SRR 27 4E

R

2 UMRIIRBE I 51T A B b s

20164 1 H 7H
TR R EBEER A e W - Tl BRI

lisC N



With lowering temperatures, most of materials form long-range orders. This is be-
cause thermal fluctuations (~ kgT’) become weaker than the interaction energy at low
temperatures. In contrast, quantum fluctuations, which originate from the Heisenberg
uncertainty principle, never cease even at the absolute zero temperature. Quantum fluc-
tuations, thus, can be stronger than the interaction energy, giving rise to a disordered
state in low temperatures. These states are called “ quantum liquids ” . The most fa-
mous example of the quantum liquids is the liquid Helium which never freezes at ambient
pressure because of the strong effect of the zero-point vibration; a quantum liquid state
is literally realized. In quantum liquids, quantum effects such as difference of quantum
statics in *He and “He manifest itself in a drastic way. These “exotic” states have
attracted many researchers for many decades.

Quantum liquid states in spin systems have gotten a lot of attention recently [I]. Spins
form ordered states when the interaction energy J/kg < T, e.g. a ferromagnetic or an
antiferromagnetic state. Theoretically, it has been expected that a quantum spin liquid
(QSL) state is realized when quantum fluctuations enhanced by geometrical frustrations
or low dimensions melt the ordered states of spins into a liquid like state. In quantum
spin liquids, constituent spins are highly correlated but do not form long-range orders.
In one dimensional system, the QSL states are well understood theoretically and experi-
mentally. In 2D, on the other hand, many exotic states accompanied with unconventional
quasiparticles have been expected theoretically. However, the nature of the QSL states
remains mostly unknown.

To study the nature of QSLs, it is of vital importance to clarify the elementary exci-
tations. Recently, it is shown that spin excitations of quantum magnets show Hall effect
under fields in an analogous way to the conventional Hall effect of electrons in normal
metals [2]. For mobile electrons, the Lorentz force is the origin of the Hall effect. On the
other hand, in quantum magnets, which are insulators without mobile electrons the Hall
effect is due to the topological effect (e.g. the Berry curvature for the ordered magnets).
The spin excitations cannot carry charges, but can transport heats. Thus the Hall effect
is expected to be observed as thermal Hall effect. This thermal Hall effect is suggested
to exist also in QSLs, providing a new way to explore the quasiparticles in QSLs.

We performed longitudinal and transverse thermal transport measurements of a kagome
insulating magnet volborthite (CuzV,07(OH)2-2H50) [3]. Volborthite has a two-dimensional

kagome network of Cu?" ions with inequivalent exchange interactions, forming a distorted



kagome magnet. Due to the strong geometrical frustration effect of the kagome structure,
the magnetic ordering is suppressed down to Ty ~ 1 K against to the effective interac-
tion energy Jeg/kp ~ 60 K. Large and very clean single crystals of volborthite can be
synthesized, providing great advantages to study the spin systems experimentally. From
the heat capacity C' and the magnetic susceptibility y measurements, we found that a
large C'/T and x remains in the zero-temperature extrapolation near T' > Ty, suggesting
a gapless spin liquid state is realized in Ty < T < Jeg/kp.

From longitudinal thermal conductivity (k) measurements, we found that r,, is
suppressed by magnetic fields below 20 K. In quantum magnets, thermal conductivity

; : phonon : spin phonon
consists of thermal conduction of phonons (kP2°"°") and that of spins (x2"). For xProron,
phonon

spins are scattering centers reducing xP

. Applying magnetic fields, thus, increases

kPhonon - Therefore, the suppression of the thermal conductivity by fields can be attributed

to the field effects on kP, proving the spin excitations carry heat in volborthite. From
spin

the suppression of 2™,

we also estimated the mean free path of spin excitations as

80 times longer than the distance between the nearest Cu atoms. Although the detail

spin

mechanism of suppression of <!

in volborthite is not completely clear, such suppression

spin

of kP

has been reported in 1D spin chain system [4] where the velocity of spinons is

reduced under fields.
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AT, ™ (mK)

0 2 4 6 8 10 12 14
Field (T)

Fig. 1: The magnetic field dependence of AT V™ = [AT, (+H) — AT, (—H)]/2. The inset
shows ATy™ /@ with that of the heat bath (LiF).



To observe tiny thermal Hall signal, it is necessary to suppress background Hall effects
from metals around the sample. We adopted an insulator with high thermal conductivity
(LiF) as the thermal bath and apiezon N grease to attach the sample. These improve-
ments enable us to resolve small Hall signal (the Hall angle tan 6 ~ 107%), and to observe
negative thermal Hall effect (k,,) in volborthite.

We checked carefully whether the very small Hall signal is intrinsic or not. First,
as shown in Fig. [ we confirmed that the asymmetric component of the transverse
temperature difference, AT™ = [AT,(+H) — AT,(—H)]/2, has a linear dependence on
the applied heater power (Q). Second, we've made sure that ATV /Q of the sample is
much larger than that of the heat bath (inset of Fig. [). Thus, we can safely confirm
that the observed thermal Hall signal was intrinsic.

The temperature dependence of x,, is shown in Fig. I We found that &, is absent
at temperatures above Jo¢/kp but becomes finite below Jog/kp. kg, shows a peak at ~
15 K at which the magnetic susceptibility also shows a peak. Below 15 K, -k, shows a
rapid drop and change sign slightly above Tx. The intimate correlation between ., and
x implies that the observed thermal Hall effect originates from the exotic spin excitations
coupled with external fields. Assuming that the spin excitations obey the Wiedemann-
Franz law, the effective Lorentz force acting on the spin excitations can be estimated as
1/100 of that on free electrons in metals.

This thesis is structured as follows. In chapter [Il we explain what is spin liquid and
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Fig. 2: The temperature dependence of —r,,/TB [5]. The inset is —k,(left) and the
magnetic susceptibility y(right)



how it can be realized. In chapter 2] we discuss the importance of thermal transport mea-
surement of spin liquids. In chapter [3] we review basic physical properties of volborthite.
In chapter @l we explain our experimental technique in detail. In chapter [l we show our

results of thermal transport measurements. Finally, chapter[@lis devoted to the summary.
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D X MEdf & 722 D, 1R 5T Heisenberg #AIDO AN L F =7 0%

H =7 (SISf, + 8¢SV, +5757) (1.1)
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Fig. 1.1: 1IRIEA B LR D Néel IRAEDA[X]

S = 1/2 1 &7t Heisenberg B D FLEIREE N D Dbk lL, A& U EFETND S =1/2
DHEDTHY, RAALBEL LWT T =D ) o (Figll2), A/ DX 51z, 4
BoBE1HE O % 53 Bihik (fractionalized excitation) &9, ERFKFFIRRED &
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LT, LR X S IZEF T 5 by st = A 7 SOREEME Heisenberg B O JLEIRIEZ B X 5,
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3 1
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Volborthite (Z W T DOFEMITHOFE T L < fliir 5,

1.4.3 IRILF—Fyv7

HERFHRICIEIS LT, B 2 AWE CToh 5 Herbertsmithite(ZnCuz (OH)gCly) @ 'TO-NMR
BEND S J20 RE DR NVFX —F vy TOFENER ST % [24], Herbertsmithite
IARM) DAFAEDFEERZAT O ETRERFEEL 2> Tz, ZOHAIZEL TFu bOHIE
W2k D&, FFREMED Zn YA MZREIZR Culi 230> TR, REIO Cu A A=
U — bR 2 L TOWAREFR T A b7 BB BIRER TV, Fa U —fnT
A RN 7 Neb o LT R DA N7 FERTHSH NMR A7 b LO—FK
oA b hED, ZNUBTITAKTFEANDO CuhA MNELDO OV A MEEBx B
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Polarization

Fig. 1.15: Herbertsmithite ® uSR OfESH, 50 mK F TikAE@ NI & A R LR
LN D, 50 mK O HIKOT — & TIHEINNIRAEEB N R 2 503, EAFELTDH L
TZOHRITHEZTNWLDT, AL DFLGTIIRIBDOTETH D & Mendels 5135
ZLTW5D,

Do ZDOEINT, MU EDEFE T T AEND Cu b O intrinsic 72215 5% X545
ZENTED, AAMVDE—=IDFA M7 baiEoT &, IREEZTIFDICHST
0Zmn9o (FigllId), 74 F> 7 MIWALRITHFA L THWDLDOTRIE T T A @D H D
WAL= 012D Z & 2K T 5, D% V. Herbertsmithite (% J/kg ~ 200 K (2~
TIRIEE THRXBRTF 2B Z SRWZ LI T, EERE b ORIz =R/ F—
Xy T b O LR ENTE, TOZFAX—Fvyv T A%, T4 b7 NOREKRTT
D Texp(—A/T)IZLDT7 4T A TNB RS S & aiidsTld A0)/J =0.03 2
5007 L7025,

1.4.4 S

AV ARIRICHIf SN =% Y F o 7 RME OO L DI B DFERET B b,
S = 1/2 1 kot Heisenberg A & D HFHEFBELIC IS T, 0 5Uhil DAF(E 2 /- AR ML
& LT spinon continuum 23d& > 7223, 2 RILFHZR T D K 9 72 continuum 23 H. 2 5 D724
I, T ORBEICK L T Han 51375 K X 72 Herbertsmithite D /KB BE R Z SR L .
FEHAPE P T BELIC L A2 B 2 e o7 25], £ ofERE LT, FigllI® X 5 7 #kiEL
BRI 21572, AR EAER J/ks ~ 200 K IZHAT 1/100 FEE OEEHEE T 0 X H 72
continuum N .2 5 Z LIRS SBRIE THDH Z L 2R LTV D,
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Fig. 1.16: (A)Herbertsmithite(ZnCuz(OH)Cly) @ "O-NMR O F 4 k7 N OIERKLT
P, 0 K TIZERrIZmN>TWD, (B) FA M7 b OIRBARFHEDRIRER /> DILK [24],
Wz B TV ERIRTONS ER Y 38 o TWLKEEFIT, Gtk Tz
F—Fry 7PN o TNDH I LERLTND,

0 1 2 3 0 1
(H, 0,0 (H, H, 0)

Fig. 1.17: 1.6 K T Herbertsmithite O FEFM: % FBELIC & o TH B AL 7o HGELFR L,
(a), (b) XN ENMZER ETHERR D F IR -T2bDTH D, 28], WTHIZh, i
H 7o BELIRE 3 G DI TN D,
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FT2EF REURITHEITHEEERE

I T 72 K 912, A IRIEOME 2D = DIiFE= R LT —REOMEE %
FRALZENAENTHDH, ZOETII SV JEE Z AW TR 2L X — it ORFSE %2 43
ML, TOFTEEENTEN ED L I RHICBWTHHATH 200w T D,

2.1 REVHRAKRIZEITHEIRILIX—REHE

EtMesSb[Pd(dmit)s]s (3R /L F—Fie OMEE 3 FE L TN BTV D 2 BRI
BDOOEDTHD, ZORTIIMEIEE TEYRER « [17](Figl2dl)., HEC [19](Fig22)
DORMEP T TND,

Fig PINIBVEERHEOFRERTH 5, 7R TR L7z EtMezSb[Pd(dmit)s]o(dmit-131) o
BRERIT T 4 )V DOFG L1720 EtyMeySh[Pd(dmit)y]s DEVRERIZH R TRE L,
KR CHAROEE N H 5, ZHIVUIRKKIETH A VRN EZELTHWD Z 2R
BRL, ¥vy 7 VAR OFEEZRLTWND,

Fig I BB EDFERTH 5, KRBT v 7 X =0 MAZTWDN, Ty T X —
YO EROTE Z T ORI FEEIMEICB O CHIROEE NS 5, HEGEDOR R b
Yoo x X —DREEEDIFE, 2FV Xy TV RARROGFELZRLTEY, BYsE
KMEEL AL VAT FTHD,

& B ITHMEIR £ TORK L2 IE DR R4 Fig3IR L 20], B bV 2 134050
W55 L WL OWNIECToH 5 DT, RICRIZEHF R RHBB A>T LTHENLL N
LDFG % 720, ZORERN B EEIMNET O AROBAEIRN TR D 2 & 2358 579
ThHO., THUIF vy 7V AREPHERH), 2EV A Z2ROX I RFBRENHD Z &
R L TW5b,

RICKX ¥y TV ADOBRNEDR & 256, A B MBITFEEBIER TIE R S HRlEo~ &
THRET 2R bDLed, ZOXIIC, B AF—RhEZ2FH~5 2 & TROWRK
ISP 2 HERERE/DL LB TE D,
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Fig. 2.1: A B UARAYE EtMesSh[Pd(dmit)s)s(dmit-131) & 70 K TEMEFL LA B
O B HEN2 < 725 EtoMeySh[Pd(dmit)oo (dmit-221) & #-(BEDT-TTF)yCuy(CN)3 D
(R 17, dmit-131 O R T FEESMTIZB N THHIRD /T 35> T 5D,

@ 400 g g hy-EtMe,Sb (0 T)
& hy-EtMesSb (2 T)

= 300 [~ % dg-EtMegSb (0 T)
2 ® do-EtMe,Sb (2 T)
o

|

X 200

£

N

-
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Fig. 2.2: EtMe;Sb[Pd(dmit)s]s & 2 0 EAKFEHARD LLEADIR KA [19), HAKIE T
DT v T H—=VEBEHLTH, WTNOBAICBOTHABROEERALND,
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Fig. 2.3: (a)EtMesSb[Pd(dmit)y]s DR M V7 B AFE S o 2Rk, REFEO VR
MIEFNENEARBEWE L TORWEEIOT =2 T, 8OV U RVITEKEERDOT —4
Thb, EHICABROEENS D Z EBNDND, (b)30 mK IZH1) DAL ORI TFE,
FEO T U ARVITEAKRZEELRE L CTORWREIOL DT, HFOT U R/VITEAZRBERED S
DTHD, EHIZ0TLOLRBIILE ER DAL/ >TE Y, Fvvy 7 L ADK
RPN H D EERLTND, Aty MIEYS COBILOBEORD BN DT
nchod

2.2 BEHEATEICKBIEIRILX—RIFEDIAZE

R RV F—hE 2D FERO— DB S I EN H D03, AV IR RIZBWT
BB T Z24T 9 Z L OREIZEICLLTD 35 TH D

1. MRz BT A%
2. W@ 72l | U
3. W D TV LTI

1 ODIZONWTIE, AV URIEE LT R TR TH D Z LIk b, HgxiEkThHr D
TERXLEEREOMEICEMN DD Z Rt L7 e —T72H\WA5Z L3 Tl
WA, BUE THIUTRICEMOHBERD Z > THDH0E ) BRIl 2 &3 T
x5,
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2 OISR E 2R ORI S TH 5, ESOBLEOREIZITNR ST A A v
N2 LD Curie 2 FFGMEENTLE 20, BUREHEICB W TXZD L 9 2R RTER
IRENEIL TG L2,

3OODOHFRIZONTIE, HallfllEAZATH 2 & THLZENTE S, b LAY b
KT R0 Berry (72 E & By TINTHX Y F o 7 RENHIIL. FBHIC
L BB Hall VR = 5 ATREMED B 5 [P,

B E DR R X =R OFFE~DO O L SOBAG & LT, SEREBEEERDF v
TREEDWITED 8 2% [26], SRS OISR ANEmWIEEBIEREZ S b
Z ORBABERBIERED R TSR~ O TV 5, BIREORBEEICISWNT, v U 7N
ED XD BHANERC L STy — "= Z KT 205 Z EIFEETHD, v U 7TH
(2B < FHEAEFH OFEMILER B2 BT D BEERO =KL —F vy 7 OREIEITHE <
KIS g, FRZ, XX —F vy 7OER A (Fry 7 /) — R)DBDL0EINnEND
ZEN, ZRAX—F vy TOWMIEE I D L CRERFENNY &7 D, Bag K, FesAsy
bR RHEERD—D T, %@ﬂﬁ%%&yﬁ%ﬁ@F—f@f@ﬁ%ﬁéhfnko

Ba( ) K, Fes Asy DRMREX vy THEEZ R~ B 120 Tbive, BIKEICE T 53R
4@&@%%%Fgﬁﬂf%éox:L(w&O%JwﬂfiTzouﬁ@@%%%%
DIEDBENRA LN TWDENR, o = 076 DRTIET = 0 DFEEIER\, 202 L
z=1, 093, 088 ICIF P =R LX—CHE CTX 2 BHEMNARMENH S Z L 2R L TH
D, DFVBEREX vy SN2/ — KRS DHZLEERT L, —H T, =076 TidEno
TRFX —ORNERIIFEE T, BEEX vy SE 7NV Xy SR> TNH I EERLT
W5,

2D X HIT, BikHlE R 2 X O IEIIER T 2 Z N TE L AEMR T
n—7Tbob,
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Fig. 2.4: Bag_,K,FesAso(x = 1, 0.93, 0.88, 0.76) ® x/T DIREKRFNE, ¢ =
1, 0.93, 0.88 DF —Z I FEEIMT THIRDIEE DA B, Fvy 7L ADRNER® 5
ZERbND, —HTArEY D =076 DT —F TlIHx FEIMETORE TR,
TNXxy T THHI ENDLND,

2.3 HMIXHEFOHHZRDEHalHMR

wE, Hall hERIZEBOER E Wo 7o B O BHER & 2WEIZB W T, it 2 Eif
ZHRE T SR & 03T D & BT Lorentz MBI < & EBSRIKTHRAET S, vz,
FERRARIT I W CTIIEE O Hall iR Tk Z 5720, 72720, ik e o THEGE AT
ZEIFETE S B, BE Hall 2hR D K 5 7¢ Lorentz N & LB L L2V Hall i b & 5 [27],
H LA BRI RS Hall R A 23 & U, 8% Thd DM T H 2 Hall 221
ZEZILTHRNI LTS,

Z ORIEIZ R U C/RNEFE S 1 Luy Vo Or OEN Hall {38 5 2 I E L7 28], LuaVoOr 1
X o U —liE To = 70 K OMBMEMZIETH D, LugVoOr 1331 B 7 B 7H 14 H D0,
W 5N & 597 0.2 T B ORES T Lug ([ WAEFIRE L & 5 O colinear 725 RE IR
RL72%, 20O LupVy07 ICBWTAHROE Hall SR DBHI S LTV %, B Hall {mIESE
70 KEENOARIZARY, BEL T 2220 THKRT 5, 50 KAHI T Hall (55
IR ERY, ZFOBRITEELZ T 5o TR Hall (5B 13RI 2R 2 BV DN R
HEINTWD,

SO, HFEBITL ST, FULL S vy o THF %2 & DM HRIR Hop Vo Oy,
InoMnyO7 (IZ2WT b RO E Hall RSB S 7 Z & s ST [29),
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Fig. 2.5: %R TO LuyVo07 OB Hall 4B i, ORESHRIENE 2X], Te = 70 K A
SATROE Hall hEATNIE T D, IR TITHEEL LTS,

Lu,V,0,

A1.5 —
I111] )
1[100] i
T 1[110] .
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Fig. 2.6: LuaVoOr OEVHall [FE L ki, OIRFEKAFNE, B A ERAFIEIX = T — S — 0
PN TIIATE L7220 28], T = 70 K U5 52 Hall S 03 s D T s,

WEIRFDOH D RDAE S EIE~ T ) U INB DN, ~ 7 ) DS DR 2/ NEFE O 1%
PUF D X 912%8%3 L, Dzyaloshinskii-Moriya fH AEAEIC LD H D7 E LT 5, LuyV,05
DENNIN =T AILLTFO X HIZET D

Hex =) [~J8i+S;+Di;- (Si % 8)] - guH - ) S; (2.1)

(.4)

J 3 F B O ZHAR AAEH T, D;; 1 Dzyaloshinskii-Moriya X2 MV Th 5, & DIHE
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L Zeeman 71 > 7'V T ERT, TOFRT, TRICAE U DEMLUIIRENS i FEHOH
A METDBECHME DAL U Zffo TWDIREEZR 1) L EKT, ZOIFEHDOAE L j &
BIZANE D DITHIER RS D &

(i|[Heglj) = (i| = JSi-S;+ Djj-(Si x 8;)]j) (2.2)

= —%5mj (2.3)

722U, n=H/H, Dijj=D,;;-n, J=J+iDy Thb, ZOXHT, FhENF v 7+

HEXIMAENR DL &, BRUTFEII T VAT L E LTIRDHES, ZD X

912 L T Dzyaloshinskii-Moriya f AAEM %18 U T~ 2/ & DMIAHZ 15 L CTEL Hall 203
FEITEREHIh TS,

Tl w7 EANRRG DT ) e LT, 3IRD Y TSR HAER N E 2 5
NoHEREBICEo TSN TWD 2], I AT ED/N—T77 4 U 27 ® Hubberd
WA %A F® Coulomb RT ¥ VN REWNWE L& XOBENERNTL &, 2KE
)7 513 Heisenberg B OFHAAEH 2452 DNHEENEIAZ 3IRETITO LLLFTOHEEHES

24¢*
Hring = —F sin (I)SZ . (Sj X Sk) (24)

QUIIYA i, jk THELND I TAEFEMRT D =ANEE MR THL, NI
KoTRAIT—=HA T VT 1 LIS DREG LTV D, AT O L D ITHA 0K
FTIXZOERITDE LG T 5 25D plaquette M THBR L TLE I N, DI AKTDO L
INTHRILE O 1T OHE ZOENAIRIZIED 9 5,

FAAR 1% Berry fifl & V2~ 7 7 v OE Hall $h R O @b 21TV, SORBEME DS
IZHEATE A CAHaAlZEE 2 E M LT [30], = OK&NeRZAUILLTO LB T
H5,

oy = — 5L Zi {alsten - T f o 29

n=1

eo() = /0 dt (m 1jt>2 (2.6)

TERINDHET, g(e) 1T Bose MBI, NIZAE DN ROE, Q. 13 Berry Hi
HThb,

ZZTecld
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2.4 WWMIHEFOLZWROEHAER

ATEICIE, BEREBICHKERFE R H D, Z2hb 0~ 7 7 VRIS E Hall 2 %8 2
T2 AER - HEROMENOEgm Lz, — T CHRRXBTFORN, A RIRIKEET S
B Hall R BRI 2D LRI TS 2], S=1/2 DA ERT S 137 =L
AV OWEET fio, fL ZFVTUFTOL S ICETZENTES

N 2.7
ZIZTo0 =tor | THY, o lZPaulifTHI TH D, D fiy, fL RNFETUKI 1AL/
VERHINTWD, A O EEZR D BT, BERANTA—ZIZRDDN x;; =
S S fie ThDe ZD xy DFEBEE () = |[(xi)|e ™ E L, A VR T 2 IHE
o TWOLET NV EEZXD L, ZDay; NOIELGND TEEET Y V] (F) O &5
BRI K DT v F, BHBIT 5 2 ERER S TS BIB2, %Y

F,U,l/ = a},l,al/ - 8Vau (28)
Fo = 0,4, —0,A, (2.9)

T8 Foy oy 1R LT
(Fuv) < F,, (2.10)

LB, ZD(Fu)NAE ) DKL [ENY) & LTR2#ES 2L T, @BRICkHT S
HE O Hall R ERl—D Hall RN Z 5 Z DB TE SN TN D,

A ARRIZEB T DB Hall 2H 2 BT 2R AT TN TV D2, ZOIFEIFERIC
LN T2LITE AR, AV VIRIEYE TéH 5 EtMesSb[Pd(dmit)s]s (238N TIT
bz Hall (ZEEOREIZE D L. 2O Hall AIFHEREOHANTEr THh-o7o
(Fig2T) [17].

SOICHRITDOERE LT, AT A ZARTHD ThyTi,O7 O FHENEIREE TEL Hall %)
ENER ST 33, TheTigOr 1 |J| ~ 1 KEEEDO LB EIEH DA v 7 a Tk 1%
HH, ZORAEAIMER AL BT a TS 2T D WEEROTE R & ELAREATCE
EICBR OIS sing 72 b DT D, AT A RACBTH2WETH L 3437, =0
ThyTipO7 (2N T 0.84 K235 142 K IZFE 5 F CTIAWEF THBROZA Hall {35 8 23811
ST (FigZR) 33,
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Fig. 2.7: EtMesSb[Pd(dmit)s]y DEMREDREGHEFNE, 1 >y M EAHall 4 TH S [11],
HEASEE O#PAN T, 24 Hall 2083 STy,
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Fig. 2.8: ThyTi,O7 DK RIS T HE Hall (8 [33], A Hall R BBl S T D
D, S EAER J IR TEWRE TOREIZ R > T D,

LLens, ZRHWHAER JOREENIKDF—F—ThbhHl btrxEx 5L, £
BROMTONTIRER TII O A BB EEL TW W EEZ LD, DFED, AE
VB DR A BRI D X 5 IREE TR AR < T L AWHEIEIRFE TORIEIZ /2> TV D,

2.5 REVRERKIZBITAHHaAMRENDIEE
A CaEgia L7 X 9 I A B UK & By Hall 205 O RNTIZLL T ORE 2 BEN & 5
1. A ARKIZAAHall B3 2 D 2

2. A AHE & B\ Hall VR DO BEMRIE 2
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2 CAREBRTIIERE ORIE %2, FEFIRIE O A EA/EA J I2% L CTHMRIR F
TITH 2t TConbofEEZ 7 VT Lz,
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FIFE BESAMDOHEE

3.1 HEmBELEANER

e x 1T BR — VR 2 JE T 530S L T volborthite(CuzVoO7(OH), » 2H,0) % i
£ L7z [3]. Volborthite (X 293 K TIEZ2ffF C2/c ICB T H2HEMTH D, K EHIE
a=10.6118 A, b =5.8708 A, ¢ =14.4181 A, 8 = 95.029° T 573, 290 K i ThEx
FRERRS 2 & U ZSMIRE 12/a (272 %, IRIEAE Cdo 2 22 [M#E 12/a TORETFEENT 150 K T
a=10.6134 A, b="5.8703 A, c=14.4181 A,  =95.022° TdH % [38], Volborthite D
PEZHS DT CutrA T, ZDOCutrA b3 T AKT %727, Volborthite IF# . TK
ERFERPEONLME DI TARTH D, FEE, WIAKTEZLOWEE LTI
2 T % Herbertsmithite (213 15 %f2E OBMEARF N A>TV DH & RES 5T
W5 78 [24]. Vorborthite TIE 0.1 %L FT&H S [39], 72721 Cut A MG FFAICIESE
fifiZe 2 FEEEO YA 235V (FigBdl BI). volborthite iX—#k72 2l AAEH %2 & DX
BEME S T RAREA A B L R & (3B e DR R T,

Fig. 3.1: Volborthite o &t

FEBE. volborthite DBALHIEN HITIAV1/3 7T F—2@lll ST Y [40](FigB2).
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S = 1/2 DRGNS AR A A B oL TR LR SN DL T T b — DR &
ElEEBE L7 22](FigB3).

05— — | 1 T | ]
L ;(%]m Polycrystal 14K
0.4 EEPENN ™
[ Single Crystal
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Fig. 3.2: 1.4 KZ#F % Volborthite D@L li#R [40], JAK721/3 77 F—7»@Hl ST

W5,
1 T T T
Q=3
é: ? :é: :§: ?‘ ; 17/9
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Fig. 3.3: BCIREENE A A A MG/ A B L TR DR Al [22]
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BAERR SN T LA 2 TS 5, — D3RR iR IO D3 RO
PED 2 & I BORBEMER) I A AR 2 8 5 & A 288 ¢ [41)(FigBd), & 95—
%, EIZE ORI TI L ASHBMHAAEM R < AT trimer Z1F> TW 5 & A7
DL RERIN S S5 [42](FigBh), %E O coupled trimer #2412 & % & | volborthite 1%
trimer Z—2>M=x=» k& LT, trimer DO 5 =M FE2 L OEHABRIND,

‘\‘_
. Cu-0-V-0-Cu
9 superexchange

N, e ~ I

magnetic

trimer effective

model

Fig. 3.5: coupled trimer #5! [42], J D H IRV 3 DDH A R A trimer ZFA, Z D trimer
AR FARATND ERRT & IWEIBRRNGOND LIRS TV D,
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Frustrated spin chain B D5 T coupled trimer BALDLATHL 77 A M L—T g
DIHNTUNN D, FFIZ coupled trimer A & trimer [ OFH AAEH % 4L L 7= isolated trimer
PR DRGSR 2 big 9% & 60 K LA T C coupled trimer #H D1F 5 OREEALER y 23 isolated
72556 O Curie-Weiss IR IR D ZN LD HIK< 22D Z &b > T % [42](FigBa).

\ ' \ ' |
T \1\ \ [ 4
50
3 4H . N e
© N i
£ R N
=3 i 14
=1
E r i
]

o2

= | —- isolated trimer : )
170 exp. (Fiab) | . | . L
0 100 T (K) 200 300

Fig. 3.6: trimer BRI ORI, JRERIT trimer [ D coupling & AU 7= FED g% xf 1L Dk
B B2 isolated trimer OFEE, FEOIITIERMBTH 5,

UL 60 K(= T* ~ Jog /kp) BV F TR B AHIBIRE LIRREIC 2> TN D 2 L 28
T 5.

3.2 #HHEK

IIARFUBHT & 2 B R DAE L LN % FigBTIZ AT [43], B satEto NMR
EWAIIEIZ Ko T, PO TIZHAKRFAE, 11T incommensurate @ SDW TH 5 Z &
WS, LA E ST EN T A R E IR L721/3 77 F—Th
HEREINTWD [0, I EITOMIZIEINMEESLNABOKRFMARHLZ EbHb
FETHERHIATWD,

BRI BBV, DFE V| volborthite TIZ7 7 A b—3 3 ORFIT K - THEKFR
Fesfifil ST s &R %,

Fig BRI HAS B CHIE SN BT — 2 Th b, BARRE CHiE SN HEK &
DOEWV, 1 KATEOMEEBEN 2B TR I > TWANEBIEEZOLOIERIRELEDbLT 1
KfETh s,
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