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Abstract

Recently, there have been intensive research activities on Na,CoO,.
However, for the phase diagram.of Na,CoQO,, especially when x > 0.75,
there are still puzzles due to.the inadequate sodium content control. This
thesis compared the differences of single-crystalline Najg,CoO, and
Nay 533C00, by low temperature heat capacity experiments and magnetic
measurments. Najg33C00, have antiferromagnetic transitions at 7= 15 K
and T = 8 K, respecting Naj,Co0O, has an antiferromagnetic transition at
T =22 K, and an anomaly around 7 = 6 K. This study intends to further
complete the phase diagram of Na,CoOs,.

We have also measured the magnetic susceptibility of single crystal
Nay 33C00,, and point out that there was an unknown transition aroud 7' =

50 K. We discusse the differences of the easy axis of the three samples:
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Naj5,C00,, Nagg3;2Co0, and Najg33C00,, and tried to understand the
effect made by the 1% Sodium content difference in Na,CoO,.

Ca3;Co0409 has also been an interesting compound duo to its
thermoelectric properties. Most previous studies focused on the room
temperature properties, and rarely discussed those at low temperature. We
measure bulk Ca;CosO9 by heat capacity and magnetic susceptibility
experiments at low temperatures. The magnetic susceptibility behaves like
a ferrimagnetice, but the specific heat data do not indicate a short range
ordering. The 16 K anomaly of Ca;Co40y in specific heat disappears when

we for Bi-doped Ca;Co0,40s.
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Na,CoO, = = % f i (Hexagonal). 1 » Na &+ & & Cdl,-type CoO, &
F¢ 52 Nadp3 7 k4% Na(1)~Na(2)® # (=% (B 2-1)° B 2-1 ¢ >
HIRIsE Cadp+ > R Flks O+ > 9 ¢ FIREES RIIY 5 N
B F R eni= ¥ o Na(l)d+ 5 1 % Co g3 =¥ » @ Na(Q)R|iz

¥ Codp+ » A Na@)s & BB v EH -



i
Na?
€
Mal
“ c
e® o®
“
@
- -
PP —"

B 2-1 Na,CoO, %7+ & B [1]

Na,Co0, &t chfhE a=2.8555 A c L AR €"EF Na 7 £+ A
TRl AR 2] o K B Sk E Il cdhE 5 ¢ =-0.9866x + 11.639 > H
P x 5 Na,CoO,enNa 7z £[3] ood fLigmkoo ;b > AP F 4k 5 Na 2

2 hdtiro i R ¥ - %6 0 A T R PR o R R F RS

i<

Na 7

\““ﬂ

i Cdl-type CoO, & % ¢ » — B Codp+ 4= B O R+ ¢ FA;= ~ ¢

Hod 2t Codpd en3dMBTF ZAGAGRDAF R FLEFE L O

W

MR GIE* 44 Ak 33T RAGEGNT BEFABAALA B
PR i e, U 0 11 E 2 BRI R D, U 0 s AW LA e
137 i (crystal field splitting)(B] 2-2) o 5 7 % MEHL £ > St €24 >
FalEE A HE R e € 4 2 e Fuit 2 a, #0518 LDA(Local

Density Approximation) & I} aj, #udt iv £ % % e, #ukt[4] o
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. = ‘s _
:rlfﬂ -?_3 2
I?g E"" —— ”Ig [- F }I
2 v
i €3
(),l, L]:,-a' 1z
TLonic model LDA

W 2-2 ff 4 3d Fus P AR B e R by P A FIE Afepd A

£ 2R ae[4]

& Na,CoOy gt ¥ » BB X = 0.7 5 &> w EF 4 Basfm
T CodtF A4 TR I LBECA)F - BRI L Fu(E s=1/2)0
B - Bl x=1>Co 543§ > A ty s 2HE % (s =0) ° F]#* Na,CoO,

4L

F- BT I LHE RN EM o
823 4F4:3 I &

Caz;C040¢ i+ FL B2 2K 13 5 )’jﬁﬁ}t’%‘ oo e E 32000 # A. C. Masset [5]
22 2002 # Yuzuru Miyazaki [6]4 %] % 4p B e7ih = 2479 4 ¥ Ca;Co400
TSty - H aRLE o

B & 7 #[CarC005]06C00, 4 i i fLis & CazCos0 v 14 A d & K
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Cdl,-type CoO, & ¢ B & — & salt-type Ca,CoO; & #7735 = » (e s I 2L 5 4p

yiRagl B =l IS SRIEAR AR - % misfit-layered cobaltite °

Bl 2-3 Ca3Co409 5 H5 71 LBl c@aaTm>w > (b)s bcTd > w[6]

& Co0, £ Cay,CoO5iem =k 4 3P »athlE ' 5 4.8339A > c#hl
5108436 A wathr chd A Pr 25 F 40 @ L B=98.14° 3 B %
SiepbdhE R T 2Hp E > CoO, & 5 by = 2.8238 A » Ca,CoO; RBRlZ b, =
45582 A i AN dis S B A b fhE £ koAp K,ért » 18 3] bi/b,=0.6195 >
i o Lk S=gl fﬁg‘a = [Ca,C003]06,C00, [6]° % 77 A. C. Masset
% A $ CasCos0 B P 5+ 218 Tl 4piT e % [5]

Ca;Co40g & B AT 4L > A R T=300K FFRIEF p=15mQ-cm * #
T4 S=130pVK"' > BAEF = 1Wm'K' (B 2-4) > NP E B g T FE

(figure-of-merit) Z(S2 / p/()z LIx10™ K™ » 32 18 & F F1 % &7 Nag;Co0, 5 5
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F1 & PS> LE’{&"&E%‘FK}[}}, 11 Ca3C0409 {T@;*ﬁ N4 BT HE[T]

50 ——
(@)
40 |
-]
= ]
5 aop |
E 20 : [CapcDOHJE,_ﬁ?CGO? {pf}ly}
= -
10+ |
i NEQ_?CDOZ {F]-nly}

1401 (b) * [Ca;C003];,5,C00; (poly)

120
100F
a0 r

&0 -

S (uV K

1= Nag 7Co0; (poly) -

= Nag 7Co0; (poly)

[Ca;C003,62C00; (poly)

K (WK Tm™T)
=]
on

0 1 1 1 1 1
0 a0 100 150 200 250 300

T{K)

# 2-4 Ca;C0,0y ¥ Nag;Co0, % % T (p) ~ #E 4 (S)11 2 B E % (x)

$HEE %1 BI[7]
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AR RS g R A 0 12 BORE ek K B B o b A erip)

£ £ * Quantum Design” ¢+ PPMS (Physical properties Measurement

System) » &+ ]| £ £_f¢ * Quantum Design®: MPMS (Magnetic Property

Measurement System) o 12 ,T*u LRIt E N o
§3.1 #* & &

§3.1.1 Na,CoO, ¥ & % #

(sd Wz o S e B9 0 Jmis)

NaXCOOQ H g 4% 1T i %E‘%Ei /'% [19 2]

R

l. P~ NayCO; fr Cos04 4 A4 ¥ v 5 Na: Ca=x:1353
2. ¥R L33 AL T=750°C 48’8 12/} L 283 T=850°C
FriE 24 ) pF o

#-E % = e Na,CoO, B 44 3 » & § 4 g (optical floating-zone

furnace)® F & o £ &% EAAZRFF & 2 mm/hr -

4. v 7 3+ 45 #c ik (Electron Probe Microanalysis, EPMA)¥t H & i& 7 ip|
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|k

\ >
fg«l
Niud
%:
Y
|k

§3.1.2 CazC0,0, #. 31 ] %

CESEEAN R R PR TSy

Ca;C0409 B 4511 T i A28 # [3]

1. ™ X-Ray diffraction £ 3% CaCoOs #> 2 ¥2 CoO > = _F 5 % 4p o
9. F 1L G # CaCoOs 45 % 27 CoO 5 353 R & o

3. ¥R &4k 12 T=900"C 457% 24 /| ¥ o

A, ¥ R E R 1F 0.15g % 42 ton/in® /& 4 R & B A o

5. £ r X-Ray diffraction &35 Ca;C0400 B 1 A_F 7 5240 o

§3.2 WA T R
R PR B i * chik B % Quantum Design® ¢ PPMS (Physical
properties Measurement System) o & & ¥-d- &k iz ~RIZRL - L2 F

B ARZE R R B AL o
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§3.2.1 PPMS (Physical Properties Measurement System) 2 * ¢

PPMS # ~ i (B 3-1,3-2)¢ 7 1 150~ T %adl h sy i
(Calorimeter Puck) » 2 "He 44t o B L ¥gp B * i § 1F5 245 &4
ek IR @R R RS I FOEAT S 390K T 2K £4eF PHe i 5
Al EARA®TE 035 Ke BB p23 REBE RAEHRSEZF

bAe 3T 9 Tesla

(a) (b)

@ n ﬁ 4

@] 3-1 PPMS (Physical properties Measurement System) & % 1‘#3;—3 v (a)® Pty

#) % o~ 2 1 ¥ (b)°He % 24[4)
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Liguid nitrogen

reservolr
PPMS probe inserted
through top of dewar
High-T, Magnet Leads

Liquid helivm

reservoir

Magnet protection cireuit

Oxford Instruments 16 tesla
magnet mountad inside
dewar

B 3-2 PPMS + T #3] & BI[4] -

+ 2R AE e 77 $&T 5 (sample-mounting platform) ~ 4r % % (heater) ~
I 5 R & 3+ (platform thermometer) ~ ] A if & 3+ (puck thermometer) » 2 #
#1 4 (thermally conducting wires) » # & X S HF P E R LW HEF 7
(sapphire) & #4 B o $e %L S W riw iF EHARB R AP 0 £ 4 P E 7 %k

BRSO RET SRV ADERREY > D ReiplE o
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(a)

(PUCK awm

APIEZON GREA!
CONNECTING EEON BRERSE
WIRES '\ SAMPLE
THE RW‘L ! I_er THERMAL

‘ (P L"< FRAME

\——.EA‘. ER

B 3-3 + 3+ [fl A& (Calorimeter Puck) (a) Puck 3 7 & BI[5]" (b) *He /& suid

/

THERMOMETER.

)

® el g 7 e Puck [4] -

§3.2.2 " BB E R

@ % PPMS |8 4 5t £ o F - 52c % 4 platform ¢ o 52
platform 2. @ 2 H43 45 - B 34 A7 R B 0 B¢ Co~ T~ B E_FRH
et B2 R R 0 Gy T, A platform it £ 2 B R 0K, 5 FRARHER G

#i 0 K & platform £ puck 2 ¥ # R £ Thdic 0 Ty & puck g & o

Sample | Cy, Ty

Ko

Platform | C,.Tp

K1

7 VAV
To Heat Sink

B 3-4 v FoplE 7 R BI6]
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wEGR|E % % g T 43 5k % | (thermal relaxation method) o #t 3% 5&
% % heating ¥ cooling = i ¥ > heating FF > heater 11 Py e & 4v 44

platform - %ﬁ d B E S R s A% platform - 422 ;5 cooling PF o

o

heater B B » i 4 %t p A8

EHE R TOHPER ¢ %1 SH(H

. W Sample Platfarm Temp [fit] [ Sample Temp [from fit]
| bl i3
Lonasizat Can 83804038”{ v Sample Platform Temp [meas] [ Heater Power [meas)
Sample Heat Cap 28,62 70.47 B8 /K
Addenda Heat Cap [55.184 70.28 /K 210 GEEEEEEE S e E S
s v
Tirme Const [taul] 3182 sec 52‘22-00' """" AR R
Tirne Const [tau2) [0 sec a 21951 oot E
= 1 T T 1 T i
Sample Coupling 100 % B
) | | | ' f |
L
Base Samp Temp 21.6888 K S A L st
&g Samp Temp [21.8958 K. T e A e e i e e S T ey
i E4 i ; ; | i |
Temp Rize 0.41408 K. (1.89%] 21 701 .
05 1.0 15 20 258 a0
Fit Quality [Chi Sq] 5.33 Titne (sec)
Debye Temp not available Pauze I HesLime I Ahu:urt‘ Unda Zoom J Help I

Bl 3-5 T,(O) ¥ P ¢ % it Bl(black wire) 2 # & ¥ 4 (red wire)

d B 3-4 > A i 44t platform ¥ sample 4 W B T & B4 S E S 0

dr,

P=C, ” +K,(T,-T,)+ K (T, -T;) (3.2.2-1)
drT.

0=C, ” +K,(T,-T,) (3.2.2-2)

4o % platform 22 sample 2. B en##5 £ (T K>>K) » PP 7 %

platform £ sample 7§ & & 5 4p b (T T, =T,) > #714(3.2.2-1)£2 (3.2.2-2)4p
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P=(C,+C, (3.2.2-3)
FHREHEP=0TF > > R AT F

T,(t)=T,+AT exp(—t/7) (3.2.2-4)

#de AT=P/K,» t=(C_+C,)/K, -

Platform thermometer € ¥ T,(f) > puck thermometer & ¥ T, > o gt 2% i

T TR en® i d SR ¢ S (fitting) N AT & T & > 4 b #
F P LR AsEdne @ #rud AT=P/K,¥%® K/ » L% »
r1=(C,+C)/K, > £8(C, +C ) ot SR 7 > AP T 1 L7
TR S R BRI C e A A [AS AR F @& £ C

L
B o

—\

12 A S eip| B 55N A S T Simple model 0 i * % platform £2 sample
ZEFRG FapkRT o

1 ¥ Simple model » PPMS #3% £ ¥ — f& model > £ 5 " Two-tau
model pif * 3+ platform ¥ sample 2. BF $-41 7 47 iy j o 11 T -4 Two-tau
model i£- 4 55 o

% platform ¥2 sample 2. F 44 7 45 e jR ™ > A 3 * Two-tau model
R R A AT o d N HRA G T, 2 T, ATHRAR(.22-1)2 (3.2.2-2)

s N RIS A S AN T
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T,(t)=T,+ Aexp(-t/z,)+ Bexp(-t/z,) (3.2.2-5)

d¢ 7, =1/(a+p) > 7, =1/(a—p)

7

e

__K K K,
¢ Tac e (3.2.2-6)

 JK2C?+2K2C,C, +K2C? +K2C? +2K C’K, - K,C,K,C,
- 2C.C,

...... (3.2.2-7)
S F AP T U T()SPER ¢ % AR P 55 (fitting) ) A~ B 22

T T 2 (322:6) B2 DT WIS # C, i o
§3.2.3 W # R S (Tinse

i¢ * Quantum Design® PPMS i {7 1" # @ Rlinfede™ @ 4 L8 £
Bl & 0 B F AR &ERARIVEY BB L3RR Y platform b oo e
platform *c » # L #g 7 > RS (TR Modpd] L B F g R o
R BREARY 0 T A BER R PRI
— & o d AR 5T 5 (sample-mounting platform)w & < £ 5 3
mmx3 mm > F]t FRlehik &7 * o) AT K 2.5 mmx2.5 mm =
o B RS L 0.5mm~1l mme s d 3t E§ R PF platform 27 sample
FREOBEN > TR SRR LR BT TR
- W D EAN F S § o 47 EAN gk 59t A platform
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] 3-6 platform £ sample #& % 7 LBl > + & 5 Sample > T & % platform >

PR K s ERB[T]
§3.3 it & £ il

it BP9 it * chik B 5 Quantum Design® i MPMS (Magnetic
Property Measurement System) o % & iruxig Eid ~RIE R F R

o
§3.3.1 MPMS # ¢

g PPMS 4p 17> MPMS # + 1§33 (B 3-7)% 7 7 £ L #0 % %6441 4 s

AR EEL o RRRSZFEARAT L 350K I 2K LA A FR4E
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VRS TF e T TTeslae FRl&FEE

BEEIRSRELR -

(I =4
(ZHE S5 29 5 i
I3k id 7
(4™ &

(5 0 5 2] §k
(6142 4 2 4
[7V1B) SQUID M T
(S B HE,
(It E, 5,
e £ 44
1242 §uit i T 7
a2Es
a2

s €&
eE#H B
&Mz 5
1% HP =% 7§
138 7+ &

===l

P

=

-

S ‘?r-

] 3-7 MPMS (Magnetic Property. Measutement System) z& # Hi ¢ [8]

§3.3.2 MPMS B & B =

EF R R A R T it B

BARAEWY Fi-KkB%E BT HE

¥ » 1964 & Ford Research Labs ,T.*‘uﬂ?* B EENA T R0

¥

s

%> & (Josephson effect) o

9 3%

» 1962 & FF B. D. Josephson #-+

?f#&
A2

+ + i % i (Superconducting Quantum Interference Device) - 42 £ & +

+ W ei £ ®R(SQUID Magnetometer) 3 ¥ 254 B % 1 a0k L ER

B2 AG B P AR § F AR R T (e
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O i R

PR R SE * RSO H03Y 0 Bl & PR & B AT B P /s fh e
B BREFRHRSMARENRE - REOR BES  EF RS TR 2R
BRI R?BEFR cPIERERABRE BT s N E

otk R BB S o

§3.3.3 B it F B BIR %4k (Tindg

i * Quantum Design® MPMS it {7 it 5 9 57 12 (7 DI 1L 5 ¢
SRS RV R 7T M-H b R o M EBEESFHERDER S Y M-T
WO o R AR ATAeT L RAERIREATE o R F R g Y A
8.5cm e+ > > ¥ 4 inplane £ out of plane & B & & T T o K3 g K R
S ALY O RS HRITR AR LR EER -

Bt I g it B(M-H & 5F) -

- KRR P RBESIE RS DER
0 BIEREMF DRPIEL S ZE ) - B SRBEHFH=0T 2

5y b foRs it vk sepEHe $ T BUh A aeh B BTt

HAvEEH o % Z BRI kS e BT ke < tH Ao g o

R RERIE  FRE S SRR S R LE D - BREEY R
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L F ¥R h L B(M-T & RF) -

7

— R DA Ch e BAR S B R I AR RIE R i MR o

T RERS N ABEFIRE IR

= RIERFEOGERFARIE L R R o B 5 ZFC(zero field
cooling) °

DU~ G R e mAHR R R SHCE R D AR R T ek

ﬁ N /P'J'j‘é_/@ it -3 /{4—\1’4« par F*’? ‘flp/?]‘j‘é_ i Fg /JL ° "L —F)& %&— ,; FC(ﬁeld

cooling) °

vHOEERIE 0 ¥ O E R ke ZEC L FC e M-T & 5B o
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S d FERE Rk

A~ f‘_ &4 Na,Co0O, 2 Caz;C040q ,;l‘\ 7| ’fi By 5] f\;L;‘J’ ;4\0 °

84.1 Na,Co0O, )% 7]

§4.1.1 Na,CoO, 1p B & /i

60
50 | n
Paramagnetic  Curie-Weiss
metal - metal
40
<
~ 307
= Charge ordered
insulator 6
e0r \ | magnetically
I ordered
H,O Intercalated | rtal
10¢ SupercT‘ductor .‘? -
I
0 I‘I | :
0 1/4 1/3 1/2 2/3 3/4 1

Na Content x

B 4-1J. W.Lynn % 4 & ! 559 Na,CoO, 4p BI[1]

"E%¥ Na 7 £ x 7% 1t »Na,Co0, § ¥ ¥ § 4p Bl - Maw Lin Foo % «
[2]% 2004 & 27 - k7% Fp Na 7 £ &~ R (LRI £ (B 4-2)% #73 -

% x~0.3 PF > Na,CoO, 7k ik (ground state) = "B+ & 4 5 e % 5 7 k¥
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&(Na,Co0, * yH,0 > x~03 » y~13)R ¢ M8 - 7.9 5 45K[3] -
Fx=05@ K y-THY 755 T=88K & T=53K $ J1R4H7 > Mai
Yokoi % % 41* NMR 2 ¢ 3 4649 4y &) T=88K % - F #ridp %[4]
M p-T @™ E'J?uﬁ N T =53 Kmilss &%~ 484 > Maw Lin
Foo ¥ A 4Bl & %15 & im 7 A 4 7 (charge ordering)i¢ = * ¢ 540 % - G.
Gasparovi¢ % 4 ¥2 F. L. Ning % 4 A %%} NagsCoO, 117 & $8+2 Co
NMR F#5%[5,6]>» L #FeBIaPlcd x~23F &it 3 \ﬁ # Curie-Weiss
Law > y=CAT+6) > &2 p-TH*® TILF ~ REF R FR- KM
o7 H-H A5 “Curie-Weiss metal” e, % x = 0.75 % » y T B p-T B3¢
FRIIT=22K NREIT e GBS RAp AL o B2 A
7 124 Na,CoO, & 71 chde ST Rk gy b5 di— kAR BI(W] 4-1) *E3f 8 Na 7 £

(x> 0.75)eh T B b b 243 o
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- A 1127 m c

< 414} T

15 \K:O.?E =
= 11.0f g "
@ n powder ]
%b .\\U‘m_g- v Erystal
0. 68

03 0.4 05 06 0.7 0.8

11111111111111

v (10 emu/mole Oe)
: o

o o o o
= br] w o

p (ma cm)

o
M2

L - Na,CoO;

o

o
|
\

L | N 1 N 1 L
0 50 100 150 200 250 300
T (K)

Bl 4-2 % FF Na 2 £ e9Na,CoO & it F 2 F e ¥8 B (b (% B[2]

2008 & T. F. Schulze % A [7]%#f NaggsCoO, H & vt £ 2 g it & chg
BOFETRSEFAZEEINCENE ST AR € IR iR

%% % (W 4-3) - T.F. Schulze ¥ * %% slow cooling | & H#-k &-15 % 8 4

- -

N,

<10 K/min i & *# T <8 ; fast cooling | 2 4% & 3 £&48 » Aot MR (

~

<
100 K)hi< i 47 38 % (cryostat) ® =% 7 # # 5712 Na § £ eh® et | T=
22 K ejp sg 2. #h[2,8,9] 0 # i 8 Bk * slow cooling FF » & T=8 K Eed! IR
TOATERAM AR 0 B4R * fast cooling FF 0 T=8 K L ip B & > B
2 e T=16K g7, 2 it F e sk g @ T3 iof RERET
g
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T | T | T | T f T
Transition temperatures T and T (K} H
80 - = o a— '_.'- . _1;ﬂflfr Jl‘n- 1*3 - .ﬁ|‘I a -
—12-€ g 3 :
T &L Y
X ; '\ —
w 60 ?E . [ 13 Na CoO, D.'. //" S
o 2 m 2,3:Na,, CoO, 2] /
E = 4] | A »—t /
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