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Background and Motivation, Spin Electronics[d] Orbital
Electoronics

1.1 OO

0000000000000 00oooo0o0ooooOoooooooO (bo,00)o0o
g, gbubdogogoobboooouobb.obbboobo,pnddbbobgno
O0000000,000000(0000)000000oOoO0, 00000000000
00000 (00000000O0)000000ooo [1,2. 0000 Si0 GeODOOO
goboobbouobbooooooguoooobobo. obooouooobbanbn
gogodgbbdoobuooobooooooobbooob.oobbbobboboobobo
gobogbuoboggbooogbbboobooboobbuoog,gbouobbon
guobobobob.bda,0bboobobbodbobboooob,oobbobb,bbodd
000000000007’00000000000000000000” ! (Fig.1.100
000)0o0O0OD00o0o0oo0000000000000 .000o0o0o0O00ooooo0o
gbobogbbobbodbboobiboboobooobobuoooboobooob, o
gobbbobuogoobobobooooooboboo.

O00o0000,0000000o00 (TMR) OOOOOO

Fig. 12000000 TMROODOODODODOODOOOooOOooOOooooOoOO, O
guoodooobobobboogoa,ooobbouobbooo,gobobod
bbb ooooboooobobobooo
go.gbbdooobogobbbobboooub oo oobboooa
gogddgbooooooooo. bbb oobgob. bo,oon
00000 (TMR = Tunneling Magneto Resistance) OO [6, 7100000
MRAM (Magnetic Random Access Memory) [8,9|0 000000000, O
dguodboooobooooob,bbobbbbobbgobbduoooga
gogooogo.

Fig. 1.1 [3,4,5/ 0000000 (Spin) 000 (Charge), 00 (Orbital) 0000000000000
0 (00,00,0000)000.00,00000000000000000000000000. 00
0000000,00000000,0000000000000000000000000000000
0,Fig. .1000000000,(000)000000000000,0000000000,00000
000000000000000000000000.
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Fig. 1.1: Schematic diagram of charge-spin-orbital-electronics.

0DO00000O00O00
0000000000000000000000000000000,000
0000000,000000000000000000000000000
000000000000, 00 Inp_,Mn,As [10, 11, 12], Ga;_,Mn,As [13]
0000,000 (0000000)000000000,00000000
000000.00,0000000000000000000000000
0000000,000000000000000000000000000
0 [14.000000,000000000000000000 Gay_,Mn,As
0000000000000 (7,)0160KO000000000000000
000,0000000000000
00000,00000000000000000,000000000
0000000000000000000,00000000.000 :00
000000000000, Si: Ce [15], TiOy : Co [16], GaN : Mn [17),
GaN:Cr [18]00000. 00,0000000000 ZnTe: Cr [19], ZnO :
Co[20], 00000000000 (CdGeTe, : Mn) [21] 0000000000
oooooo.
0000000000000000,00000000 (000000)0
000000000000,0000000000000000000000
0000,00000000000000000000000,000000
000000,0000000000000000000
000000000000000000000000000000. 00
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Fig. 1.2: Schematic diagram of TMR and spin valve. TMR : TMR effect is observed in the
ferromagnetic layers separated by a thin nonmagnetic insulator through which electrons

can tunnel. The magnetic orientation in the magnetic layers can be independently con-
trolled by applying a magnetic field. When the magnetic layers have the same orientation
(A), the tunnel probability between them and through the insulator is larger than when
the orientations are opposite (B). TMR device is a bit cell in a MRAM. Spin Valves :
Spin valve or Giant magnetoresistance (GMR) device consists of two ferromagnetic layers
spaced by a layer of nonmagnetic metal. In presense of a saturating magnetic field (A),
soft ferromagnetic metal layer has parallel alignment of adjacent hard ferromagnetic metal
layer. In a absence of magnetic field (B), soft ferromagnetic metal layer has antiparallel
alignment of adjacent hard ferromagnetic metal layer. Then the resistivity of A state is
lower than B state in Spin Valve system.
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Fig. 1.3: Schematic band structure of Mott insulator (Mott-Hubbard type and Charge-
Transfer type).

O,00000000 M-HOOODDODOoOooobooooobooobo,00n
00000000000, ~0%000000000,00 (DoOOOO0O0O0
00 0000000000)000000000002% 000000000
g,ogubdgobbuooobbbbuooouboggoobobon.

1.2 00000000

00000000000000000,000000000000000000.00
0,00000000000000000000000000000000000000
0000000000000,00000000000000000000000000
0ooooooooo [23).

000,0000000000000000,d000 f00000000000,00
0000000000000.00000000000000000000000000
0,000000000000.0000,00000000000000000000
000.0000000000000000000000000 4000.000000
0000 [240,0000000000000000000000000. 000,00
00000000 [25|0,00000000000007000007 (26 (000000
00 100~10000 0 000000000000000000. 000000000000
00000,00000000000000000000000,0000000000
0ooooooo0oooo.

GaN:MnOODODDDOOODODOOOOOOOOOODOOOO,000000000000000
(Fe, Co,Ni), 00O O0O0OU0OOOOOOOOOOOOOOOODOOOOO [22.D0D000O0OODOOOO
0,00000b000 340000000000 000DO00O00DOODO0ODOOOOOODOOOD.
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Fig. 1.4: Insulator-metal-antiferromagnetic phase diagram for RNiOj3 as a function of the
tolerance factor (defined as Eq. 1.1 and equivalently the ionic radius of the rare earth
(R)) (Torrance et al. [29]).
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Fig. 1.5: Schematic diagrams of the band filling control of Mott insulator, (a) insulating
state (non-doped), (b) anomalous-metalic state (small doped), (c¢) metalic state (over-
doped) for correlated materials with magnetism.
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1.2.1 OO0 OO0

gobdoooogb,bggbbobobobuoboobobo,gbbboooobon
OOoooooOo,0o0bbobob0oobobog.0dd FeMn,CoOUOODO 3dO0ODOOO
00,0000 MoOODOUOODOOODODOOOOODOOODO OnsitedDOOODOD
Uoo00d0,0o000oo0ooooooooon03doon (Fig. 1.3000)000
000000000 Fig.1.3000000,000000000 (Upper Hubberd Band;
UHB), 000000 000 (Lower Hubberd Band; LHB) 00000 . 0000O,000
0000000 ooooooooo0)00o0o0o0oooooooo,0o00o0000
0000000000000 000000. D00000U < A0O0D0DODOoooon)
00000000000 0000,V >A0000COOOOOODOOOOOOO [27.
000000000000 000000000000 (S, Ge, GaAsODO )ODO0OODOO,
gbooobogooog.

000 0O0o0ooOoooooOooooo

OooO00ooo,00o0000000o00000o0ooooOoooO00bOoon
0000000000000, Fig. 143000000,000000000
O00000,000000000000 (Fig. 1.400 Tolerance factor =
RNiOsO ROOOOOOO0OOO0ODOODOO0OO0O0O0O0O0oOoObOO0DbbO0o0ono
00)0o0o0oooooooOoooOoooooOooooOoUoooDoOooo,oDo
O000000000000000O0 [28,29].

00000000000000000000

Fig. 1.5()000000,0000000 NOOOOOONOOOOOOO
(half-filling) 00, 00000000000000000. 000, Fig. 1.5(b)
00000000000 (000000000000000 =000000
000)00000000(0000)000000000 (00000). O
00 Fig. 1.5(c)0 000000000000 (band filling) 0 0000000
00 000000000000000.00000000000000400
ooo0O000o0ooooo.

gbbbbododobouooouoobobboobboo,gouooboboboobn
000 (~19470)0000000000000. BaTiOs 00000 O0O0O0OOOOOO
OO00000000000 FesO0,000000000000D0O00ODODOOODOOO

3tolerance factor = 1000 (f): 00000000000 (ABO;)0000 ADDDODODOO (=
Ag)000000 (=0rg)000000O0O0 AOOODUUUOD BOOOOOODODO (=Bg)00OOO
00000000000 BO,O0O0OO0OoOOoOoOooOooooag.
AR+ Og

= aBn+on) N

‘000, 000000000 L3*T%T03- 0 L% 0 S 0000000000
La; .S, Titt Tit*02-0000000000000000000 [34].
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Fig. 1.6: Schematic diagram of double exchange interaction for La;_,Sr,MnOs.

goodboodgbodgg.bbbobbbuoooooobboobobobbbobbbo
0O (Mn)OOOOOOOOOOOOOOOOOCOOOOOODOOOOODODOOOODOOO
g, goobbubgboggg.

1.2.2 J00O0O0O0O0O0O0MnOOO

(La, SYMnO; 0 0 0000000000000 LaMnO30 La3t0 000 Sr2r000
000000000, Mn3d0000000000 (DOODOOOODODOOOOO)OOO,
Lajt Sr2*Mnjt Mn4+03
Joooooooooobooboo,bboubod. z~0175000,0000 20000
O000°00000- 00000,000-00000000000,000000000
0oooooobooonoobooooooooon. oo,2000000000000
000000000000 ((Nd, Sm)y St »MnO; 00 )00 7, 0000000000

°00000000: 000000000000, Mn3de, 00000000000, MnOODOOOO
000000000000 0000O00000CC00000000,Mn3dt,, 000000000000
gooobog,bgbgooboboooooobobobobobo,obboboooboooboob.og,n
O0o0000,0000000dO000DOO00O00DO0O0O0DODOODO0O0ODO00 ZenerdOOQOO
O000o00oUooooooo [35. (Fig. 1600)00,0000 7.00000000000000O00OO
7.000000 (D0O)boooUooOoOooo o

t = tocos(6/2) (1.2)

0000 Mn34d0000000000000 (HOOODOOODDOOODOO.
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Fig. 1.7: (A) An High-Resolution Transmission Electric Microscope (HRTEM) lattice
image along a [110] zone axis (left). (B) The crystal structure of Lag_5,Sr; 42, MnyO.
The rectangular parallelepiped surrounded by broken lines indicates the unit cell. Shaded
planes represent ferromagnetic-metalic-La;_,Sr,MnOj3 planes. (Kimura et al. [36])

O00,0000000 10000)00000,7.00000000001000000
0,04TO0OO0OOOODO (DO00OO0)0O0O0OOO 100000 100000000000
0000000000000 000O0O,000D000DO0DODOOOODOO0O, Colossal
magnetoresistance (CMR)0 00 )0000 [30). 000000000 10000000
gboboogbbobooduouogbooogboaobobooobbooo,bodan
00000000000 O0Oo0oO0O (Fig.1.800).

0000000000000 0000ODO (D000,00,00 0)0000000O0O
00 (000)000000000.0000000000,0000000000000
000 (102 [sec]) 0000000, 000000000000000O0O0ODOOOOO
gooboood.

gb,u0ggbdoobbbgododaboodgo

(Lag_2A4)ns1Mn,Os,41 (n =1, 2, ... 00; A = Ca?t, Sr?F, Ba?t, Pb?+ 0 .)
00000000000 0000000000000000000000 [31, 32, 33, 34].

ooboooboobo MnOOOoooobobbobbOoooo.

o O OOOUDODODLODDODLDOOOODO
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Orbital
disordering state

Fig. 1.8: (a) Schematic electronic structutre of the charge (orbital) ordering. (b) Optical
conductivity spectra for || ¢ and L ¢ for the charge (orbital) ordered (T" = 10 K) and
disordered (T" = 290 K) state. (c) Polarization microscope images of a single crystal of
Ndg5CagsMns. Bright images appear below orbital ordering temperature (Tpo = 250
K) due to enhancement of optical anisotropy by charge/orbital ordering. (Ogasawara
et al [37])
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DENSTY OF STATES

ENERGY

Fig. 1.9: The density of states of silicon is shown in the top panel. Si has a band gap
between occupied and unoccupied states, but it is nonmagnetic so the spin-up and spin-
down densities of states are identical. The Fermi energy (slashed line) lies in the gap.
In the middle panel, the spin-up and spin-down densities of states of ferromagnetic iron
are shown. Iron has no gap, although the density of states of the spin-up states at the
Fermi energy is quite low. At the bottom is a model density of states for half metallic
ferromagnet CrO,, which has an energy gap at the Fermi energy only in the spin-down
states. (Pickett et al. [38])
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20000bobbooobobobbooobon

0000000000000 00D000 (Colossal Magneto-Resistance; CMR)

000 TMROOOOOODOOOOS

000000 (000D0oooooooo (37, Fig. 1.8)

0000000000000 00000007 (Fig. 1.9)

gogbboogbobodbbobobooobuobooboooboobobboouoogba
gbobobbooobdoouooooobbobobo.gboboo,gbobboogan
O0,000000000000000D00000O00. 0000, (La, Sr)MnO;0000
00000 (~100%), 0000000000000 TMROOODOOOOOOOOOOS.
oo0o,000gboooboob MnOOOODOOO TMROOOODOOOO,0000O0
0000 (SrTios) 00 000000000000 000, 0000000000000
00 (00000 7.0000000000)200KO00 TMROOODOOOO [40]. O
oooboooood MondOoooOooDoooDo.

e JIJDDD (U0 La,NdODDODOD)

e« 000000000000 O0D0 (0000000000000000 12000000
00000000 [41)

e JJ00D0ODUIODDODOOUODODODOODUDOUUD(DDOODUO)DDOOODO
uo.

e JOUOUOOODLD,00DbLDOLOLODLDOLDOODLDO.

00,0000 0K<T,<620K)0000000000000000000000
00000, SryFeMOg (M = Mo, W) [43] 0 Sr,CrReOg [44/ 000000000000
00,00000000000000000000.

SFig. .7000000,0000 (Sr, La)000 200 (La, StYMnO, 00000000 000000
0000000,00000000000000.0000 TMROOOOOOO,0000000000
000 (Ap/p(H) %100 %) 4000 % 0000000000000, 00 TMROODOODO (90KOO)O
0ooooo [36).

7¢000000000000000 (Ep) 000000000000000,000000 (EF) O
000000000000 20000000000000000000000000000000000
0 [38,39. 0000,000000000000100% 0000000000.00000,00000
0000000000000000000000000000000 (80% 00)000. 000000
0000000 Fig. 1.90 Cr0,000000.

STMROOOOOODO00000O00O0000000000,00000000

AR 2P/ P,
R 1-PP (1.3)

(h, ,O000000000D0D000O0O00O0O)00000,0000000000000000000
0000000000 [42]
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1.3 0000

1.3.1 O0O00OO00ODObOoOobboboobouoooooa

D0000000000000000000000000,00000,000000
00000000,0000000000000000000000.000, 196000
0D00000000000000,000000000 MnOO0OO00000000000
00000000000000000000000. 00000000,0000000
0000000000000000000.00000000000000000000
0000000000000,00000000000 MnOOOO0O0O0O000000
ooooooo.

000000000000, 00000000000000, 0000000000
0000000 [340000000000000000000. 0000000000
TL,Mn,O; [45]0 0000000000 (S,Se, Te000000)000 [33,47]0000
0D000000.00000000000000000000000000000000
000000 MnOO0O00O000000000000000000000000.

000,000 TMROOO OO Lag_seSr149,Mn,0; 0 0 0000000000000
00000000000 000000000000000000 Sr,CuMnOsS [48) 00
0,000000000000 TMROOOOOOOOOOOOOOOOO.

0000,00000000 MnOOOO000000000000000000000,
00000000,00000000000000,000000000000.

1.3.2 UUOoooooooooooon

00000000 00000000 MgALO,0000000.0000000000
00000000000000000,000 (Fe;0,)000000000000000
000000. MgALO,0 00 000000000000000000 ABX,0000
0000,00000000000 Fig. 1.10000000,X00000000000,
0000000000400 XO00OO0O0OO0O0O0O000O0000 ADOOO 600 X
0000000000000000BOOOOOOOO.00000000000000
000000 A, BOOODODOOODOOOOOOOOO,X0000000000 (O,
S,Se, Te)0 0000 (Br,ClO)O0 OO,

00000 AB,X,000000 ABXy (A=00000,B=Cr,r0,X=0,S§,
Se, Te)D O OO 19600000 ,0000000,000000000 [50, 51, 52, 53, 54].
00,00000000 (Cr)0000000 ACrXy (A = Fe, Mn, Co, Cu, Zn, Cd O,
X =0, Se, Te, Fig. 1.1000)0 MOOO000000D0000000O00,00000,
000,00000000000000000,000000000000000000
000000000000000000000000000000000000. 000
00000 MnOOOO AMnO,0 ADODOOODOOOOOOOOCOOOOOOOO0
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B: Cr, In, Sn etc,
Center of the
octahedron

Mn, Fe, Co, Cu, Zn, €tc,
Center of the tetrahedron

Fig. 1.10: Crystal structure of chalcogenide spinels AByXj.

O0DOO000DOOO00O0,0000D CGrODbO00000 ACRX,0A00O00ODOD 3d
goobobobo,gguobobbogbooboboooobooag.

00 CdCrXy (X =S,8e, Te) DD OD0DO0O0O0ODO (D0O0OD0ODODO0DO0DO0OODOOOO
O00,00000000000000000000O p4)0D000000D0OO0OODOO
god.bgobbbbuodobbuooobooobooooobbbobobboooon
O s-d, p-d (0 00 Ruderman-Kittel-Kasuya-Yoshida (RKKY)) O0000000000O
gbooug,ggbboobobdg,bodbooboobuoobboobboobbbob.d
ooooo,booboooooo,obboboboobbob,0ob0 7.00b0oog
guobbboooodg.goog,bbuogoguobbuobbobobobboobobbbo
goo.

O000000,ABX, (X=0,5,8¢, Te) 000000000000 OOOOOOOO
O00000000000. 0000000000, 00000000000 CulreS, [55]
OO0 230 KOOOOOooooobog,gboboboboooobboboooooon
O,000001000000D0. 00000 CMROOODOODOOOO MnOOOO
OO0boo0oO0bO0obo0oooooobooboooooDon. CupS,00b0oobooogg
00000000 (00,00,0000)000000000OO0OOOOOOOO.
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1.4 O0O0O0O00O0OOO,00000000000A0

1.4.1 FeCr,S,

0000 FeC¥3tS2-00000000000. 00003d00000000000
000000000000 0000MnOOOOO0OD2000000000000. 0
000000000000 (T, ~170K)000000,00000000000000
0 (MR)O 6TO MR=02000,000000000000000 Ramirez0000
0Dooooo [47).

R = PO —p(H) (1.4)

p(0)

000000000000 7,000000000000000 (0000000000
0,Fig. 1.11000000000000000,000000000000000000
000000000000. 00000000000000000,000000000
000000000000)0,000000000 (00000000000)0000
0000000000000 [56. 000,00000000000000000000
000000000D0000,0000000000000,0000000 (00000
0000000000000)000000000000. 0000000000000
0000000000000 00000000000000000000000. 000
0000000000000 000000000,00000000000000000
0000000 (Fig. 1.1100,0000000 MROOOOOOO0OO00O00000O
0000000000000, 0003.1.2000000).

1.4.2 Fe0.5Cu0.5CrQS4

FeosCupsCryS, 000 (7, =340 K) 00 000000000000, 0000000
000000000000, FedtCuitCrdtSi 0000000000, FeCr,S, 0000
00000000000 0000000. DO000D000000000 340 KO MR
=0100000000000000000000D000000 [47. 0DO00DO0O00OO
00 FeCr,S, 000000000000 [56,57000000000000000000.
Lotgering 00000000 (53, 0000000000000 00DOO0O pOd (O
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Fig. .L120 00000 FAOO0D0DDDO0O00O0OOODDOOOOOODOODOO [53).
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M agnetoresi stance mechanism

*

£}y Naked Carrier pza.—l_ 1 m

Magnetic polaron e Ey
3 (heavier effective mass than naked carreir’s)
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( , Large Mobility =
O Large mobility >
[ .
|

Delocalized
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Fig. 1.11: Magnetoresistance mechanism in FeCryS,. myc, nye represent the effective
mass and carrier concentration for the naked carrier, and my;p, nyp represent the effective
mass and carrier concentration for the magnetic polaron. H represent the magnetic field.
When the naked carrier and magnetic polaron coexist in FeCryS,. Magnetic polaron will
be delocalized from the self-trapped state and turn into naked carriers (or lighter carriers)
completely in sufficiently large magnetic field and an ideal ferrimagnetic order.
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Fig. 1.12: Reported energy level schemes for p/n- Feq5Cug5CraSy [53].
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O000,0000000000000000000000000000000000.
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Fig. 1.13: Schematic band structure of Cuy_,M,CrsS,.
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Fig. 1.14: Crystal structure of (a) SroCuMnO3S and (b) Sry;CusMnzO7 55, and schematic
diagram of carrer doping.
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Las O3 99.9 gb (gbbogoogn
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2.1.5 SryCuMn;_,Zn,O;SO00
oooooooo,ooooooooo.
SrS+SrCuOs+(1-2)MnO+2ZnO — SryCuMn;_,Zn, O3S

lL.gbddgobobuoobbbuoobobooboobog,bbobobooobobbon
oooos.

2.Ar000000 1153 KO 1200 1000DO0D00O0OO.

3. 000000000000, 0000000000000 1ten/em?*0000000O.

4.1004000000b 2000000400

XO0Oooooo Fig.62000.

2.1.6 SI‘4_$L3.$CH2MH307_5SQ oo
gdooouood,ouogoooodao.
251545 (Lag03+Cuy0)+(2-2)SrCuO2+2.5MnO+0.5MnOy — Sry_,La, CusMn3zO7 55,

lL.gbuddgobobuoobbbuooboboobobog,bbobobooobobbon
godg

2.0000000000b00040go, 113 Kbg 1200 10o00booo.boo,
gooog

3.000000000000,0000000000000 lton/em?0000000.

41000000000 200000000.

00000 XO0O000O0Oooooo 2ooooon.

2.1.7 X0OOOOOOO (XRD)

00 XO0OO0OOO00OOo0oOooooooooooOo XoooOoO (Rigaku, Rad-C) O
gbou,ggbboboogbgbo.

2.1.8 RietveldO O

Rietvelt 0 OO 0ODOODOOOODOODO RIETAN20000000000. ODQOOOO
ooob Xoooboogoboooooooobooboooboboooooboobobb,0bn
ODO0000ooooobooboboobooboooggg. 19690 RietveldD OO OO
ooobooboboboooooo,obbobo Xooooooooooobo.

000000, SrCuO2 O SrCO3 + CuO — SrCu0,+CO, 10000000 1123K, 9600000
oo 200000000.
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Tab. 2.2: XOOOOOOO

target Cu
filter monochrometer
voltage 40kV
current 60mA
scanning speed 2°/min.
DS 1°
SS 1°
RS 0.15mm
MM 0.45
step angle 0.01°

000000 XO0000000000000000,000200000000 y(i=
1,2,3.--)0000000000000000. 0000000O00,00000000
0000000000000 000000000000,0000000000000
0000000000000 0000. 000,:0000002,000000000
f@%mﬂmmpqzﬁ@%DDDDDDuﬂzUWDDDDDDDDDDDDDD

= 3wl = S (2.1)

ooooboooobooooobbboo00U0b0oboobooooboboobooooooo.
20,0000000000 f(2)0000000000000000000 00 y,(26;)
gooooood.

000 s000000000000000, KO w00OO0O0O0OO00000000, mk
00000000000, F00000,Px000000000000000, L(0k)0
0000000000 (0000000000000000),0,000000, ¢(A26;x)
0000000000000000000000000, A2 = 26; — 20k, yp,(26,) O
200 00000000000.

ooooo,

Fx = g;fiT; exp2mi(ha; + ky; + 12;)] (2.3)
J
000 ,;000000000000,¢,0000, ;0000000 ((@0O00000O0OO
0000 by), 00000, 2;,y,,;,00000000.
Dooon;000000000000,00000000000000 B;000

o)l

T; = exp
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00000000000,000000000000 Buy,0225, B335,5125,5135,523; 0 0 O
T; = exp|—(h?Burj + k* Bazj + 1*Bszj + 2hk iz + 2hiBz; + 2Kk Ba3;)] (2.5)

gboo.odbo A0 XO,0000000,dg000ogbooboo.ooobo,0oon
gbobuodgboboboobbbibbgyoooboboobbobuoobon.
gbobogoogbogbobbobooob,gogbobouoobbobooobuoboan
0000000000 (@0O00-000000,0000000)00000000000
O00000ooooC0.o000,000000000000 (ROO)OODOOODODOOOO
gobdbobuboobooboobobbooo.

ol (2
Rwp = {Ezwg?wjﬂw]} (2.6)
_ ([ N-p :
fle = (Zﬂw%> (2.7)
_ Rwp _ [Yiwilyi — fi(@) :
7T The _{ N-p } (2.8)

oo NOOooooobg,pobobbobooboobooo.

00000 RODD,000000000 RwpOOOO, 0000000000000
goobobbbooooobogoooboobbbboobo. bogg,bboooon
00 RwpODOOOOOO0D Red RypOOODODO S (goodness-of-fit) 00000000
go.

000000000000 0000000 00000000000000000 SO0
1.1~1.3000.000000,00 R0 20000000000000,000000
000000000000,00000000000000000. Sr,CuMn;_,7n,05S
000000 Tab. 23000. Sry_,La,CusMn;0758, 0000000000 21000
0o.
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Tab. 2.3: Rietveld refinement results for SroCuMn;_,7Zn,03S

x 0 0.05 0.1 0.2
a (A) 3.831 3.8404 3.8418 3.8512
c (A) 15.95 1594 1591 1591
Sr(1) x 0.5 0.5 0.5 0.5

y 0 0 0 0
z 0.1831 0.1831 0.1831
Sr(2) x 0.5 0.5 0.5 0.5
y 0 0 0 0
z 0.4163 0.4163 0.4163 0.4163
Cu x 0 0 0 0
y 0 0 0 0
z 0 0 0 0
Mn;_,7Zn, X 0 0 0 0
y 0.5 0.5 0.5 0.5
z 0.3038 0.3038 0.3038 0.3038
S x 0 0 0 0
y 0.5 0.5 0.5 0.5
z 0.092  0.092 0.092
0(1) x 0 0 0 0
y 0 0 0 0
z 0.2852 0.2852 0.2852 0.2852
0(2) x 0 0 0 0
y 05 0.5 0.5 0.5
z 0.4279 0.4279 0.4279 0.4279
Ruyp 12.25 12,03 11.61 12.41
Rg 9.07 858 791  7.61
S 1.372  1.561 1.468 1.631

Space Group :P4/nmm (1-129)
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22 QO0OO0OOOO

221 DCOOOOO

SroCuMn;_,7Zn,05S, OO0 Sry_,La,CusMn;O7sS,. 0000000000000 40
0000000000.0000o00o0ooooo (Cwoooooooooooooo, o
0000000000000, 0000ddb0d0o ., 00000000 o0Ooooo. 00
0000 (0.5~5+0.02mA) 0 0000000O000C0O0,000000,0000000
O0000. 000000000 7651 PROGRAMABLE DC SOURCECO OO0O. 0D OO
Keithley 0 2182 NANOVOLTMETER O ODOOOODO. 0000000 LAKESHORE
0 330 AUTOTUNING TEMPERATURE CONTROLLERO O-0.0700000000O.
O00000o0obDOooooooo.

000000 PPMS (QUANTUM DESIGN)OD DCOOOOOOOOOOO.

222 ACOODOOO

LCROODO (HIOKI-353250, 00 00 0000O0)000O00,0000000000
oooobooogo,bogg, bbb 40b0bo0boooooooooobob. ob
gogboougooobooooooobuoobobooobo,bbobbouobbod
gbobobooobbbuoobbobbboooobog.

223 00000OO

gobbboogoobbda,ogogboboboogoo,2bgua-0.07r0bobodgo
000 05~1.2KOOOOOOOOO (S)D00O00O. 0000000 Oo0 7651 PRO-
GRAMABLE DC SOURCEO ODODO. OO0 Keithleyd 2182 NANOVOLTMETER O O
O00000. 0000000 LAKESHORE O 330 AUTOTUNING TEMPERATURE
CONTROLLERO O-0.07O0ODOO0O0OODO.

23 0O0OOO

0000000,8QUIDOO0 (QUANTUM DESIGN,model 2000) 0 000000 . O
0000000000000 10 (002000000 ((Q000000)00000.

2.4 XPS

0000000000000 00000000000 XOoO0O0oOoooO (Kratos, XSAMS800i)
gogobo,ggobooodggo.
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0000000000000000000000000000000000,107"Pa0
gbbooooboobobodg.

Tab. 2.4: XPSO OO OO

Step | Dwell Pass
HEN Target oooog Energy | Time | Sweep | Energy
(eV) (eV) (ms) (eV)

Wide Mg 1151.60-5.4 1.0 300 2 80
Wide Al 1180.00 -5.4 1.0 300 2 80
Cr2p Al 5700 600 0.05 300 40 40
Mn 2p Al 6350 660 0.05 300 40 40
Fe 2p Al 5000 730 0.05 300 40 40
Zn 2p Al 10150 1055 0.05 300 40 40
Cu2p Mg 96001 270 0.05 300 20 40
Cu3s Mg 13000 115 0.05 300 20 40
Cu3p Mg 850 70 0.05 300 30 40
Ols Mg 5400 526 0.05 300 10 40
S2s Mg 2330 220 0.05 300 10 40
S2p Mg 1740 159 0.05 300 20 40
Sr3s Mg 3700 350 0.05 300 10 40
Sr3p Mg 2940 260 0.05 300 10 40
Sr3d Mg 14300 130 0.05 300 20 40
Srdp Al 300 15 0.05 300 20 40
Valence | Mg 200 -54 0.05 300 20 40




oy

[1] A. P. Ramirez, R. J. Cava, and J. Krajewski, Nature, 386, 156 (1997).

2 000O0,”’000000000000000000000 (Sr, La);CusMn;O7 555"
(0000000000, 2002), p. 48.
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030 0O0O0OoO00OoOood
Fe;_,.Mn,CroS,000 0O
Jooooood

Properties of Giant Magnetoresistance of Spinel-Type
Fe;_,Mn,Cr;yS,

3.1 0O0O0Ono

00000 FeCr,$, 0000000000000 Fe2tCrdts2 1000000000
0D000,00000000MnO000000000000000000000000.
D000 170KOOO00000 6 TO MRO 0.2 (MR=[p(0) — p(H)]/p(0)000)000
000000000000000.

FeCryS,;0 ACr,X, (A=0000,X=0,8,S, Te, 1)0000000000000
0D00000000000000 [2).

ACrLX, 000000000000 [3,4,5/00 1960000000000000,00
0 ACL,X,00000000000000000000000000000000000
00000 MnOOO [6,7,89000000. 0000000000, FeCryS,000
00000000000000000000000. 000 ADDOOO FeO MnOODO
300000000000 [10)000000000000000000.

FeCr,S,0 0O 0O

3.1.1 0OO0OO0O0O040

FeCryS,0 T, ~170 KOO OOOOOOOOD. 0000 (T<60K=T7,) 000000
0000 (ZFC), 0000000 (FC)DDOOD0DD0OO0D0DD0D0OD0OO0O (Fig. 312001
)OO0 ,000000000000000 [11,12,13, 1400000000000A0.

Fig. 320 0000000000000000000O0OCOOO0DOO0OO0O 7,000

Fig. 310 00000000000000000O FeCrp,S,0000000000D0O0DODDOOOOO
000000, TswkanOOOOODOOODOOOO [11]0 YangOOODOOOODO [12]00000000
0000. TswkanOOOOOO ZFCO FCOOOO 7,0000000000000 YangOOOOO
T.00boooboooooooboboobo.obooboboboboooooobooobooobooooboobbooog.
TswkanOOODOOOOOOODODOOOOOO0O0OOO0ODOODOOOODOOODOOOOOOO,00000O
0000000000 TswkanOODOOOOODODOOOODOOOODODOODOOODOODO.
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Fig. 3.1: The reported magnetic susceptibilities in a field of 0.01 T as a function of the
temperature in FeCryS, (Tsurkan et al. [11], and Yang et al. [12]).
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Longitudinal modulus C,_(GPa)

Attenuation (1/js)

005 50 100 150 200

T(K)

Fig. 3.2: (a) Temperature dependence of the longitudinal modulus, Cy, in the absence of
a magnetic field (left scale), and of the zero field cooled [(ZFC) open symbols] and field
cooled [(FC) closed symbols] magnetization M (right scale) in a field of 0.01 T for FeCr,S,.
Here jig = 47 x 1077 Vs/Am. All measurements performed along the < 111 > axis. (b)
Temperature dependence of ultrasound attenuation for FeCryS,. (Maurer et al. [15])



47 00000000 Fe;_xMn, Cr,S,00000000D00OO0O

e 280 K
‘ Signal of PMR 230 K

| o 170 K

0 2000 4000 6000 800D 10000
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Fig. 3.3: ESR spectrum at different temperatures between 100 and 290 K for FeCryS4. T
marks the PM peak, and A marks the FMR peak. (Yang et al. [12])



48 00000000 Fe;_xMn, Cr,S,00000000D00OO0O

n"-]
il
%
7
:.—:‘)
N

-

r—— o

T=145K W/

S —

Absorption
._]
I
2
7

% 6 -4 2 0 2 4 6 8
Velocity [mm/s]

Fig. 3.4: 5"Fe Mossbauer spectra of taken at selected temperatures above and below the
magnetic ordering temperature (7. ~ 170 K) for FeCryS,. (Nath et al. [18])
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Fig. 3.5: The relative spectrum area of the superparamagnetically relaxed component as

a function of temperature for FeCryS,. The uncertainty of the displayed values is below
3%. (Nath et al. [18])

00o00o000o000000000000. 0000000000000 (I,)0ooao
g, booougoobobuooodgbobuouobbobobuoobdo. oobbboo
Ooooooooooooooogdaon,7,0o00o000000000000000
000000, Maurerd [15|0 Fe3d0 OO OOO0OOOOOOO.

3.1.2 000O0obooooboooao

FeCr,S,0 7.0 00 00000000O0OO 1000, 0000, 000000000
gobbuooogoobooooguoooog.

1.200000000000000000000000000 [8]

2.0000000 TMROO [16]

3.0000000000000000000000000000000000000
ooooo [17]

4.00000000000000000

000, FeCr,S, 00000 FeCritS; 000, 000000000 2000000
gugbbobobobbbboool1bbbbooobbbood.

00000000000 SrFeMoOg [16)]0 00000000000 O0OOOOO0OO
00000 7.00000,0000000000000000000000 (Eq. 1.3). O
OO00000000O0O000O0O0DOOoOooobOoboOoog. FeCreS4s00booo, 7.0
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0000000000000000000000 JDoO000o00. 00 7.00000
0000000000000 00000000oo000 (Fig.32100)0000000O.
ooogb200000000000 TMRODOODODOOODODDODODODOOOOOOOO
goboogd.

30000oooooo0ooo (FCO ZFCOOOODOODOODO)OOO T.0000000
000 (Fig. 3.1300)00,000000000000000000C0O00O00O0O0O MR
O7.000000000,00000000000.

YangO [12]0000 FeCr,S, 000000000 FeCr$,0 7,000000000
0000 (boOoooUoOoooooU0ooUOOOoU0DoOoOUOUOOoOoO,0oo0Dooooo
0000)00000000 (000000000000 ooOoooooOOo0oO0oooo
guoboboboobbboobd. doogobdooooobobb,uooobbbob
00000000000000000000, 0000000000000 DOO0)000
OO00000DDO0OD. D0000000bO00DO0oOobDOonoD FeCrpS,0000ooog
00 (7,000 Ey, 7,000 E,) 00000000 (Seebeck Coefficient) 0 0 00 O O
0000000 (00000000000 000 E,000)020000 YangODO OO
0,0000 Ey =47TmeV, E;, =26 meV, Es =23 meV [12|000 E,0 EsO0O000O
0000000000, Ey0 EsO000 20000000000.E40 Es, E,000
gooboooog, T<r.goboobuobbboobooooooboobboogon
O,T>700000000000 (OODO0DO0D0OOOOOODOOO),00000000
OO0O0O00o0pD0oDbOob0booboooooooboonboonD. FeCrpS, 00D oonoon
oooooobooobobbobobbo,00bob PgpOooooobooogooobo
0000 YangODODOOOOOO [8]. OO YangOD O OO FeCroS, 0000000000
000 (ESR) (Fig. 3.3) 0,7, 00 7,000, 00000 (Paramagnetic =PM)0 00O
00000 PMOOOOOOOO (Ferromagnetic=FM)OOO0O0O (Cr0 FeOOOO
O200000,000000000D00DOOD00DODODOD GrObOO0ODO,0000
0O rFeO000000000)000FMROOOOOOOOOOOOOO,T,~7.,000
0000000000000000000. 000 NathO [18]0 Fe000000O0O0O
0000000000 (Fig. 34,3500 7.0000000000000000O0DOOO
ggouogbougboogooo.obbobbbuoobouooouooobooooon
gogbbobdoobbboobg.

goboobogdo

FeCr,S, 00000 FeCrp,S,000000000OOOOODOOOODODOOODOOOO
O0O000O0000000,b000bDbDDbD0OD Fig. 36000, FeCr,S,0D0 OO0
Fe*Cr3tS3-000,0000000 Fe?t O e, OO OOOO0OOO00O00OO00O00OO00O
O0000Db000oO0ob. o0, FeCr, S, 000000000000 DODOOODOO
000000, Fig. 3.6 ()000000,0000000000 Fe3dOOOODOOOO
00000000 s5000000000000000.0000000 Fig.36(b)0O0O
00 Fe3d0OOO0O0O00D0D0O0OO0DO0O0DOOOODOOOOOD (DOOO)OO,000
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(a) Electronic structure for FeCr,S,

Fe? Crs+ Fe2+

Local
magnetic

Fig. 3.6: (a) Schematic electronic structure of FeCrySy. (b) Schematic normal carrier
conduction model, and (c) magnetic polaron conduction model for FeCrySy.
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Oo0booodobobbooobo,b0oooboooooobbobOonon. FeddO
00000000000000000000O00O (0000)00,Fig.36((c)0000O
O00,,000000000000000000D0 (OO0DOO0OOO0OO00oDOO0o0o0O0 =0
O000000)00000.000000000 Fig. 360 (b)0OO (D0OO0OO0OOO
O000)0 (¢)000 (DOODOODOODODODODODO)00O000O0OO0DOOOOOOODOO
goodad.

000000000000000000000000 0O000O0000O00O0O0O0O00
000000000000. 000000000 (p=0¢")0000 (x), 0000 (7),
0000000000 (()00000 (m)000000.

p=0"'=—"— = (3.1)
enp eEnqrt

7.0000000000000000000000000,0000000000000
D000D00.00,000000000000000000000000000000
0O00,0000000000000000000000,00000000000000
O00000.00000000000000000 myp, 000000 (Naked Carrier
000000)0000 mye0000,0000 (H=0)00ODDOOOO (H>>0)0
D00000000D00000D00D00000DD0DooDo.

-
OH—0 = enp = e(nyc + narp a ) (3.2)
myc myrp
qT
Os>0 = e(nNyc + Nap) (3.3)
myc

00000 MROOODOOODOOO,0000000O000000d.

MR — PH=0 — PH>>0 _ OH>>0 — OH=0 _ nyp % (1 — mNC) (34)

PH=0 OH>>0 nyc + Nup muyp

Eq. 3400 nyp=0000 MR=0000,00 nye = 00000 myp = myc 0
00 MR=0000,0000 MROOOODODOOODOOOOOOOOODOOOOOOO
00000000000 000.

Eq.34000000000000 (nyp,nye) 0000000000 (magp, myc) O
0000000000000, 000000000000000 —2_ 000000
D0000000000000000000000 MROOOODOOOOOOOOOOO.
00000000000 1-2e 00000000000000000 MROOOO
D000000000. 000200000 MROODOOODOOOOOOO. 0000
Eq 34000000000000000,000000000000000000000
0000000000, MROODODOOOOOODOOO0OOO0ODO0O,0000000
0000.000000,Eq 340000000000000000000000000
0ooo.



53 00000000 Fe;_xMn, Cr,S,00000000D00OO0O

H =350 0e

S o4l

u

~ I ]

= — |

s o46f SC .
0.04 |

ALL (10°7)
3

0.00 =
0 10 20
T(K)

Fig. 3.7: Low-field (50 Oe) magnetization per formula unit (f. u.) (a) and thermal

expansion (b) in ferrimagnetic FeCryS, single crystal (SC) and polycrystalline samples
(PC). (Tsurkan et al. [19])

3.1.3 FeCr,S,000000 (T<10K)OOOOOODOOOOO
HEN

Fig. 3.7000000 10~13 KOOUOOOOOD z=000000000100000
0000 (14,190 0000000. 00, Brossardd [2000 000 FeCro,5, 00000
000000000000000000000000 (Hy) ODOODOODODO 13KOO
O00000000000,13K000 Fe3d0000000 (DODOODOODOOODOO
0000000000000000000)0 000000000000 . TsurkanO O
00 FeCroS, (0000,0000)000000000000O0O0O Fig.38000. 00O
ooobooobobboooboobobobollokKboboooo.gog,ggoboooob, g
Dooooooo00. TswkanOOOOOOO 7, 000000 Fe3ddOOOOOOOO
0 (Orbital Liquid, 0000000000000, 0000000000)000,10KO
gd

O00000:00000 (Orbital Glass) 00000
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Fig. 3.8: Temperature dependence of C,/T for the as-grown polycrystalline FeCrySy
(PCag, upper frame) and single crystal (SC, lower frame) at several magnetic fields.
The dashed line represents the T,, for PCaq. (Tsurkan et al. [19])
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Fig. 3.9: Temperature dependence of normalized magnetization (M /Migx ) under external

field 5 T for Fe;_,CrsSy x = 0.0, 0.04, 0.08. The inset shows the magnetization (M)
between the temperatures 5 and 20 K. (Kim et al. [14])
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Fig. 3.10: Geometric frustration for A site in spinel-type FeCrySy.
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O000000:0000 (Orbital Order) 00000

0000000000000 (Fig. 3800). 0000000000000002000
00000000000000,00000000000000000000000,0
000000000000000000000000.

00000000000000000 (0000000000000000000)0
0000,AB,S,000000000AO0O00D0O0O0OOOOOOOOOO,0000A
000000000000000000000, Fig.3.10000000,0200000
00000000000000000000000,0000000000000000
000. 00000000000000000000 FeSe,S, 00000000000
0 [21].

000000 FeCr,$,00000000,00000000000000000000
000000,0000000000000,0000000000000000000
00 (000000000000000000000)00000000000. 300,
FeCr,S, 00 000000000000000D000000O00O0OO0O00000.

3.1.4 0OO0OOOO
MnOOOOOOOODODO (MR)OOO

FeCro5, 0 7. 00000000000 0OODOODOO,000000DO0O000D00O000
gbooogooobogo.

Eq. 340000000000000000000O0000ODO0OOO0ODO0ODO0O0O0O MR
oooboooooobo,0obb0 MROODOODOOODODOOODOOOODODOD
gobodgbbdobgbb.obobuoobbobbobbuobobobooobooboo,
gbobobogouougbboogoobob,booobobuooobobbobdgad
guoboogbugboooboobbobbobbooboobobooooouaabo
gooooooon.

000000000, F?t (@) D0000D0DDOO00OD0ODOO0O0OODOODOO0OO,
Mn?t (@°)0 FeCr,S, 0000000000000 O0O0 MROOOOODOOO.

gbobboogobbbooobuoboogooboo

FeCr,5, 0000, Fe3dODOD0O0O0ODO0OOODODDOODODOODODODDODO
gogbgbbbobboobooboooooboogn.

00000000000 0000000000O0O,00000000000000000,0000
0o00ooo0oooo0oooo0oo0. 0000000 (=T,)0000000000O000O000O.

SKimO [14] 0 FeCryS, 0 ADDODODOOOOOD Fe;_,CrS4000000000000O0DODODO,
Fig. 370000000000 (DOOO0OUOOOO0ODO0O)D FeOODOOOOOOOOOOODOOO
KimO0OOO (Fig. 3.9)00000. 0000000000 0ODOO FeCroS,00000000O0,FeO SO
oboooobooboooboooooboo,oboboooo,0obo0o0oocobooboooboooboooboon
gooo.
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000000000000000000 [22]0 FeCr,S,000000000000000
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000000)0000000000,0000000000000000000000
000000.00000000000000000,Me000007,00000 [10],
00000000000000000000. 0000 Fe,_,Mn,Cr,S,0000,000 -
00-000000000000000000.

3.2 Qoo

Fe;_,Mn,CrS, (z = 0~0.5)0 00000, Fe, MnS, Cr, Cr,S;, S0 00000000
000,00000000000,1173K004000 10000000,0000000
0000,000200000000000.
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004000 10000000,00000000000,00020000000000
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0000000000000000000,CwKeOOOOODOO XO0OO (XRD)OO
Rietan2000 [23)|0 00000000000000000.

00000000040000000 20~400 KOOOOODO. 000000 10~300
KODOOOSQUIDOOOOOOO H=003TOO0DDO000000 (ZFC)OOO OO
00000 (FC)00000000000000,80KO00DO000000O00 005.5T0O
00000.00ACOODODOOOOOOOO 100HzO0OODOO.

3.3 Uoooonon

000000, 000000000 2z=0~050 XRDOOOOOOOOO (CrOO
O00000)00000000XRDOOODODODOOODODOOOO 1~2% 000000
oooogbo.0obboob MonObOOOOooboooooobobooboooooo
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difference profile between the observed and calculated patterns.
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Fig. 3.12: Magnetic susceptibility in a field of 0.03 T as a function of the temperature in
Fe;_,Mn,CrsSs. The arrows indicate the magnetic transition temperature.

goo,gboobbboougooobooogon.

MnOOOO Fig.3.14(a) 000000 Fey_pMn,CrS,0 MnOO OO ODOO0D0OOO
000000000000 0FA00000000000000 M2 00000000
goodgbbdgutb.z=0~0500000000000000000000000ODO
O000,x=10 Fig.3.14 () 00000000000 0O0OOOD. 00005 <x<1
guobobbboodgbbouboobbbooouboboooooobo.

3.3.2 Fel_le’l$CI'QS4 oo

00000000 Fig 3.12,3130000000000000000000 (7, 7,)0
00000000 (dy/d)00000. 2=00 10~60 KOOOOOODOOO (ZFC)O
000000 (FC)DO00O0000O00O00O0OD00O0OU00D00D0oUO, 0000000



60 00000000 Fe;_xMn, Cr,S,00000000D00OO0O

Jv [mncis, ¥
[ v v H=003T 416
v - v ZFC |

v FC VV

N
(=]

B TYK v

e 4
!F
S
X (emu/mol)

X (emu/mol)

=
o
I
d
4

.I....I.-lz

T (K)

Fig. 3.13: Magnetic susceptibility in a field of 0.03 T as a function of the temperature in
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in a field of 0.03 T below 12 K.
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Fig. 3.14: (a) Lattice parameters a and (b) magnetic transition temperatures (1, 7,) of
Fe;_,Mn,CryS, as a function of z.
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at 80 K for Fe;_,Mn,CryS,. Solid line is M(T") calculated from Eq. 3.7.
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Fig. 3.16: Temperature dependence of normalized magnetization (M /Misx) under ex-
ternal field 5 mT for FeCrySy for our polycrystalline data (PC), and Tsurkan et al.’s
polycrstalline and single crystalline data (SC). (Tsurkan et al. [19]) The inset shows the
magnetization (M) between the temperatures for our PC.
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Tab. 3.1: Fitting parameters in Eq. 3.7 for M — H curve of Fe; ,Mn,CryS, (Fig. 3.15)

‘ T ‘ J1 Jo X a c ‘
0 [1.92x1072 | 1.50x107" | 1.76x1072 | 9.34x 10~ | 4.07x 107!
0.2 ] 1.18x1071 | 1.93x1072 | 3.22x1072 | 4.52x 107! 1.12
0.5 6.50x1072 | 1.69x1072 | 5.86x1072 | 3.51x 107" 1.12
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00000000,000000000000000000000,000000000
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Fig. 3.17: Resistivity in a field of 0 and 9 T as a function of the temperature for FeCryS,.
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Fig. 3.19: Seebeck coefficients (S) as a function of the temperature for Fe;_,Mn,CryS,.
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Fig. 3.20: Seebeck coefficients (S) as a function of the 1000/T for Fe;_,Mn,CrySy.
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Tab. 3.2: T,, T,, and Thermal activation energies (Eg, Er,, Ey) for Fe;_;Mn,CrySy

x T, T, By E. (T<T)|Ey (T>T)| Ex/E;
0 | 170 (K) | 60 (K) | 28.4 (meV) | 35.9 (meV) | 62.7 (meV) | 1.75
02| 155 50 - 26.0 90.5 3.48
05| 130 45 36.1 37.1 171.0 4.61
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Fig. 3.22: Resistivity (In p) as a function of the 1000/T for Fe;_,Cd,CrsSs. (z = 0
Kamihara et al. [10] and x > 0.2 Yang et al. [30])
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Tab. 3.3: Thermal activation energies (Er, Ey), and Maximum MR at Ty ryax for
Fe;_,Cd,CrySs. (Yang et al. [30])

o Ey ‘ En ‘ Ey/EL ‘ MRy ax ‘ TvrmAx ‘
0 | 35.9 (meV) | 62.7 (meV) 1.75 0.153 173 (K)
0.2 40.9 49.5 1.21 0.251 159
0.4 54.8 46.9 0.86 0.330 144

0.6 70.1 90.5 1.29 0.465 135

0.5 110.0 113.0 1.03 > 0.6 -
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000000000000 000000000000,000000 MROOOOOOO
ooooo.

00000 Cd00000, Ey/E,00000000000000000,00000
0000D0000. 000000000 Fe?t (3600000000 Cd* (44 00
00000000,0000000 FeO 3d00000000. 0000 Eq.340000
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00000,Cd0000000000000000 nye00000000000 MRO
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Fig. 3.23: The In p as a function of the 1000/T" (Activation model), In p/T as a function
of the 1000/T (small polaron model), and In p as a function of the (1000/7)"* (VRH
model) for Fe;_,Mn,CrsS, (z = 0).
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Fig. 3.24: The In p as a function of the 1000/T" (Activation model), In p/T as a function
of the 1000/T (small polaron model), and In p as a function of the (1000/7)"* (VRH
model) for Fe;_,Mn,CrsS, (z = 0.2).

(1000/T)* (K ¥4
15 2 _
8l x=05 | s k6 Py
e gctivation / 1° =
~ |4 smallpolaron e <t ? 1 X
£ gl= VRH N 14 €
0 L S
c ¢ _
St A Tg=45K { &
S 4 2 &
o | a
g
2_ L L L L _o N
0 10 20 30

1000/T (K™

Fig. 3.25: The In p as a function of the 1000/T" (Activation model), In p/T as a function
of the 1000/T (small polaron model), and In p as a function of the (1000/7)"* (VRH
model) for Fe;_,Mn,CrsS, (z = 0.5).
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Unusual Magnetotransport
in Spinel-Type Cu;_,M,Cr:S; (M = Mg, Ge)
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CuCr,S,0 pO00O0O0O00D0DODDDODDOOO0T.(~377K) 00D ,00000000
0000000000 5ue000. 0000000 Cy,Cr0000000D0DO000
0000000000000,

Goodenough 0 CuCr,S, 000, Cu?**Cr3tS, 00000000000, 000000
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cr*000000000000000.

0000 CuCrpXy (X =8,8)000 Cu2pXPSOOOOD0 [3,4,50 Cud 100
OO000000D00O0OD,XPSOODOO GoodenoughO OO Lotgering D 0O O0O0OOO
000.00000000000,00000000 X0 MCDO Cu2pMCDOODO
O [3]0 CuCr,S,0 Cu0 0000000000000 0O0O,000 CuOOOO Cu?*
000,00000000000000000000,0000000000000. 0
00, KovtunO [6|000000000000D0DO,00 (~42K)00 Cu, CrO0000
0000000000000 000.

00000000000,0000000 0000000000000000000,
Cuf,Cu?tCrit, Crit, S 00 00000000000000000000000. (nO
D0000000000000000000000000)000, CuCr,S,00 RKKY
0000,200000000000000000000000000000000.

D000000000000000000,000000000000 Cul*Cr¥+Critsi-
0000000000000000000000.0000000, CuCr,S,00 CultO
D00D00D000000 (0000,Mg, Ge)DODODOO0OODODDO,Crt, Cr*00000
0000000000000000000. 000000 CuCrySy (Cut*Cr’+Cri+siT)0
00000000000000000,000000000 (000) Cuyy3Gey3Cr2S, [7)
00 CuyfsGeifyCr3™S 000,00000000000. 0000 CuCrySy0 Cu't D
00 (00 AODD0)D GeO MgODODOOOO,Cr0000000000 Cuy_,Ge,CrySy
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0000000000000 000000ooooooooooD (=C6r0 3d00000
O0000)00o0O0ooooOoO. OO0, CuCnS, 0000000000000 (7. 0O)
00000000000,000000000000D0O000000OOODOO (OO0,
p-d0000,RKKYOODODO,00000000 B)D0000000000000OO
good.

0000000 CrO0D00D000,Ce*:Cr* 0000000, CuCr,S,0000, O
O,0000000 CGr3dd00obboboooooooooooobooonon.

4.2 0O0O0OO

Cuy_sMg,CrsSy (z = 0,0.2)000000, Cu, MgS, Cr, Cr,Ss, SO0O0000O0000
000,00000000000,873K00 4000 10000000,0000000
0000,000200000000000. Cuy_,Ge,CryS, 000000, Cu, Ge, Cr,
CryS3, SO MgOOOOOOOOOODOO, Table4100000000 4000 10000
000,00000000000,000200000000000.000000000
0000000000, Ce-KaOOOOOOO X000 (XRD)OO Rietan2000 [9] 0 O
0000000000000000.000000 (MR)OOD40000000 3~350
KOOOOOO. 00000 10~390 KOOODO SQUIDOOOOOOO H=2003,1T
0000000000 (ZFC)D0OO00000000 (FC)00000000000000
oo.

4.3 Cu;_, Mg, Cr,S,0000000

4.3.1 Cu_,Mg,Cr,S,0 XO0ODOO0O

Fig. 41000000 Cw_,Mg,Cr,S,0000000000. 0000000000 DO
0000000000000 00000D0000000. 00000,00000000
00000000000 000D. D0000000000000D00000Doooo
000,00000000000,00000000000000000D0000000
00000000000000000000000000. 0000 Fd3mO,0000
D000000000 a=9.82 A (CuCr,yS,), 9.78 A (CugsMgoCr,S,) 0 000000,

4.3.2 Cu_,Mg,Cr,S,000
oo0ooooooo

Fig. 420 H=003T,1 TOODOO (M)000000000. 00,0000000
0 CuCr,S, 000000000 Fig. 430000. 000000 CuCreSy 0 Mype-T O
00000000000000000 HaackeDOOOOOOO000000. CuCryS, O
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Fig. 4.1: Observed (symbols) and calculated (lines) XRD patterns for Cu;_,Mg,CraS,.
The vertical bars show the positions of Bragg reflection. The bottom curve shows the
difference profile between the observed and calculated patterns. The lattice parameters a
for Cuy_,Mg,CryS, are shown as insets.

355K (=7,)00000-00000000,00000dM/dT000000000. H
=003 TO00000000000O0008KOODOOODOOO (=7,)000, T,
000 ZFCODODO FCOODDD00000O000O00000000. 00000000
T,,0 OdaO (1110000000 Mgpe-T OO (H=1T)000000000.000
000, Fig. 43000000,0da000000 (943K [11]000) 0 Mype-T 000
T,00000 MOOOODOO. 00,873K [12)/000000 HaackeDOOOO OO
M-TOD (H=1T)00O0O00O0O0O0O0O0000. 0000000 Oda00 Mype-T
00000000000 Cr34d00000000000000 CupsMg2CroS,000.
0000 CuCr,S,00000,00000,000000000000000000. 0
000,00000 CuCr,S,0000000000000000000,0000000
0000 7,0000000000000000000000.'0000000000
00 7,000 CuCr,S,0000000,0000002000000000,7,000

lHaacke 0 0000000 10k (Oe) 0 (0000 1TOO0000000)0000000000 (00
0 Gem? /g000)000000000,000000000000000,0da000000H=1TO
0000000000 (000 emu/g000)0000000000000.

00000D00000000000000000000,000000000000000000000
0000000D00000000.000,0000000000000 CuCryS, 50 Cul 100000
000,00000 CultCrdt,Crit,,S, s000000.000,6=0100000000 Cr¥*: Crtt
=3:2000 CuggMgo2CryS, 0000000000000,

20da00 CuCr,S, 0000000 T, 000 py = RoH + 47R,M +aH? (000 R, 000000
00,R,00000000,¢H300000000000000000)000000000000000.
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Fig. 4.2: Magnetization (M) in the field of 0.03 T as a function of the temperature for
Cuy_Mg,CrySs. Arrows indicate the magnetic anomalous temperature (7). The insets
show the temperature dependence of the ZFC and FC M of Cu;_,Mg,CryS, in a field of
1 T. In a fields of 1 T, the irreversible magnetic effects of Cu;_,Mg,CryS4 below T, were

not observed.
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Fig. 4.3: Magnetization (M) in the field of 1 T as a function of the temperature for

Cuy Mg, CrySy and other reported magnetizations for polycrystalline (PC) [11] and single
crystalline (SC) [12] CuCryS,. Arrows indicate the magnetic anomalous temperature (7,,).
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Fig. 4.4: Magnetization (M) in the field of 1 T as a function of the temperature for
Cuy_Mg,CrySs and other reported magnetizations for Cu;_,Zn,CrySes (z = 0, 0.3,
0.5) [22]. Arrow indicates the magnetic anomalous temperature (7).



85 00000 Cu—.M,CrySy M =Mg, Ge) 0D ODODO0OO0O0OODO

ooooo00O0 (M-TOO)ODODODOOOOUOOODODOOOO.

7, 00000000

CugsMgpoCrS, 0000, 0000000000 CuCrySe, 0 CultO0000O0 Zn?t0O
00000 C*F . 0000000, 0000000000 Cuy_yZn,CraSey [22]
0000000000000 (Fig. 44). CuCrSeq 0 7, 0000000 ODOODOOO
0000, CupsZngsCraSe, 0 100 KOO ODOOO, CupsMgpoCraS, 0 Odal O OO
CuCrp5, 000000 MDODOODDOOOODODODDODOO. DOOd, CupgMgyaCraSy
0 Cu_.Zn,CrSe, 0 000000000 OOO0O0OOODOODODOOODOOOODODOOO0.
likuboO O Cu;_,Zn,CrSe, 0 000000000 OO0OO,00000DOOO0OO0OOO
(non-collinear) 0 0000000000 DOOO [23. 0000000000 0OOODOOO
00 Cu_,Zn,CrSe, 0000 Cr-Cr00 0200 00000000000O0DODO0O0O00O
0000000000000 [24). likuboDODOODODODOODODODDOOOODOOODOOOO
00000000, CupgMgreCrS, 0 7, 000000000000 (DO0OODODO)O
0000000000 oooooooooOoooooooooooooag.

7., 7,0000 MgO OOO

CuCr,S,0 7T, = 375 KOOO, 84 KOOOODOOOO (=7, 000. 00O
CupsMgo2CreS, 0 T, = 372 K, T,, = 74 KOODO, 20% 0 Cul MgOOODOOODO
0007, 7,0 0000000000.000000000000000 3000000
00000000000000,000000000000000000000 (Eq. 4.1)
ooooo.

H=->" J;5:S; (4.1)
<ij>
00004,,;000000000000000000,S0:000000000000
0000000. <4 >0000000000000000000000000000

000.0000J,;,000000000000000000.

CuCr,$, 000 0000000000000000000000000000000
00oo0oo00oooDoo0o (J,;>00000,0000000000000000000,
7.0000000 (Nppy) 0 J; 0000000 (000,0000000)00000.
0000,MgDO00000200000000 7.0000000000000000.

1.0000000000000000 (N (Ef)O00
MgOOOOO CuCr,$, 00000000, 00000000000000000
0000,000000000000000000000000000000003,

000 RKKYDODODOO Eq. 4.2: Jrrkyy; 00 000000000000O,000000 (kp)OO
00,000000 (N(Fp))00000. 000 Eq.42000000000000000,000000
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H=003TOO00000O CuCr,S,0 7,000 ZFCOODO FCOOOOODOOO0O
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0000000000. 0000000000000 1TO000000 Cuy_,Mg,CrsSq
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00000000 MOOO0OO0OO0O0000,0000000 (00000000)0000
000. 0000000 Cuy_,Mg,CrS, (z=10,02)0000 7,,00,0000000
0000 (00000000 [13,14)00000000000000020000000

ooooooooo. —r|00000000000000D0000, Jrrky,; 00000000000

goooo.
2kp |r; — rj| cos2kp |ry — 7| —sin2kp |r; — rj]

Jrikyij < Np(EF) (4.2)

k}:‘ Ty — ’I“j|4

IZIIZI,|ri—rj|_3|:||:IEIEIEI Jrrky:;; 000000. 0000000 CuCrS,000000 Cr-CrO000O
0.348nmO000,020000060lnmO000. 00000000 J;0000 20000 (0.347/0.601)3
=0.19200000000,0000000000. 0000000000000 DOOOOODOODOODOO
oooooo,0o00o0o000oobo0o0ooboo0oboooooO0000,b000D0000 RKKYDOOO
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CuCr,S, 000000000 Fig. 42000000000 (H=0.03T) 00O CuCrySy
ooomMOT7,000000000000C0O0.00,7,000000000 (~1T)0O
OOb00.b0b0ob0oooogbonD FesO,0000D0ODO0O0ODODODOODDOO
0000000 (VerweyO O [16,17,18))0000000000. 400000 Verwey O
goubbbgbboouuboobogbooooogbboobaobbooobo. o,
OO000D0O0b0000DD CuCrp,s, 000000 7, 0000000000000DODO
0000.000000 CuCryS40 Anderson0 00000000 Anderson 0 [26, 18]
00000000,00000000 (00DO0D0O0D0OD)00D0000O0O0O00O0000
OOO00. 00 FesO,0 T, 00000000000D000000O00DODOOOO0OOO
goobooob,ooboboob 1, 000doboooooooobuobobobogg
00 (Fig. 4.5,4.20). 000000 CuCry,S,0000 Verwey 00000000000
goougoooooo,gb,gbbgouoogogoooobboboobbobbob.

+=020000000 (0000000)000000 CuCryS,0000, CupgMgo2CraSy
0BOOD0O0DDOO0OO0000DD0D000O000000, Anderson 000000000000
00.0000,7,000000000000000000000000.
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0200000000000000000000000% XRDOOOOO CuysMgyoCraSy
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20% 0 Mg 000000000. 0000 CupsMg.Cr,S,0000000 ADOO
0OCcu+*000000000,000A0C0C00 M200OO0O0O0O00004: 1000
(0000)000000000000 (000000000000)000000000
000000000.0000,0000000000000,A0000 Cu*0000
0000000000000, Cr3d00000000000000000000000
000000000 (2000, RKKYODOOO0OO0)000000000000000
0000. 00000 ADDDOD M0 000000000 Cr3d000000000
00000000000000000000, HeCr,S,000000000000000
oooooo.

‘00000, 000000000000D0000 (T, =860 KYOODOOOOOODO (Fes04 =
Fe*tFe3tFe?t0,)) 0000000000 DODOOODODO, T, =125 KOOOO, 000000 7,0
0000000000000.0000000000 (~1T)00000000.

000000 ABX40 BODOOO,0000000000000000 (000D0O000DO)0O0OO.
000000000000000000000000000000000000 Anderson00000. O
00 Fe3O4(= Fe*tFe?tFe?t0,) 0000000000 D 400000 Fe3T 0 Fe?2t0 20000000
00000000000 000000000000000.000000000000000000 +5(0
O000000000000000),BO000O0 254000, CultCr¥tCr*tS2- 000nooon
00000 7+, BO0O0O0O0O0O 35+000. 000,000000 BOOOO 1:10000000000
oooooo.

6Cuy_,Mg,CryS, 0 Curie-Weiss 100,000 0000000000000 [24. 0000,0000
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Fig. 4.5: Normalized electrical resistivity as a function of the temperature in a field of 0
and 9 T during cooling for Cuy_,Mg,CryS,.

0000, CugMgoCr,S,0 0000000000000, 00000000000 (O
000)000000000000000O00O0OO00O0O00O0O0. MgooooO
00000 (00000)000000000020% 000000000, 00, Fig.4.3
O0,z=00000 100 KODOOOODOO 187w, 00000 x=0200000 1.49
pwp000000.2=00000 z=0200000000 149 /1.87=0.7970000
80% 0000000,000000000000000000 (ADDOO Cd*000
0000000000000000000)00000000000O0o0OO0O. 000, T,
000000 FC, ZFCOOOO0OOODDOOOO 7, 000,A0000 Mg2oOOOooO
0000 HeCrpS, 000D 000000000 DODODOOODOOOO0,obobooog.

4.3.4 Cu_,Mg,Cr.,S,00000

gboboboooogon

Fig. 4.5 0 CugsMgo»Cr»$, 00000 (0,9T) 000000, 00, Fig. 4600000
O, MghOOoooooooooooboooooboooono, Cu— Mg, CrpS, 00000
0(7,,)0000,000000000000000000. CuCrS,000000 (97)
007,000000000000007,0000000000000, CugsMgosCraSs
07, 00000000000000000000. Fig.470 10K, 300 KOOOOO
O (Ap/p= (pur — por)/por) 000000000,

gbobobooogon

Cuy_.Mg,Crp,S,0 300 KODDODO (H)DDOOODODOODD0OOODOODOOODOoOoOOoOoOoO
Ooooo. ooooboDb 7, 00000000000000000000. CuCrys, 0



89 00000 Cu—.M,CrySy M =Mg, Ge) 0D ODODO0OO0O0OODO

10°

dM /dT (arb. units)
log p/P3zok

10t

T (K)

Fig. 4.6: Electrical resistivity and temperature derivative of magnetization (dM/dT) in a
field of 0.03 T as a function of the temperature for Cu;_,Mg,CrySs. Arrows indicate the
magnetic anomalous temperature (75,).
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Fig. 4.7: Magnetoresistance as a function of the field for Cu;_,Mg,CrsS, at 10, 300 K.
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10KOOODOOOO (H<2T)00000000000,00000 (H>2T)0000
0000000 (Fig4.7). 00 CupsMgCr,S,000000000000000000
10KOOODD0DO0O0000000 Ap/per = (pur — por)/por D0 00 O, CugsMgo2CraSs
000 —0.07 (000000000 Ap/per x100=—-7%) 0000000000000
00000.000,0000000003T00000000,0000000000
0o00o00oo0ooo.

p—HODOOODOO
000000000000000000000 Eq.430000.
Ap=aH?—bH" (4.3)

000,q b n000000000000000000000000, HOOOODOOO,
00000 100000000000000000000 KohlarO [21]0000000
0000000000000 02000000000000000000000000
000000000000000000000,000000000000,00000
00000000000, 0000 CuCreSs 0 a = 2.779x1073, b = 1.093x1072, n =
1.512x 107!, CugsMgpoCraSs 0 a = 7.576x1074 , b = 5.188x1072, n = 3.366x10~1 0 O
00, 0000000000000000000000000. 00000000000
000000 7,000000000000000000000 (0000000)00
000000000000000.
00,0000000,0000000000,0000000 (00000000)0
0000000000 (00)000000000000000000000. 0000,
000000000000 0000000000000000000000000000
0000.000,0000000,00000 Cr000000000000 (0000
0000)00000000000.0000,0000000000000,00000
000000000000000000000000000.000, CuCr,S,0000
00000,0000000000000000000000000000000000
0.00000, CupgMgy2Cr,S, 0000000000 (0)0000,00000000
() 0OODDOODDOOO0O00. 000000000000000000. 00000000
000000000000000000000

0000000000 MgOOOO 0OO0O00OOOO0OOOOOOOOOCOOOOOOO
0000,000000000.MgOO0 Cr3d0000000000000 (00)00
00000,0000000000000000000000000. 00000000
00000000 7,000000000000 (0000000)0000000000
0.MgOOODOOOOOODOD (0000000)00000000,000000000
000000.00000 Eq. 430 «0 MgDOOOOOO (2.779x1073 - 7.576x107%)
0,000 (1.093x1072 - 5.188x10"2) 000000000 O000. 0O0,00000
000000000000000000 CrO0, Feg_yNiyCrap (14< 2 <30) [15]0 00
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Fig. 4.8: Schematic diagram of Mg substitution effect
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oo.
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000000000 (Ry>>Ry)000,00000000 (0000000)0000
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4.4 Cu;_,Ge, Cr,S,0000000

4.4.1 Cuy_,Ge,Cr,S,0 XO00O0O0O0O

Fig. 4.9,4.100 00000 Cuy_,Ge,Cr,8,0000 = =0, 1/15, 1/8, 1/7,1/6, 1/30
0000,2=1/50000000000000000.00000000000000
00000000000000000. 0000 Fd3mO,000000000 (a)0 Ge
00000000000 Fig 411000. 00000000 O (Vegard’s law) 0000
0000000 0O00ooo.

Tab. 4.1: Heat treatment temperatures, estimated Cr3* : Cr?* ratio, Mangetic transition
temperatures for Cuy_,Ge,CryS,. T, T, are defined by the maximum or minimum of
dM/dT.

x Heat treatment | Assumed ratio | Magnetic Transition note
Temperature (K) Cr3t: Cr*t | T, (K) ‘ T. (K)

0 873 1:1 83 375
1/15 923 3:2 77 325
1/8 923 11:5 None 270
1/7 923 5:2 None 265 Very fragile
1/6 923 3:1 74 234 Very fragile
1/5 1273 4:1 None 145 Slight impurity
1/3 1123 1:0 Unknown | None | Slight impurity

4.4.2 Cu_,Ge,Cr,S,000

Fig. 4120 H =003 T (ZFC)0 0000 (\))00O0000000. Fig 412000
000000 MgODOOOOODOOO, GeOOOOOODOOD,7.000000000.
Fig. 413000000, =1/3000 10KOOO0O0O00000000000,0000
000,000000000,0000000000000000000.

0000000000 (ZFC, FC) O Fig. 414000. 0<2 < 1/600 ZFC, FCO O
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Fig. 4.9: Observed (symbols) and calculated (lines) XRD patterns for Cu;_,Ge,CroS, (z
= 0~1/8). The vertical bars show the positions of Bragg reflection. The bottom curve
shows the difference profile between the observed and calculated patterns.
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Fig. 4.10: Observed (symbols) and calculated (lines) XRD patterns for Cuy_,Ge,CrySy
(x = 1/7~1/3). The vertical bars show the positions of Bragg reflection. The bottom
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Fig. 4.12: Magnetc susceptibility (x) in the field of 0.03 T as a function of the temperature
for Cuy_,Ge,CryS,. Arrows indicate the ferromagnetic transition temperature (7).
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Fig. 4.13: Magnetization (M) of Cuy_,Ge,CryS; at 10 K as a function of the magnetic
field.
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Fig. 4.14: Magnetic susceptibility () in the field of 0.03 T as a function of the temperature
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Fig. 4.15: Temperature derivative of magnetization (dM/dT) (ZFC in a field of 0.03
T) as a function of the temperature for Cu;_,Ge,CrySs. Arrows indicate the magnetic
anomalous temperature (75,).
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Fig. 4.17: (a) The schematic illustration of the spinel structure composed of BXg octahedra
in AByX,. A-cations are omitted for convenience. The dotted line indicates a certain chain
of edge-sharing BXg octahedra. (b) The three-dimensional network of corner-sharing
tetrahedra formed by B cations (pyrochlore lattice) [25].
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Fig. 4.18: The (111) projection of the lattice of octahedral sites, showing the "kagome”
plane lattice and adjacent sites. (Anderson [26])
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/ (unit cell eV spin)| of CuCrpS,. (Antonov et al. [20])
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Fig. 4.20: Electrical resistivity (p) as a function of the temperature for Cu;_,Ge,CrsSy.
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Fig. 4.21: Normalized electrical resistivity (p/psoor) as a function of the temperature for

Cul,x Gex Cr2 S4 .
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Fig. 4.23: Magnetic transition temperatures (7,) of Cu;_,Ge,CrsSy as a function of the
estimated number (NN,) of the holes per formula units. Solid line is described as T, =
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Fig. 4.24: Calculated qualtative RKKY exchange interactions (Jrxxyi;) as a function of
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Fig. 4.25: Normalized resistivity (p/pssox) in fields of 0 and 9 T as a function of the
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Fig. 4.26: Temperature derivative of resistivity (dlogp/dT) in fields of 0 T as a function
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Fig. 4.27: Magnetoresistance as a function of the field for Cuy_,Ge,CrySy (z = 1/15, 1/8)
at 10, 300 K.
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Fig. 5.1: Observed (symbols) and calculated (lines) XRD patterns for p- and n-
Feg5Cug5CreSs. The vertical bars show the positions of Bragg reflection. The bottom
curve shows the difference profile between the observed and calculated patterns.
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Fig. 5.6: Magnetoresistance (p/por) as a function of the field for p- and n-type
Fe0,5Cuo.5CrgS4 at 350 K.
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Fig. 5.7: (a) Cu 2p XPS spectra of p and n-type Fey5Cug5CrySy, and those differential
spectrum. (b) Cu 2p XPS spectra of Fey 5Cug 5CraS, in comparison with those of reference
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indicate the spectrum of Fe?* contribution.
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Fig. 6.1: Crystal structure of (a) SroCuMnO3S and (b) Sry;CusMn3zO7 5Ss.



136 OO0 MnOODOOQO SroCuMnO3SO0 SryCusMnsOr5S. 0000000000000

00 XOOO (XRD)OO Rietan2000 90000000000 0O0OOOOOO.
O0oooooobD40000000 150~350 KOOOOOO. bobooooooo
000000000000000. 00000,000 (10~300 K)OO OO SQUID O
OO00000 03kOeODODODDODODDOODDOODDOODDOODDODDOO,OODO
(300~1000 K) DO O ODOO0OO0D0O000000.XO0ooooo XpS)ood,MgooO
o0, 000000b00b0bO000b00o00oooob0ooobooobOoOo,0b0oo Cu,
Mnoooogoooboooboboobooboouoooobobbooog.

6.3 UUOOOoonon

100000u0gubobogo

SroCuMn;_,7Zn,0sSO 000 XRDOOOOOOODOD OO0 OO0 OO0 OO0 Rietan2000
00000000000 000 Fig. 6.20 000 (Sry_,La,CuyMnsO, 58,000 0000
0D08)00)I0000000000D00ND00NDDODN0DO0NDONO0DODonOn
D000000000. srSO,0 000000000 (~0.5%) 000000000000
D0000000000000000000000000000000. Fig. 63000
000 Sr,CuMn;_,7Zn, 0S80 ZnO0 00000000000 ,b00000000 cO0O
O00000000000. 000000 Jahn-Teller 0000000 Mn*0,Zn00
(=000000)0000 M 0O0DD0000,000000, Jahn-Teller 000000
O000000. Sty ,La,CusMngO75S,0 LaO0 0000000000 @, b, c0000
D00D00000000,000 S 000000 (01.324)000 La¥*000000
(0 1L.17A)DD00O000DOO.

3.2000

Sr,CuMn;_,7Zn,0,S0 pO00O000 000000, Fig. 64000000000000
0000 (Variable range hopping) 0000000, Zn0O0000000000000
000,0000040000000000000000. Sry_,La,CuyMnzOq 580 n 0
0000000000,L00000000000000 (Fig. 65 00000.

330000000bb0bbb0ogn

SroCuMn;_,7Zn,03S, Sry_,La,Cu,Mn;O,sS, 00 00000000000 CuO, CuyO
0 Cu2p3,,XPSOO00OO0 Fig. 6.60 00 . Sr,CuMny_,Zn, 0350 Cu 2ps,,XPSO OO
000,CutOo (@0 XPSOODO0O0OO0O0O0O,Cu*0(®)00000000000
O00o0oooooDoooObo0o0ooooooooooo, SreCuMng_,Zn, O3S0 Cul
O000+100000000. SryCuMn;_,7Zn,0,SO0 00000000000 Sr?t, Zn?T,
02,8 0J0000o MnOOOO4+30,+400000000000000000. O
0, Sry_,La,CusMnzO7 55,0 Cu 2ps,, 0 XPSOO OO ODOOOO0OO00O0O0O0000O0O0
O0000,000000000000000000 Cu0OO00O Cult,Ce**0000n
000000000000 000. 00000000 LaO00OOO0OO0OODOODOOOOOO



137

00 MnOOOOO SraCuMnO3S 00

SryCusMnsO7 S, 0000000000000

Fig.

SroCuMn;_,7Zn,03S. The middle bars show the position of Bragg reflection.

6.2:

i x=020 |
I Rt O T R T T
& | x=010 |
=
c | |
- i L 17 ; " )
N B L N L O O o T
3 r . — % ‘ % i
> Xx=0.05
lH i i
7]
= T 0 0 AT ST T i
Observed (symbols) and calculated (lines)

XRD patterns for
The

bottom curve shows the diiference profile between the observed and calculated patterns.



138 OO0 MnOODOOQO SroCuMnO3SO0 SryCusMnsOr5S. 0000000000000

t Sr,CuMn_,Zn,O,S| .Sr 1L &, CU,MN;0; ;S
160 IR 134.55
= f . 1345
o i ° .
159 o 1t , 3445
385 q o |
< . 13.88
o384 o © b 13.878
© 3,830 f © ©13.876
0 0.1 020 02 04
X

Fig. 6.3: Alternation of the lattice parameters a, b, and ¢ for SroCuMn;_,Zn,O3S and
Sr4,mLaxCu2MngO7.5SQ.

3 ]
° g 10
2 .. = —
E ' S 10°
(@] | . | . T
> 014 015 016 0.7
1+

T—l/3 (K—1/3)

T (K)

Fig. 6.4: Electrical resistivity as a function of temperature in SroCuMnO3S. The inset
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Fig. 6.6: Cu 2p XPS spectra of SroCuMn;_,7Zn,03S and Sry_,La,CusMn3O75S5 in com-
parison with those of reference compounds [10, 13].
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Electronic nature of SroCuMnO3S
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OO000D00 Srp,CuMnOsSOO0OO

Fig. 7.1: Crystal structure of SroCuMnO3S. Outline shows the crystallographic unit cell.

The atoms and layer are indentified on the side of figure.

Tab. 7.1: XPS measurement condition, X-ray:Mg K a . Dwelltime=300ms, Step En-
ergy=0.05e¢V, under a vacuum of 0 1.0x 10~° (Torr)

Orbit Range | Sweep | Pass Energy
(eV) (eV)

O 1s | 5260540 | 20 40

Sr 3d | 2600 300 | 20 40

S2p | 1590174 | 20 40

Mn 2p | 6350660 | 20 40
Cu2p |9290960 | 20 40
Valence | -5.40 20 20 40
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Fig. 7.2: Model of X-ray Photoemission from Solid State.
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Fig. 7.3: XPS equipment
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Fig. 7.4: O 1s, S 2p (inset left) and Sr 3p (inset right) XPS spectra of SroCuMnOs3S.
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Fig. 7.5: Cu 2p [7] and Mn 2p XPS spectra (inset) of SroCuMnO3S in comparisson with
those of reference compounds [8, 9].
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Fig. 7.6: Valence-band XPS spectrum of SroCuMnO3S with reference of Mn Metal.
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Fig. 7.7: MnOj; cluster in SroCuMnO3S.
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00000000000
40000000 (000000000000,00000000)0 Eq730000.
Uy) = ar|d') + az |d°L) + a5 |d°L?) (7.3)
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0000000000 71100000. (¢tOD0000O0O0O0OO0OOOODOOOOOOO
0,-U,000000000000000000DO)
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Tab. 7.2: Refined Parameters of calculated XPS spectrum

U(eV) | A(eV) | T (eV) | Uea (eV) | a | y(cd) | y(cdL) | y(cd°L?)
6.06 | 438 | 328 | 757 [018] 1.9 1.4 1.5

0000000000000001. 000000000000 0000000000
000000000000000000000000000000000000.000
0 Eq.7.19,7.200 0000 BEq. 7.210000 (e 0000000000, Ex: 0000
00O (Binding Energy), ¢y 000000000000, §E)00D0-00000000
0h.

acliy)| 6(Bp — & + E,) (7.21)
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000000000000 (Sudden Approximation)0 00 000000O.
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gbbogobbobuoooog2.0buobodgobooobb bobooobbbdood
0000000000000 0D0O (Eq. 723,000 v=0000000/2)00000
0000 (Eq. 724,000 O(xy—2):000000,000000)00000000
000000000000 (Doniac-Sunjic) 00, Eq. 7.25 (100 000. 0000000
0000000000000 0000000000000U00Og (=00000000o
0)0o0ooOoooooooo.

T 1
I(E) = Iy— 7 (7.23)
T (B —¢ej + Ey)?* + T2

I(E) = |E—<l +E|*'O(E—<] +E,) (7.24)

L
(1 —a)cos{Z + (1 — ) arctan(w{fiJrEg))}

B (T N SIS

(7.25)

D00O0Tr(1-2):00000

00000000000 Sr,CuMnO;S0 Mn 2p0 0000000
Sr,CuMnO3S 0 Mn-O(1), Mn-O(2)0 2000 p-d00 (Fig. 7.7,7.4) 0000000
00000000000000 ADDOOO Mn200000000000000000.

0000000000000 000000000000000000000000 (Eq. 7.23)000
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Fig. 7.8: (a)Schematic energy-levels for the ground and XPS final states. Here, U
denotes the Coulomb interaction energy in the final state. U and ¢ are defined in the
text. (b)Observed (symbol) and calculated (line) Mn 2p XPS spectrum for SroCuMnOs3S.
The middle bars show position of XPS peak. The left curve shows the difference profile

between observed and calculated spectrum.
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Fig. 7.9: Zaanen-Sawatzky-Allen diagram [6].
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Conclusion and prospect
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00000000 FepsCupsCr,S, 0000000, p0,n000000000000
000000000, FepsCupsCr,S, 0 00000000000000 p0000,n0
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000,000000.000,0000000 FA00000000000000O00
000.0000,0000000000000000000,00000000000.
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0000000 FXO00000000,F000000 CkDOOOOOOOOOO
000,000000,00000000000000000000000 Fe?t0O
gbooooobgogod.

FepsCupsCroS, 0, 0000 0000000 0OOODO0ODOOODODOOODOOO O
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e UL OOODLOODLDDOOLDOOLOOOUOODLOOUOLODLDDbOODLDDODO.

SI'4_l;La$Cllng’l307_5 SQ
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e JODDODOOODOODODOO Mpn-O-MnUOOOOOOODODODOODDODODO
gbobooggoobbouoogbbouoobonoboooooan.
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O00,00000 CrO00000D00 ACrp,S,0A000000O Cub 20000000
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0000 BOODODOOODDODOOOD 2000000000000 000000000O
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0000 (MR OOODODOODOODODODOOOOODO. 00000000000 O0OoOO Cr
0000000 (ACreSy A = Fe, Cu, Mn, Ge, Mg) 0 19600 000000000000
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0). 0000,A0000000000010000000000.
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X

Fig. 8.1: Seebeck coefficient at 300 K as a function of x for Fe; ,Cu,CryS,. (Lotgering
et al. [1])
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Tab. 8.1: Lattice constant (a), Space group (S. G.) and coordination (z,y, z) of atoms for
spinel- type ACryS, (A = Cu, Fe, Mn) at room temperature

S. G.: 1-:227-2 (Fd3m) Coordinates
Atoms x ‘ Yy ‘ z
A 0.125 0.125 | 0.125
Cr 0.500 0.500 | 0.500
S U U U
A site atom U a (A)
Mn 0.2674 | 10.1000
Fe 0.2584 | 9.9940
Cu 0.2576 | 9.8200
Feg 5Cug 5 0.2584 | 9.8910

Tab. 8.2: Lattice constant (a), Space group (S. G.) and coordination (z,y, z) of atoms for
spinel- type Feg5Cug5CrySy at room temperature. (Sadykov etal. [2])

S.G. : 1-216 (F43m) Coordinates
Ion x ‘ Y ‘ z
Cult 0.000 | 0.000 | 0.000
Fe?™ 0.250 | 0.250 | 0.250
Cr3t 0.632 | 0.632 | 0.632
S (1) 0.380 | 0.380 | 0.380
S (2) 0.867 | 0.867 | 0.867

a=9.896 A
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000000,AD000020000000000000 FegsCuysCr,S, 00000 A
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00000000000 [2. 0000000 FepsCugsCraS,0 Tab. 820000 AD O
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FeosCuosCr,S, 000 0000000000000 000000000000000

p-FeysCuysCr,S,00 CulO000 Fe00O0ODD00D0000O00000O0 (0OD)
000000 (Tab. 8.2)000000000. 0000 Fe 30, Cul 1000000
0D000. 000000000 FS+03d000 S0 3p0000000000000
000000000000,

n-FeysCuysCr,S, 0 000 00000000000000000000000000
0000000. 000 F43m00 FeD Cu00000000000O0O0OO0O00, O
0000000000000000 (0000)00000000000000000.
0000,Cu* 00000000 FeO00O000O0DO0O0OO0DOO0O0O000000, F3*0O
000000000000000,0000FA000000 1000 Fe2*000 Cult
0000000000000000.

00000,FH00000000 CuO000000000000000000, Fe
0000000000 G 000000000000000,Cd*000 100000
00 C**000 FS0000000000000000000000000 .

00000 FeOD Cu0 00000000 (00000D0D0)00000000, Fe+0O
FAO0000000000000000000000000,00000000,000
0000000000000 000000000000.00000000000000
0000000000000.000000000000000 p-, n-Feg5Cug 5CrySy 0
2000000000000000000000000000000000000000
00000.00,000000000000 (Order - disorde transition) 0 00 000
0000000000000000000000000000,00000000000
0oo.

8.2.3 UL UOOLUOUOULOLObLbOUOUOObLOOOO
CUCI'QS4

Cul 00 GeOODOOOOODOOCr3dOOUOOODDODOOOOODDOOOO
gbooogon.

000000 Sadykov et al. 00000 FegsCupsCrS4 0 0000000000000 O0DOOOO
gbo,gbogopooboooboooboooboboooobbo.
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Fig. 8.2: Normalized electrical resistivity (p/psoox) as a function of the temperature for
La0_7Pb0_3Mn1_mZn$03. (Kanoh et al. [3])
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00000000000000,Sr00000000000000000000000,
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00000000000000000,00000000000000000000.

00: Lag7PbygsMn;_,Zn,0; 000000 0ODODODOO LagrPbysMnitMnitOs 0 Mn
D000 Zn00000000 Fig. 82000. 0000000 Zn®> 000 MnODDODO
0000,00000000000000000000000,Ze000000,000
0000000000 0000.00000000000000,0000000000
OMnOOODOOOOOODODDOOODO0OODO0O00O0000000000000000A0
0000000000.00000,000000000000000 Cuy_,Ge,CrySy0
Sry_,La,CusMn3075S, 0 0000 00000000000, 000000000000
D0000000000000000000000000000 (0D0,0000)00
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000000000000000000000000000000000000000
D00000000000000000000.000000000000000000
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000000000000000000000000000000000000000
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