDEW(EDO-

TTF)2PF6ÿÔÕ-ñLC�õ¤-ñ92C�ÚVÆ,ÿVWE6H 

" -4X�ÁÂ¬ÃÄõ6±²hb*X°a9aSÔ±²Ùa¹�aÛK¬4Ç@õH@

FXI­ap3U�õ6Xï2o Ü÷ ä�ÿS£a�,ûXScience and Technology of 

Advanced Materials¡ (http://e-materials.net/stam/)3º»÷þ6s<¬õH 



52

 

 

ÈÃ%½óy:Õô½SõöE÷ø&

p=" q 

ìío° ï°±²¯ n°ãù 

E-mailäkage@kuchem.kyoto-u.ac.jp 

 

tµÒÓAnK*XI�0AnK3456G+JñXÝAnK3456

�c�89X�0~0AnK3456ÞoQRJK3£Â÷þ6Æ,3��aß àÿVW

7�þW4ÇX/þ@¬Õå-¤=3QF^W!é°.±²X�D±²a!áÿ VWaf

ùF6$-C�EWE6HV�VX}`Ý���¢aghCõ6#�n°RÞ2 n°ÿÑ

ëõ6ÿX@3�cá3Eþ6A5atµÒÓAnKagh*Ú¦ñ3V56ÿ EO6H

�´µ¬*X�0�8_`_wÌ2aCc^Fbce500±¬a®cð�_~7`n°a

3Æ^WX�VEKñR��CYGtµÒÓAnKCÚ¦õ63�CEkG�ÃÄõ6H 

 

K®cÊ)ð�Oee�.vJ`rs SrFeO3 ÿ��nv'^ÜÝ_Ê)ÉaC=gVX

300±¬ð�÷BFÿ/�X1/3aA�û|âVF(#)KL SrFeO2Cl6/ÿ3hßVF 

[1, 2]Hd¤3ªaAnK34EWXª* FeO6ãÐ2XFeO5/���²XFeO4iÐ2aÆ

,3Ì2ò-ü-rsCÿ6/ÿû7�þWE6ûX�VkO�þFKL¬* FeO4 \Ð

iü-Cÿ6H#E¬XÔFÊ)¥CøÌee�.vJ`rs Sr3Fe2O7 3�DVFÿ/�

R*Çªû\Ðiü-Cÿ6d#)KL Sr3Fe2O5 agh3YhßVF [3]H/a�VEª

AnK*XrsaÉ¼ñA5¬-kXQñXA�J�089XJ9ñ-+¬áâ ãEñL

CYG/ÿûQ�^WöFH 

 

K®cJ�0��ð�O2Qñ2¬46øÌee�.vJ`AnK RbSr2Nb3O10 C(än

Ýÿ=gVX350±¬ð�÷BFÿ/�XRb û CuBr ¬��÷þF (CuBr)Sr2Nb3O10Cl6

/ÿ3hßVFH(CuBr)Sr2Nb3O10 *(#):¬,-Qñ2ÿ�-õ/ÿû¬ö6HQn´

©C;^Fÿ/�X2ÚA- 1/3��`_C�;õ6/ÿ3hßVF  [4]H 

 

<Nu�"  

[1] Y. Tsujimoto et al., Nature 450, 1062 (2008)H 

[2] C. Tassel et al., J. Am. Chem. Soc. 130, 3764 (2008). 

[3] H. Kageyama et al., Angew. Chem. Int. Ed. 47, 5740 (2008). 

[4] Y. Tsujimoto et al., Phys. Rev. B 78, 214410 (2008). 
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Áù.ú%û¨üý%Eþde&

w= Ì� a, §¨åæ a, §ZçÑ a, ÑÒÇ[ b 
aìío° ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤= 
bìío° ®cKL¯°±²³0�_ 

E-mailämaeno@scphys.kyoto-u.ac.jp 

" /þ@¬7�þWE6�892aÅÿ«+HW*./0Ñ^0L8�`_d�%a�8

92¬4ÇXJ-aYG�Ã-ñL¬46./0*X�89Ì#¬*J-UHh 3Æ^W

z{VWV@^WE6H/aB¬*ÝAnKa�c�892R$�ÁE÷þFª G��J

²a�c�892YÖ9¬*-EH/þ3UVWXJ-./0û�ña@@�8 9C3-

,./0·`Û�8�`_*�%a�892*X1984 &3�89ûÁE÷þF�EJ-M

UPt3R 1994&3äåû�89CÁEVF'�GÜÝAnK Sr2RuO4C*FýXEkG�a

Å¡f�-èßû46YaaX�¸¶ 3He aÚÛÜÝ÷-Ua8¡'¬./0·`Û�8

�`a�-°¬Ì#ûGH3SA÷þFQ5¬*-E[1]H 

�´µ¬*@[X./0·`Û�8�`�89at�ÿ$�a±²¶O3GEW®ò6H

�ã¬*X®cKL¯°±²³0�__LTM ³0�_aa�Û_0'_Ý¬ñðÞ2ôh

VF�-3Æ6X$�a±²hbCÃÄõ6HSr2RuO4 CDEF�89���g34EWX

./0·`Û�8�`Ì#3É#aUÐÛ�^�89Ì#CD<L56�êAbûl�þ

FH¡2ò3* Sr2RuO4-RuSBABI3Ïu¢�892a Pb_Tc=7.2 KaCböVXÅî

J�0�_Ý_FIBañðÞ23Æ^WXPb/(Ru)Sr2RuO4(Ru)/Pb �gCôhVF_; 1aH

Ru apqûo�892a�g3ZÃÿ-6FýX��e0·.½_'a Ru a56ò-ü

ýû�Ã¬46H�VWñ¤JKa±J�.J¸ÝpñCñòFAbX; 2 aÆ,3

Sr2RuO4aOµcM Tc =1.5 K8>¬ÎTJ¸ Icûd7XQR3IJ÷þ6/ÿCfgVF

[2]H/þ*��ób3Æ^W Sr2RuO43é�VF Pb aêÐÛ�^a./0·^0L8�`

�89ûXSr2RuO4a�89ÿëìÑ¹gVFAb¬,A¬ö[3]XSr2RuO4a�89/¶I

oûUÐÛ�^¬46/ÿaGES÷ÿ-6H 

[1] A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657 (2003).  [2] R. Jin et al., Phys. Rev. B. 

59, 4433 (1999).  [3] C. Honerkamp and M. Sigrist, Prog. Theor. Phys. 100, 53 (1998). 

 

 

 

 

 

 

"

;1 ôhVFPb/Sr2RuO4/PbaSEM3
4}A6E¸¹ûIøaPb¬X�E¸
¹û>øaSr2RuO4}ÄÓ§íba�

J0ûU0.5µma�gIÏ0&'} 
; 2 ÎTJ¸acMÝpñHSr2RuO4a Tc3

4EWÎTJ¸ûIJ÷þWE6Hay;*

dV/dIa±J�.J¸ IÝpñH 
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�C& ÿ!" #$%E÷ø&

#¨ î\ a, ï£ 4� a, I= æ� b, Ï÷ A c 

aìío° ï°±²¯ Kï°ÑÒËKï°ãù Kï°$d¤= 
bìío° %°±²¯ 1�ðñ¯°Mãù 
cìío° ®cKL¯°±²³0�_ 

E-mailäarimura@scphys.kyoto-u.ac.jp 

�QSÑ®cÿE,"$µSCÌcõ6/ÿ¬X�CÓM MRI @MRI ¢ñÌ@ a¹

ÁC]EXÃ°¢ñÌ3òóõ6CÓM_1 µm d 1 µmaaÒhC!�VWE6H/a

MRI ¢ñÌCDEW®c3456�-12Ñ�-ù23pqõ6QR��rs3GEW±

²C]^WE6H�QSÑ®c345612 3He 3*¤-S3Æ^W./0¸û`'�C

¢56ÿE, Leggett�RiceóbûGk¾þ6a¬XP./0aè¶û2©Hÿ-6H/a

FýXP./0û;j_80`3è¶õ6./0/ÿE,¾*R¯�%;_(MSE)û�F

6H@FX�QS¬*Ñëò�c¬Yoö-ðQS3ÆÇ MSE û�F

6H/,VF2©H¾*ÿ MRI ¢ñÌaCÓMa¹g3GEW¾q±

²C]^WE6H�c3456 MSE * NMR ¸¹34EWXÙd-ð

QS3Æ6 90ô-180ôÐ'.MACDE6/ÿ¬õ8/ÿû¬ö6H�

ÁÂ¬*X®cÑ�QS34562©Hóba MRI �a��Cç

Bõ6H@FXMRI ¢ñÌC�DVWX�¸¶ 3He a�-2,-

a�0nCNOWE6a¬X4QBWçBõ6H 

 
�H& �Í&`'(�ÊÏÉ`Ì& ÿÏ�Ì`�Ï&ÏÊ(& É)& \�& �ÊÎ& aÿ!& É)& �Ï�*&

[Í'`(Ï&U+Ï&ÍÊ&b+Ï&_�*Ì(�'&

öm÷ �`ø"g��®�ù"ú�û�©©`ø"�üý �øÒ�47 �øÆå�Ó �`"

�ìío°"ï°±²¯"Kï°ÑÒËKï°ãù"

`ìío°"®cKL¯°±²³0�_" ®cKï°±²b"

E-mail!sasaki@scphys.kyoto-u.ac.jp 
 
" The role of 3He in the "so-called supersolid" 4He 
was investigated by the simultaneous measurement 
of torsional oscillator (TO) response and NMR 
with almost plastic torsional oscillator.  4He 
crystal with less than one ppm of 3He was made 
and TO properties showed "so-called supersolid" 
response.  Then, 4He crystal with a few 100ppm 
of 3He was made and TO and NMR properties was 
investigated.  TO properties showed no 
"supersolid response" as reported earlier with this concentration. However NMR properties was 
investigated as a first trial.  Below the phase separation temperature, droplet of 3He appeared as reported 
by other NMR experiment with much more amount of 3He.  Interesting thing is that there are two kinds 
of 3He droplet, which showed different T1, T2 and spin diffusion.  One of them seems more stable than 
the other against temperature sweep even above the phase separation temperature.  The less stable 
droplet showed similar properties as previous observation by other group and thus could be considered as 
droplet of 3He in homogeneous matrix of 4He crystal.  The more stable droplet could be held by 
inhomogeneous (disordered) part of a crystal of 4He, which attract 3He impuity even above the phase 
separation temperature.  If this disordered part is related to the “supersolid response”, very strong effect 
of 3He impurity on the "supersolid response" of 4He crystal can be understood. 
 

; 1" >200µmI'_�
aa12 3 HeaÄÓ 
(1K, 3.6µm/pixel) 
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�U& ,`ÏÌ(&)É�&�`-Ï�)'`ÍÎ&�(�(ÏÌ&É)&U+Ï&ÍÊ&a�ÊÉÌ.�'Ï&�(�`.(`�Ï&

öm" ÷ a, b, Æå�" Ó a, b 

a ìío° ®cKL¯°±²³0�_ 
b ìío° ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤= 

E-mailärftoda@scphys.kyoto-u.ac.jp 
3Hea�¸¶lm£o*Õå-U#ñ_HaC¤ì,6H±'�2¬* AHX

BHa�û�¾÷þ6ûX;j_80.z(@=10–100 nm)ÜMa.½_'¬¢Ðûpqõ6

¸E��¬*X��rsûHD<3UVW�Ã-õöCbFõÆ,3-ÇX¼- 6U#ñ

C¤^F�¸¶Hû¾þ6��ñû46HFÿO©@ao�ÜMaQcC¤GðEØþa

¬*XPolar Ì#ûÿ@þ6ÿNO�þXABM-Polar =gÌ#RX{ Polar Ì#a¿¾ûï

Bò3s;÷þWE6[Y.H.Li and T.L.Ho, PRB 38, 2362 (1988), A.L.Fetter, S. Ullah, JLTP 70, 

515]H¸E��CDEF�ê*X/þ@¬3Y%�eK�'-+CDEW]QþWöFûX

�U�¸¶Ì#a¿¾CAf3VF�ê*¾q@¬-EH/þ*X�ê3DE6 ��rs

a�0°ÝñXôh��-�Öò��rsû&÷EFý;<ÔMû!ì6/ÿX "%Cß

,Fý¯oC·øVFSg3¦/6±'�2a=�-+û÷ú¬

46ÿNO�þ6H�/¬äå*X�Öò-ñð��rs§a
3He CÔMÆk;<õ6Fý3X�&Á�VWöF\]Þ2-.

CDEX;aÆ,3 NMR ;J'Cñð��rsaóÇ3d2n

VFYaCôhVX�U�¸¶HC�Úõ6¦ÄCFWWE6H

�.�_¬*�U�¸¶Hûþÿ¬ö6��rs4Æ��aôh

¬¥X�;¬¥3GEWçBC],H 
 

�b&&Y\ÿW\\� ¾:/ Y�ÿW\\�0ìÆ.í12Å3E45Á67%Å&

§= 7A a,b, £¤ ¥¦ b, Û# q( c 

aìío° KL�ð"Îg^.�Ý÷B 
bìío° ®cKL¯°±²³0�_ 
c5#o°o°î ï2°±²¯ 
E-mailänakano@kuchem.kyoto-u.ac.jp 

;-(BTM-TTP)2SbF6 [1]X;-(BSM-TTP)2PF6 §¬*X²\_¤-* 1

¤-a�ûAB°ò3ËÌ¬4ÇX; ¢ÿ¨©þ6$#)ò-¤-üACÿ^WE6H@

FXGAg��±0²¦§*$#)ò-7�'�ÐC¬O6Hõ-QìX/þ� aAb�

�*X/þ�a%ûÒÓò-JR89ì¶C�õYaÿs

Y÷þ6HV�V-û�X/þ�a%*bc��ã92ò

ì¶C�VX ;-(BTM-TTP)2SbF6 abc¬aQn:*

8.3×10?4 emu mol?1ÿoö-`C�VWE6HVFû^WX

J-HI3Æ6JSa�qnû�º÷þ6H 

/þ�a%aã92òì¶a÷úCA��3õ6Fý3X×¶¤Ã¥3ÆÇ(®C]^

FHC=C �¬×¶ª_²C&'VFÿ/�X/þ�a%¬*bc¬õ¬3JSatÙnû

¦/^W4ÇXcM®>3'^Wvå3JS¤|ûÁÒVWEk/ÿû¤�^FHØ�*X

l�þFAbaïð3GEWçBõ6H 

[1] M. Noda, M. Yasuda, Y. Nakano, A. Ito, et al., Chem. Lett., 37, 396 (2008).   

Receiver

Narrow channel

Transmitter

S

S S

S

S

S

S

S
H3CX

H3CX

X = S: BTM-TTP 
X = Se: BSM-TTP 
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�i&&8|9·&XÿÏ:Z[�W\\]^H�]�&E²³kS±&

¨m Wñ a,b, ( O) a,c, £¤ ¥¦ a,c, rs tu d,Ñm§ *d® e 
aìío° ®cKL¯°±²³0�_, bìío° KL-ð"Îg^.�Ý÷

B, cERATO JST, d��o° �g±²à, eìío° ï°±²¯ Kï°ãù 

E-mailätmurata@kuchem.kyoto-u.ac.jp 

" (EDO-TTF)2PF6 *. 280 K

¬¯�t¾<ñ3!µkÒÓ

�c+2OµC¦/V [1]X

÷�3��¯Ñ�ó:aÃ+

¦HOµC�õ  [2]HEDO-

TTF axI'ý�2a%X

(MeEDO-TTF)2PF6 * 303 K ¬oö-9Jña£nC',ã92�ã92OµC¦/õ [3]H

/þ�$Ga%a²\_¬46 EDO-TTF ÿ MeEDO-TTF C|ä|aÑ¬=gVF>1C

PF6 J�0apq>XJCAn¥¬Þ2nõ6ÿXo¬a²\_CÅ¡«�[G��=B

Þ2 (MexEDO-TTF)2PF6 (x ~ 0.5) ûl�þFH/a%* (EDO-TTF)2PF6 ÿÔHaABrs

C#V-û�X�þÆÇY 40�70K®EcM¬ÒÓ�c+2OµC¦/VFH 

[1] A. Ota et al., J. Mater. Chem., 12, 2600 (2002). [2] M. Chollet et al., Science, 307, 86 (2005). 

[3] S.-F. Shao et al., J. Mater. Chem., 18, 2131 (2008). 

 
��&&Ãí$ü.§;Æ.í12ÅEI<½k¸±&

o+ ,� aXDmitry V. Konarev bXSalavat S. Khasanov cXRimma N. 

Lyubovskaya bX£¤ ¥¦ aXrs tu d, e 
aìío° ®cKL¯°±²³0�_Xbe^�¯°�v��_ n°K

ï±²àXce^�¯°�v��_ ù2Kï±²àXdìío° ï°±

²¯ n°ãùXe ¾àÓ ��o° �g±²à 

E-mail: otsuka@kuchem.kyoto-u.ac.jp 

C60XC70 -+a7�_803*J-¢pñû4ÇXJ-Ê

¬2ÿa�3JSµ¶Þ2CHhõ6Hx�e³0-+�5
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1. A. Fukuda et al., Phys. Rev. Lett. 100, 016801 (2008).  

 
�E& ¹O��FEGÕ H@Ü1�C<OA$ÅBCy¾ðÕ&
H±½IJÅK$Egh&

&Ä÷ ­, a, Am H b, .md¿ c, IZU= a, ��ôd d, ½m¾¿ d 

aìío° ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤= 
b/à%¯o°,  cïúA0o°, dìío° ®cKL¯°±²³0�_  

E-mailäyo-ogasawara@scphys.kyoto-u.ac.jp 

" 2 øM1=1 �-T_'Ì#*Xø�3Þ0ò-;j_

80.û�F6áâãEM¬46H/aM¬*�J-�

M nTûoök-6ÿ�-T_'Ì#û 2øËÌ-2�-

T_'Ì#3HOµC¦/õH@FÐaQSa46ÿö

*ø�-H�ûÐaQS¬O3ègõ6ègHÿXIÔ

-kd<3-62ègHÿaHOµC¦/õH/þ@¬

*J-�M�A=(nf-nb)/nT_nf,nb *ÒøaJ-�Maû#

$¬a�ê*Åÿ«+÷þ-�^FûXA*�_e0�ÿ 

`0&'%&'(_7 SAS3��õ6a¬o£�Ã¬46H 

äå*7 SAS=11Ka GaAs/AlGaAs(��-�ö3434EWÐaQSCdÞVXÕå- nT@

ÿAa`34EWQRJK Rxx acMÝpñC;<VX�ñn%&'(_7C;<VFH;

|*èg-2ègHOµB3456ÐaQSaAÝpñCÕå- nT¬;<VFYa46H)

NaÁÂ¬*/a�êAbÿïBÿaÑë(®C]EFEH 

&

; 1" ÷@Á@-�J-�M Ntot3456$øM

Ar1�-T_'Ì#a~Û`0,-H�.345
6�ñn%&'(_7aXÐaQS B//ÝpñH 

; 1" èg-2ègHOµB3456
ÐaQSaJ-�M�AÝpñH 

8

7

6

5

B //C
-I

C
 (T

)

0 .60.50.40.30.20.10.0

A

 n t =1.4  a=6.47 
 n t=1.2  a=5.83
 n t=1.0  a=5.21
 n t=0.8  a=4.58



58

 

 

�L& MûNO®P¹Oy¾ðÕIý1êQJ%¨íRé

.STUVEW�XYÕj~&

��ôd a, =§éÑ b, 1=�d® a, 2§Z­\ c, £=X¿ b, A

mH d, ½m¾¿ a 

aìío° ®cKL¯°±²³0�_, bûüo° ï°±²î, cìío° ï°±²¯,  
d/à%¯o° Kï°äb 

E-mailätoshikaz@scphys.kyoto-u.ac.jp 

" %�K�L&`���ª0(EMP)*XPQ3QSû��^F$#)J-Ma1C8Q6

JSa�M/¬46HEMP *1aJ-Ì#3ôÔ3ð�õ6HäFì*ÚÛÜÝ1Ð$#

)J-Ma1�.a�M¤÷CJS¬JÛV-û� EMP ST©UC;<VFHJS3Æ

6XF/ýûGEÌ#��vå3�kV

WEkÿ(; 1 q��s)X$�*sY_

Ç©UûXk-^WE^FHÿ/�ûX

F/ýû233�ESgXsY3ðVW

~�©Uûjû6AbClFH±²�¸

¶¬*X÷@Á@-J-�M¤÷¬;<

VFAbCE-û�X�EXF/ý¬�

;÷þF©UajûÇC�ö¦/õïÛ

CNO6H"

 
�C�&&QíÃÄ.1#ûÀ.EZöÓ¥&

2§Z ­\ a, �� ôd b, ÑÒ Ç[ b, Am H c, ½m ¾¿ b 

aìío°o°î ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤=   
bìío° ®cKL¯°±²³0�_,c/à%¯o° Kï°äb 

E-mailänishinakgawa@scphys.kyoto-u.ac.jp 

" L�7�0ÿ*��÷-ûïa3,-C\«A$#)AB¬46HL�7�0IaJ-

*L�4a�^���Í-ÿVW×6Ø,/ÿ��_3a$#)J-M¬*¦/ Çl-E

É¼-ñLC�õH÷�3Uo nm aÛ}0ÌaL�7�0a34_L�7�0\]Û}

0a*^_`ÌaYaÿJRòñLXQRòñLûoök¼-6ÿsY÷þWE6H 

äå*L�7�0\]Û}0a34C X.Li �a¬¥[1]3ÆÇôhVFH;|*äåû

ôhVFL�7�0\]Û}0a÷-��¢ñÌ

_AFMaÓ¬46H1û�-Ç4^Q8¬4�

�k|øÿ>Qþ6Å+�E34û¬öFûX!

ò¬46Uo nm aL�7�0\]Û}0Côh

õ6/ÿ*¬ö-�^FH�¸¶¬*34ôh¬

¥aïðÿ)�a±²¦Ä3GEWÁÂVFEH 

 

[1]: X. Li et al., Science 319, 1229 (2008). 
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[1] E. Olshanetsky et al., Phys. Rev. B 67, 165325 (2003). 
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The discovery of type-II superconductivity in heavily boron-doped diamond 
(C:B) [1] and cubic silicon (Si:B) [2] led to an increasing interest in the 
superconducting phases of wide-gap semiconductors. Recently, we found 
superconductivity in heavily boron-doped silicon carbide 
(SiC:B) [3]. Surprisingly, the latter system turned out to be 
a type-I superconductor and exhibits a quadratic 
temperature-dependence of the electronic specific heat at 
least down to ~350mK [4].  

Here we will present and discuss specific-heat data on an 
extended temperature scale down to ~70mK. The power law 
behavior of cel holds to ~300mK. Below that temperature, 
we observe a residual density of states supporting a 
description of the superconductivity in this system in a BCS 
framework. The new data allows us to estimate the 
superconducting parameters more precisely which we will 
discuss in detail.  
[1] E.A. Ekimov et al., Nature 428, 542 (2004). 
[2] E. Bustarret et al., Nature 444, 465 (2006). 
[3] Z.A. Ren et al., J. Phys. Soc. Jap. 76, 103710 (2007) 
[4] M. Kriener et al., Phys. Rev. B 78, 024517 (2008). 
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[1] Y. Kamihara et al., J. Am. Chem. Soc. 130 (2008) 3296. 

[2]Y. Nakai et al., J. Phys. Soc. Jpn 77 (2008) 073701. Y. Nakai et al., arXiv:0810.3569. 
&

FIG.1: Specific heat of heavily 
boron-doped silicon carbide.
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[1] R.Jin, Yu.Zadorozhny, Y.Liu, D.G.Schlom, 
Y.Mori, and Y.Maeno: Phys. Rev. B 59 (1998) 4433. 
[2] C.Honerkamp and M.Sigrist: Prog. Theo. Phys. 
100 (1998) 53. 
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[1] A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75 (2003) 657. 

[2] R. Jin, Yu. Zadorozhny, et al., Phys. Rev. B. 59 (1999) 4433. 

[3] C. Honerkamp and M. Sigrist, Prog. Theor. Phys. 100 (1998) 53. 
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aìío° ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤= 

bJST-TRIPX" cERATO-SORST 
dïì2Õo° 7e0�^�MsSÔ±²³0�_ 
eïì2Õo° �D³����.±²à 

E-mailäshunsaku@scphys.kyoto-u.ac.jp 

Fe C¡_.3VF�892 LaFeAs(O1-xFx)aÁE*X

�a�E�89OµcM(Tc=26 K, x=0.11)ÿXÝAnK

�c�892ÿai�ñ��jEÊ!CÅýWE6H

LaFeAs(O1-xFx)*;aÆ,3 LaO øÿ FeAs øû·��

-^FABrsCVW4ÇX±0²¦§-+aAb��

2 #)ña�E Fe a 3d J-û�893oök«¬VW

E6/ÿûQ�^WE6Häå*QS¬üOVF34¬aPQRST(NMR)3Æ^W38

9Ì#aQR)¦a¼¬ñR�89ÿQñaIÔ3GEWñ0ò3ñòWE6H ÁÂ¬*

/þ@¬3l�þFAbaïðC»¼õ6s<¬46H 

 
�H�& ÿYZ çy:Õn~¹OÜ|}þNOEÓ~&

@ö�A a, Þsæh a, ¾d¿ a, ÑÒÇ[ b, ÍaÇÎ a, ÏmÐÑ a  
aìío° ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤= 
bìío° ®cKL¯°±²³0�_ 

E-mailäshishido@scphys.kyoto-u.ac.jp 

" f J-C¤G Ce ngK*GHIJ-MaË¢KLadG¬4ÇX®c¬J-a#óL�

ûÚÛJ-a 1000 �ÜM3YÒõ6K�EJ-MOCHhõ6Häå*¤-©%/�Î

^_(MBE)¥CYìEW�EJ-MðGQñ2 CeIn3 ÿ f J-C¤F-E<=KL¬46

LaIn3 û�ó3·øVF12�,-��a%/�Î^Ï'hz3hßVFH; 1 3

CeIn3(2)/LaIn3(4)a TEM ÓC�õHCeIn3øÿ

LaIn3 øû�ó3·øVWE6Õ-û¤�6H

12�,-¬* CeIn3 øaÚ�aJÛ3ÆÇ

M a # ) ñ a £ n û þ ÿ ÷ þ 6 H

CeIn3(m)/LaIn3(4) (m = 8 - 1)3GEWXJRJ

K:XHall ób;<C]^Fÿ/�Xm û\

]õ6ÿS3 TNY\]VXm = 234EW TN 

M 0 Kÿ-ÇX�EJ-Ì#aHhû�;÷

þFH/a/ÿ*#)ñJÛ3Æ^WJ-Ì

#aJÛ3hßVF/ÿC�VWE6H 

 

;: LaFeAs(O1-xFx)aABrs 

; 1" CeIn3(2)/LaIn3(4)a TEMÓ 



64

 

 

�HC& ^��Üþde· ��]ÏgÌ�CW*E�qrs¸hkWæ±&

þ# ç( a, Marcin Konczykowskib, C. J. van der Beekb, Þs æh a,  

A� ¢d® a, @ö �A a, => ? a, v+ )ñ c, BR C d,e,  

DE F d,e, ½# q d,e, ²� 4d c,e, Ía ÇÎ a, Ïm ÐÑ a,b  
aìío° ï°±²¯ Kï°ÑÒËKï°ãù Kï°$d¤= 
bEcole Polytechnique, c��÷-�±²¹Á�r, d«Õ�g±²à, eJST, TRIP 

E-mailäokazaki@scphys.kyoto-u.ac.jp 

" )Näå*ªG�M�892 PrFeAsO1-y@AB(Tc ~ 34 K)a>bÎTQS Hc1ÿ�a¼¬

ñ ! [=Hc1(H || c)/Hc1(H || ab)]a§ûC]^FH>bÎTQSò��a¼¬ñ*X]_²a#

j3ôÔ-QSé�z(Hc1HB-2)R7�'�Ða¼¬ñCðpõ6Ð�x_�_¬4ÇX�

89Á¾�rÿ��3IÔõ6�89(Ï��rsC±²õ6I¬�þ�a§û *"ýW

�Ã¬46HV�V-û�XÏua±'�aQn;<¥¬*XQîa/0�ý3 ÆÇtÙ

dÿ-6QS¤÷C\ÙVW;<õ6Fý3>bÎTQSaD<*233'(¬46H 

" �/¬äå*�8JÌañ&T_'�-CDEW34a§²R1-+a34aÒSà3

456�àò-Qna;<C]EX�892abaQS¤÷CN5õ6/ÿ3Æ Ç>bÎ

TQSÿ�a¼¬ña§ûC3�F[1]H�VW/aMû(1)®cr34EW,Í-)¦aÅ

ÿ«+-E7'(Ï��a�89¬46/ÿX(2)&÷-(Ï��C¤G±0²ûÆÇ�#

)ò-�'I±0²a�89¬46/ÿC�ºõ6AbClFH 

[1] R. Okazaki et al., Phys. Rev. B 79, 064520 (2009).  

 
�HH&&^��Ü� þde·E¸h��akêì7©[de�&

A� ¢d®, Ía ÇÎ, Ä÷ h a,b, Þs æh, �Þm IJ, mhZ K, 

þ# ç(, @ö �A, v+ )ñ c, BR C d, DE F d, ½# q d, ²� 4

d c, 8k �n b, \mU1 b, C.J. van der Beeke, M. Konczykowskie, ÑÒÇ[ b, 

ÏmÐÑ 

 ìío° ï°±²¯ Kï°ÒËKï°ãù Kï°$d¤= 
aìío° ®cKL¯°±²³0�_  
bK��r, c÷-��r, d«�±, eEcole Polytechnique 

E-mailäk.hashimoto@scphys.kyoto-u.ac.jp 

" äå*X$�ÁE÷þFªG�M�c�892 PrFeAsO1-yÿ Ba1-xKxFe2As2@ABaÐa

QSé�z;<C�J�e/CDEW 1.5 K @¬]^FH�aAbX,Í-a®%&'(

_CQ�ðpõ6QSé�z*®c¬2337��`-×ØECEBX�89( Ï��û

7�'�ÐH23�^W¹EF7'(Ï���8923É?ò-7�ñ¢acM ÝpñC

�õ/ÿCA��3VFH÷�3�89J-�M*$(Ï�ª�'¬­k7^� `¬öX

ªG�M�892û�'I(Ï���892¬46/ÿC�ºõ6AbClFH Ø�*�

J�e/89MaAbR Ba1-xKxFe2As2at{KóbY1BWçBõ6H 
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_Ia�¤-(�2arsÿ 
��Ag��ð� 

_>a(�2a STMÓ_6 Ka

�HU& _�*É.ÉÍ'&ÿg��&���½P��Ç���Ü� wZö� E

�·�»�� aÿ!¨©$�E÷ø&

�= L a,d, sþ *u b, 8Ü �Mï c,d 

a��J-(±) ¹Á�b 4L'_� 2I_Ý, b_±a��J�Ü��,  
cìío° ï°±²¯ n°ãù ¤-rsn°±²b, d CREST / JST 

E-mailämizuno@kuchem.kyoto-u.ac.jp 

" NMR *�K�/!¹a¤Ã°¬4ÇX7YN

a��CGk¢5W S/N û233®EHS/N CO

Iõ6!ò¬X34Cbc>3ýö-û�(¿M

C®cnVF>1Ma NMR �e_�*¹Á÷þ

WöFHäå*X�þCbc>¬a MAS(�K�

�+34NO)C',ù2�¤C� NMR 3�DVFH

k��- NMR�e_�¬46XCryocoil MAS C¹Á

§¬46H)N*X®c®YN HEMT �Û�0�C9

�õ6Fý3XÐ'.�� 100W 3UVWY�Û�0

��aOPJ�C 50dB 8>3Q\õ6/ÿû��-

�'�8�³C¹ÁVFH/þ3ÆÇX3ô�34E

W 1H MAS-NMR(RZó/o 301 MHz)¬, bcU=�

3UVW 3.0�a S/NOI:C�õ/ÿû¬öFH"

 
�Hb& è»OI<·y¾ðÕè�{¤��Eß���g&

�� � a, "� �� a, ãm ×d® a, �= � a, #ò xk a,  

¬m 5­® b, ¯Z ­° b 
aìío° ï°±²¯ n°ãù 
boªo° «Õ¯°±²à 

E-mailähokuyama@kuchem.kyoto-u.ac.jp 

��AgaHhXC|X4Æ�\��Oa°J\��.*XÕå-�>1að�R�2

að�34EW�Ã-õöCbFVWE6H�¤-(�

2*��Aga$&@-¬4ÇX!é±²aU*ÿ÷þ

WöFHRHa�ê¬*X×¶-NO.e�`'C)3

(�2a¤-���0^Ï'R��÷-a`0&'°

J\��.3GEWçB÷þWöFH/þ3UV�±

²¬*XÒÓÂÐ3õöVF�¤-(�2CÊË`0

&'¢ñÌ_STMa3Æ^W���X@d¤-8¡'

¬�ÍVX�a¶ò-ì¶3GEW±²C]^FHÉ

3X��AgC\��O6/ÿ3ÆÇX�a²\_ÿ

��³��ÿVWaõöC��õ6¾*_s;aC�

���;VX�a¯Mûoö-Ô-2ób_60 �aC

�õ/ÿCA��3VFH 

; 1 Cryocoil MAS 3ô�a34 

; 2" adamantane a 1H MAS-NMR.
e�`'a S/NaÑëH(a)Cryocoil 
MAS3ô�¬;J'X�Û�0�ÿ
Ybc¬;<H(b);J'* 10K, �Û
�0� 45K¬;<H(c) ýSU=�¬
;J'X�Û�0�ÿYbc¬;<H

(a)C(b)¬ 3.4�X(c)C(b)¬ 3.0�a
S/NOI:ûl�þFH 
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gúç""øÌngKTçGQñ2"¹�Ñ�±�Ò"a±²"

­m �1, U ÒV, W X, gþ ÿ�, l¨ d­ 

ìío° ï°±²¯ n°ãù ÒH°±²b 

E-mailäshioshio@kuchem.kyoto-u.ac.jp 

" øÌngK LaCoAsO *$�Ê!CÅýWE6ªG�M�c�8

92a KL LnFeAsO ÿÔFrsC#VXOµcMû. 60K a

�ETçGQñ2¬46[1]H$#)ò- CoAs øû89ñÿQñ

C×,ÿE,TçGQñ2¬*4@ÇÖa-Ersò-É?��233áâãE KL¬4

6H 

" äå*{­- LaCoAsO aÈÉ34Cghõ6/ÿ3hßVFHl�þF34aÞ0ò

-QñCïVkñòFÿ/�XM2 vs H/M �e�`_�e�`Ñ�e�`a3 MnSi R 

(Fe,Co)Si ¬E�þ6Æ,-I3�-×6ØEûE�þFH�/¬�A3Æ^WáÀ÷þF

ÚYjZö(SCR)-./0û�üaïB[2]3ÆÇ./0û�üaÐ�x_�CE·ÇX/

�«3Æ6 SCR ïB[3]3ÆÇ9�þF!Q:au3£�VFÿ/�X�ê3ÆÇ]ýF

!Q:acM£nC­k~¾¿u6jû¤�^FH/aÆ,3  LaCoAsO aOµB�.a

\ÙS����a[þ*./0û�üaïB¬44Æ�,A¿u6jû¤�^FH 
 
[1]Yanagi et al., PRB 77 (2008) 224431. 
[2]Takahashi, JPSJ 55 (1986) 3553. 
[3]Moriya, Spin Fluctuations in Itinerant Electron Magnetism (Springer-Verlag, New York, 1985). 

 
�H�& bÍ_É�HP�øSTkÔÕè���Å%ô½SyR~�E¸±!"&

¯>" K a, ­m" �1 a, l¨" d­ a 

aìío° ï°±²¯ Kï°n°ãù ÒH°±²b 

E-mailämorishita@kuchem.kyoto-u.ac.jp 

" \Ð*+,- CoO2ÐC��KLX3*XÛIÜÝJ�0(#J­aJ"

�4ÿVWmD÷þWE6 LiCoO2RXoö-7JóbC�õ NaxCoO2X�

89ñC�õ NaxCoO2ÑyH2O -+233áâãEKñC�õYaûpqV

W4ÇX@F CoO2 Ð�{|R�3[@þ6J�0ahi-+3Æ^Woök�añLC

£O6/ÿûQ�^WöFH 

�±²¬*XLiCoO2R NaCoO2C¡(\A%ÿð�÷BX��ngKa�Ú4Æ�l�

þFKLa§ûC]^FHLiCoO2C Na2S2O8ÿð�÷BFÿ/� c Nzûefò3£nV

WEkÕ-ûE�þFH$ëò3l�þFKLCñòFÿ/�XPark �a»¼[1]346Æ

,3�û(ø�^W4ÇX34§aÛIÜÝûÅ¡õòW\`ÛÜÝÿJ�0� �VWE

6/ÿûQ�^FH@FÅÆr·R3ýkÿX�dø2R÷�3�a]-EHûl�þFH

/aÆ,3VWl�þF�(ø343UVQn;<C]^Fÿ/�X43 K34EWQR-

Qna\]ûE�þFH59Co Pi�"ST;<C]^Fÿ/�X/acM8>¬.e�`

'GMûQR3\]VFH/þ�aAb��X43 K34EWðGQñÌ#3HOµVWE

6ÿNO�þ6H 

[1]S.Park et al., Solid State Commun. 148 (2008) 271. 
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�Hå& aÍUg'Y:&E�v¹O¸±yÛÔÕ!"&

W" " " X, ­m" �1Xgþ" ÿ�, l¨" d­ 

ìío° ï°±²¯" n°ãù  

E-mailächenbin@kuchem.kyoto-u.ac.jp  

"  Ni3Al*Ë¢ò-�ETçJ-GQñ2¬4ÇXÎ'Û_cMTc = 41 KX

ABrs* Cu3Au¢¬46H/aKL3UVWX2²-ý3Q[�CXSi

-+Cy�õ6ÿXGQñlmûz{VX*#)

ò-GQñ�-HOµû¦/6ÿE,AbûÞ0

òXñ0ò-Qn;<3Æ^WA��3-^FûX

/a�-HOµ3UVW�Ã-õöCbFVFCX

SiaJ-Ì#3GEW*@AA��3-^WE-EH

�±²¬*XNMR;<ûpq3¬ö6B÷-C2²

3²_�VFMNi3AlBxagh3hßVXSQUIDQ

î¦3Æ6Qn;<C]^FH;|*2 K3456

�e�`Ñ�e�`a\hÝpñC�õHBa�û

[Þõ63GþTcû¼Zò3£nVXCXSi²_�

MÿÔFkXQ[�-²_��_x = 0.03a¬Tcû

z{VFHñ0ò-�B��J-Ì#CCAõ6

Fý311B-NMR;<AbC1BW»¼õ6H 

 
�HE& ¡JK{¤��� �eH�U�LE¸hW �¸×��&

8/" U]Xgþ" ÿ�Xl¨" d­ 

ìío° ï°±²¯ n°ãù ÒH°±²b 

E-mailäknawa@kuchem.kyoto-u.ac.jp 

"

Pb2V3O9* V4+û S = 1/2 ad#)Ag��EC-õ*^BMangK¬46H�KL*

¯AB2CDEW±²û]QþX eQS¬*!"Ì#û2Qñ¬./0(Ï� �C¤G

/ÿû¤�^FH@FXH = 4M38 TaQSCdÞõ6ÿ®c¬ðGQñû+¦÷þ6/ÿ

ûÁE÷þF[1]H 

QS+¦ðGQñûÁ¾õ6�rC÷�3&�3çB

õ6Fý3*XÆÇïð-KñCl6ZÃû46H/a

!òaFýX~AB¥ò� FZ3Æ6@ABaöhC]

^FH; 13 FZ3ÆÇl�þF@ABC�õH 

l�þF@AB* 0M14 TaQS§34EWÑ7C;

<VFH/aAbXQS+¦ðGQñH�aOµQSX

OµcMaïðûA��3-ÇX&�-QRH;Côh

õ6/ÿû¬öFH 
 
[1] T. Waki, et. al.: J. Phys. Chem. Solids 66 (2005) 1432-1434 

; 1" FZ3ÆÇl�þF@AB

;|H2_3456�e�`Ñ�e�`a
\hÝpñH 
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�HL& ìÆ.±��·ØÙEê7©��È£@{ ¡±§Å

01¢ÅEÓ~k$£²³&

`� aA a, §2 U¿ a, Ò¯" ¿b a, sm ,Ñ b, nmÎd a 

aìío° ï°±²¯ n°ãù j�KLn°¤¯ 
bìío° 2°±²¯ �4n°ãù �Dù2n°n°¤= 

E-mailätokudome@kuchem.kyoto-u.ac.jp 

" \]x_`'¸¹ax~¤ÿ�J�ex_`'¸¹a��e¤

C1B¤Gføò¯¤rs*jEÑÂÐ·ÿ/þFKLÏZÉñ

C1B¤GFý , �gò-ð�ó:û�E�±J.�a�Dû�

�¬46.  �±²¬*, >1§3¾<3>CÑ¤í÷BF¿Á=

g>1��<'�Ú'¥3ÆÇføò¯¤ñ�'�\Ú'aô-

C3�F.  %n�'�GÜÝ 6 �UKC Al ¦ÿVWDE, �>

ñ�Û�_Sp>¬�e/80�Î^²C´Þõ6ÿ , <'�Ú

'Oµÿú]VWH¤|û0]V , ��e¤¸¹arsûHh÷

þ6 (; 1(a)).  d¬¬, x~¤¸¹að¤* 1#Í-ò� 2#Í

-�c3Ûuõ6 (; 1(b)).  _3ÅÆ, ò��ÎTÅÆ�l�þ

F¯¤2að¤rsCÊËJ-¢ñÌ(SEM, FE-SEM), &+ X ©

íî(SAXS), »�õö;<, �dE�;<, S�B8_D_.Î

Ï0¢ñÌ(LSCM)CDEW§ûVF.   

 

�U�& ¤ûÆ¥«Iªü.§Å¥ÅI$¦ÅSu«û2§Å2¢

ÅÜE�»¨&

&Ñ" �Ë a, Ò¯" ¿b a, §2" U¿ a, nm" Îd a 

aìío° ï°±²¯ n°ãù  

E-mailäkazuki@kuchem.kyoto-u.ac.jp 

" ½J��';Î^²aÞ�¤C�¬g¡Ü

¬H¤|ÿ<'�Ú'OµCú]VW+¦õ

6ÿX��e¤4Æ�x~¤C1BYG^Û

vÚ'ûl�þ6HSp÷B6TÐ�ñÉX

´ÞÉahiRÄM4Æ�ð�cM3Æ^W

H¤|ÿÚ'naHUò-�J�0LC£n

÷BX÷@Á@-ª'7�eK_C#õ6Ú

'Cl6/ÿû¬ö6H�±²¬*½J��

';Î^²ÿVW�`�x`Î^^�0

(TMOS)CXTÐ�ñÉÿVW�Û�Î^%

I80�'Î'%_�' (//¬*É3

Brij78(C18EO20))CDEFMaH¤|ì¶Cñ

òFHÉ3��e¤CYG^ÛvÚ'ûl�þ6¿Á\ha¶·CñËVFH@ Fl�þ

FÚ'37©ïC�VF�X»�õö;<3ÆÇe,a3456x~¤aÌ#3 GEWY

ñòFH"

 

46 =m

(a)

(b)

 
; 1. (a)�J�ex_`'
¸¹að¤rsa LSCM
ÄÓ.  (b)\]x_`'¸
¹að¤a FE-SEMÄÓ

; 1" l�þF��e¯¤ñ^ÛvÚ'a
SEMÓ_¿Á\häHOAc 12 mL, TMOS 5 mL, 
Brij78 1.6 ga 

5 =m 
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�UC&&Ì&�&CwH&Ø©lNOªÚ¸±·&!eH_`U�Ê]CHE aÿ!&
m£ oñ a, 2= f¥ a, &=m A a, Ds xA a, wZ ü a,  
£= �+Ç b, &= �< b, m§ ¥o b 
aìío° 1�·µS°±²¯ HIµS°ãù 
bïì2Õo° Kï°ãù 
E-mailäh.tashiro@fs7.ecs.kyoto-u.ac.jp 

" Rb2Cu3SnF12*56°ò7�.8_`M s = 1/2 �ïý,-ðGQñ2¬4ÇXcÐa3 s 

= 1/2 aQñJ�0 Cu2+û�ïý,-CHhVXF�J�0C_VWðGQñò3AgVW

E6HQn:*X. 70K ¬�e_²/_�C�VFaìQ¯

3\]VXc N3\]-¬O_�ïýÐ3PQa¬*QnûÅ

ÿ«+ e3-6a3UVXc N3PQ-¬OaQn*#$¬

46ÿ»¼÷þWE6[1]H 

" s;3 c N3PQÿ\]3QSC�5Fÿöa 19F-NMR .

e�`'C�õHH C#c aÿö*�c¬*U 10kHz Ü_2G H

«aa^Ï_�-/_�¬46ûX30K L����F3�ó/

r3/_�û¿¾õ6Hd¬XH ;; c aÿö* 10K L��� 2

�a/_�3¤�þ6H/þ�*ÐaÿÐ�a F a³J`a

%ECðpVWE6ÿNO�þ6H/þ�a^7`*®c¬[

oVX/a×6ØE*®c¬aQn:a\]ÿU�V-EH 

[1] K. Morita, H. Tanaka et al. JPSJ. 77, 043707 (2008). 

 
�UH& «ì©7©§¬ªÚ¸±· _`HX�+^U_'E aÿ!&

Æs gd a,  &=mA aXDsxA aX2=f¥ aXwZü aXh�Ã b 

aìío° 1�ÑµS°±²¯ HIµS°ãù  
bÆòo° ï2°b 

E-mailämanochori@baka.mbox.media.kyoto-u.ac.jp 

" Cu2(OH)3Cl *XQñJ�0¬46 Cu2+ûiÐ2a�B3-ýVX�a�BCS#VWA

gVFÐJe�e�¢Qñ2¬46HCu2+* s = 1/2¬ðGQñò3HóôDõ6FýX�

-./07�.`8_`Qñ2ÿVWa×6ØE3áâ

û¤Fþ6H/aKL* TN1 = 18.1 K, TN2 = 6.4 K, TN3 = 

6.2 K3 3Ga¶#HOµBC¤ìXTN3 = 6.2 K 8>¬

*z{|lmÌ#ÿ-ÇX./0/)¦ûpqõ6/ÿ

C NMR3Æ6�ê��A��3VFH 

" d¬ TN2 < T < TN1a§�H¬*X.e�`'Uûq;

aÆ,3 TN1 8>��QR3[oVabQSaÁ�C�

VWE63Yi�[XQn:R%0`e/_a£n*&

÷kXPQRZU:a¼3Y�;÷þ-�^FH÷�3

TN3 8>a®cH3i6w3.e�`'rsûWY-Y

a�ÿ£nVWE6H/a/ÿ��§�Hû�U-QR

rsC¤G/ÿûþÿ÷þ6H 
 

In
te

ns
ity

 (a
.u

.)

37.637.537.437.3
freq. (MHz)

H//c-axis

H_|_c-axis

250K

1.4K

248K

1.53K

;ä19F-NMR.e�`'

; .e�`'UacM£n 
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�UU& M­$ÃÄÅ0Æ.LMNOªÚ¸±· ®aÍbY E&

q»��BC&
jmk� AX&=mA AX2=f¥ AXDsxA AXwZü AXl`�
BXmòm¶ C 

Aìío°" 1�ÑµS°±²¯" HIµS°ãù 
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ÒËB�ÿ´6±²a4_3Ô¯C¢5Få�±²ÙY]-��[EFÆ,¬õ}"
 

ÃÄäThe wavefunction of 3He represents a very similar 

broken symmetry-structure to that of the Universe after the 
transitions separating the strong, weak and E-M forces.  
The analogies are close enough that we can use the 
superfluid 3He condensate at very low temperatures (where 
there is no normal fluid) as a model system for studying a 
wide range of cosmological phenomena.  We shall present 
the similarities between the superfluid and the Universe metric and illustrate the sort of 
experiments we can do by, among other things, looking first at quantized vortices in the 
superfluid as analogues of cosmic strings, and their production by the Kibble-Zurek 
mechanism analogously to supposed production mechanism for cosmic strings.  Secondly, 
we will look at the phase interface between the two different phases of superfluid 3He (the A- 
and B-phases) which is the most coherent two-dimensional structure to which we have 
experimental access.  This structure is our best current analogue of a cosmological brane. We 
describe experiments where we annihilate two such “branes” and detect the topological 
defects left in the superfluid “metric” after the annihilation.  Braneworld scenarios are so far 
removed from everyday intuition that analogue laboratory experiments can provide valuable 
insight as well as validating those braneworld models which predict relic topological defects 
from brane annihilation. 

ó_1  Æå�Ó (3755) 
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