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Abstract

Abstract

In this paper, a new type of manganese-doped zinc-arsenic-based II-I11-V di-
luted magnetic semiconductor (Ba, K)(Zn, Mn),As, thin films were successfully
prepared for the first time by using pulsed laser deposition method. The growth
method and the the research of various physical properties mainly includes the

following parts:

1. For the growth and research of thin films of air-sensitive materials, a com-
prehensive system which enables the whole process of pulsed laser deposi-
tion, X-ray diffraction, Hall bar photoetching, electrodes metal deposition,
wire bonding, and low-temperature electrical transport measurement all per-

formed in an environment protected which excludes the air was developed.

2. Single-phased, single-oriented thin films of Mn-doped ZnAs-based diluted
magnetic semiconductor (DMS) Ba;_, K, (Zn;_,Mn,);As, (x = 0.03, 0.08;
y = 0.15) have been deposited on Si, SrTiOs, LaAlOs, (La,Sr)(Al,Ta)Os,
and MgAl,O,4 substrates, respectively. In comparison with films of x = 0.03
which possess relatively higher resistivity, weaker magnetic performances,
and larger energy gap, thin films of x = 0.08 show better electric and mag-
netic performances. Strong magnetic anisotropy is found in films of x =
0.08 grown on (La,Sr)(Al,Ta)O3 substrate with their magnetic polarization
aligned almost solely on the film growth direction. Under the condition
of obtaining high-quality DMS films, we successfully fabricated the hetero-
junction composed of epitaxial magnetic semiconductor films and epitaxial

iron-based superconductor films with the same structure for the first time.

3. Further measurements of magnetic and electrical transport properties of the
Bag.g2Ko.08(Zng g5sMng 15)2Asy thin films were performed in this work, and
several results have been found. Firstly, there is a competition of long-
range ferromagnetic order and short-range antiferromagnetic order in the
thin films. Secondly, the conductivity of the thin film of x=0.08 conforms to
the Mott variable range hopping law of conductivity, In(o) ~ T-1. Thirdly,
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the magnetic conductance is proportional to the square of the relative mag-
netization, and the proportionality factor is related to T . Fourthly, the
source of the ferromagnetism of the film can be explained in this way, the
hole carriers are in Anderson’s localized state, and Bound Magnetic Pole
(BMP) state will be formed in the films as the presence of Mn?* ions. The
long-range ferromagnetic is associated with the transition of carriers between
BMPs. Lastly, through the comparison and analysis of the lattice constant
and localization of the samples, we found that the increase in the inter-layer
As atomic distance (d;) caused by tensile stress may be the reason why
the carriers in the film are more localized than these in the polycrystalline,
and this change may make the Curie temperature of thin films in the same

doping move to high temperature.

4. Considering the influence of the magnetic signal of the single crystal sub-
strate itself on the magnetic measurement of the magnetic thin film, we
systematically studied the magnetic properties of a variety of single crystals
such as perovskite oxides, magnesium oxide and silicon. The direct mag-
netic measurement showed that the magnetic signal of these single-crystals
include three contributions, namely, intrinsic diamagnetic contribution, fer-
romagnetic contribution, and paramagnetic contribution due to magnetic
impurities. Using the different characteristics of these above contributions,
we got three kinds of magnetic contributions separately. Then, we analysed
their influence on the magnetic measurement of a certain volume of mag-
netic thin film. It could be found that the paramagnetic contribution of the
silicon single-crystal substrate has the lowest influence on the measurement,
and a method of obtaining relatively accurate magnetic signal of thin films
has been proposed from this. In addition, we discussed the change in the
intrinsic diamagnetism with temperature, dy/dT, of different single crystals,

which are usually ignored in previous works.

Keywords: thin films of diluted magnetic semiconductor, pulsed laser deposi-
tion, comprehensive system for thin film research under protective environment,

Anderson localization, magnetism of single crystal substrates
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FHH 0 e ar B PR AT B e JE M, AATTHIAE o AR S AR R AE A 254 1 [ B
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Figure 1.1: Three types of semiconductors!']
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G REmERELFER (BaK)(Zn,Mn)2Asy FEMNF L& 5MENL AR

AAAEREE R 7 o iE > 54K (Nonmagnetic Semiconductor, B 1.1.A), (2) fE
TG FAR B ANWEVE R T IR G- 548 (Diluted Magnetic Semiconductor,
DMS, K 1.1.B), (3) 171E B I+ o M 34k (Magnetic Semicon-
ductor, B 1.1.CD. M B2 60 FACKIM Eu. Cr BIIRALYIRETE 2K, 3
T SEAE R I B AR L A, RMEAZAE LT T SR i g o A

1. WA R R (B—10

Al 60 AR, AMTAKIL Eus Cr MBI SR AE A Bkl e 1, A
AME RS — B S0k, TR TV SARMTF AP, X — KM S
rh A SRR — R E LS A TR (K 1.1.0), SN
ARG 4K (Concentrated Magnetic Semiconductors). HEEAH A (U
EuO. EuS) FIRMEA (U CdCraSsn CdCraSey) Pkt . EXKET
ERPEL R, Be AT AT IR AT Y SR ek T TR A AR, AR TR
B IPERPE R, I 2R AAR AR B BERR B e O T B R ) JE LR
AR AR B0 +3 THVRETE R 7 RAE +2 it 1, (B2 T IRIERE
i RGN, 2RI BN FRIEEBIR) V RTE RS VI oo, HAE EuO &
A, ZWHIBA Gd N 1 BEu_,Gd,0, (N,, 7E x=0.1 & i EE 3 K
w4130 KB

B2, HRBEESAAFAEL T U@ (1D B8R AR g2, B
R AEK— PR RUR /NS B, PTRERE ZE LR IR I 1Y, (2) JLAE Ak 451
EAFT Siv GaAs iX 26 d Y {1 SR RE, 3K SRR 57 5T 45 I ) % 3R A
ST, S R E 2 T IR MR R A S, DR, 6 R SR
Ft R IR T R AT 78 AL B SR AR AT 9T

2. II-VI GRS GO

20 th2d 80 AR, AAIIHF4h W T-VI BRIAEWE ) Fi& b B> BN E T
K ARG (ANl 1.1.B), WifE CeTe #1 ZnSe BN EK Mn T, XK
II-VI JBRAG L AR ARAE 28 —ACHENE AR, MG SR P i 1T o=
PN A I I IR SR R (o M) B4R, SR KR N 25 F Bl A
BE a5 0, BRI B AT — AN DU AR IR SR, R TR SN A, BEAE
SR T, WARGER T, RIIANTREERE, K, #ev%ik 28 s uik
JRFREE, — BRI AN SRR IS p &8 Mo 1 d SZEFH
fie 33T Mn J57 2 [ A B A E ], {645 Mn R 2 8] 4718 RS I Bk 1k
TG, RSB TAEARBBAEETIRETS, PORERILHINRE. E e, &
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PREEAF LT . B3] 90 KA TEC; _ Mny Te MR T & B
FE 1.8 K fIREPEAT AW, B2, AMII7E 2003 SEEUF M, Saito £ AFE 11-VI ji%
54k ZnTe HIBN 20% HI Cr, 193] 7 /B HIREEL 300 K R 344 Pl

BN T IL-VI RGN SRR UL, ANE R POIRIE 7 HM I AR 25 5 il
Fey AHRIL p BRI n BB S0y RIME, X TR E AN TSR R T RIS R
TR B

3. III-V JEFMHE 3k CGE=A0

bitted 90 FARHETE, AR AKE > F AR SME (Low Temperature Molec-
ular Beam Epitaxy, LT-MBE) 4K Mn 4% HI-V HEMELE S (In,Mn)As
W] B0 (Ga,Mn)As HET, DL (Ga,Mn)As MR NAER LV BERE S
IR AR A S = AR AR, R 3R, Mn SRivE)E 8 111 %5
Ty AFETF VI B S, Mo R 75T 5N T RS, 1E SR
ZEAR (p BRSO, BTl Mo BAKE— BT 10%, H+ HI28: S04
B B8 DL R RS A7 TES

HAT, 10 nm B FA (Ga,Mn)As i, FGERKHEIEKT, &
mJE LR A R T 191 KB, i HAEGUKRERE T, FEEIREA ST 200 KO
KA. TERKH— B, #14) TV MR SR R R — A 2 R 2
BWAH R n RSk, BHF| 2012 4F Hai 2 B TE InAs HFEIN B 200 TR
Fe FIHEREMTCE Be 15317 T. ~ 40 K 1 n B 54K (In,Fe,Be)As, JL&E)S,
Pt TR (In,Fe)Sh 4% n A1 S0 f i i IR 810 T 210 K1Y,

-V MR SRS C &M Z MM 1LV 5S4, 0 GaAs. AlAs.
(Ga,Al)As 1 (In,Ga)As &5, HAMFEIRI SR, LRSS, Fik, %
Gy il & B R AE M, EA LT — S L IV AR S AR 5 S5 R A e
L 22 BRI B B 2R A 02160 (RS LT 1.3).

4. WA

2000 4F, Dietl S5 NHIRTE 1 AE W25 F 2K ZnO 45 A Mn SFEHLE
JEF, TSR E B T SRR SR, IR, sead BaRE Tl
B4 @521 ZnOUS) FEEAD TiO, MOV B AT 2L & i e, BT i BL IR P 40
BEER. XKW 0 B IR SRR 2 AR A LY (Diluted
Magnetic Oxide, DMO) 29,

BARTE AT S A, R 2RISR REAT Ry (AR IEH —1
HORRM NGk IR B e B R e AT 228, Sebr b, AT ANRE
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B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

SE A HERR R 1 Sk 1 I I R 4 A AN R ATT ) SR A A T BRI [ A R R T
thin:  Park 28 NELSTE Co B2% ZnO WM EE] T Co HFENAFE, FHFLH
CATTRRE S AR AR IR 24, DL 330 175 100 ek 45 1P 2 T ) e A 9 7
BB, BT ZnO R SAEEAR MR R LB ERRE, &
S BT E R RE AL 2 2 R 9T B e N R A EnE 1 TAE RS2,

A, SR ORI AN S A (R Al S A A AR R LR A B =
TREVERREYE, n HEO, BO3, Ti0,B2, ZnO B335, MgOB63714%,

5. PERREHERLY S

2007 fEIF Masek 28 NHR B, @RI (GaMn)As ] Ga JR T8
Hepl (Li,Zn), AATRTLASRAS B AR o T =00 o BB S4B, B)S,
Hh [ R 2 e A BRI S BT ) #T R R AR SIS B RR LT “111” LR
R Li(ZnMn)As, HEBHRTEAE, ERER 7R T, FH
T2 40 Ko b B Rh L FR - Sl S A0 B 20 e 1 R 7 51N B e,
iMiE 5 4 HoAh R 7 5] N 7. RER, “1227 A, 4 (Ba, K)(Zn, Mn)yAsy 10
(Sr,Na)(Zn, Mn)oAs, B, A “11117 B, 41 (La, Ba)(Zn, Mn)AsO ™2, EEfhEEFE
W SR R R B, b, S R IR IA F) 230 K 1) (Ba, K)(Zn, Mn),As,
W51 T NATT R 22 (1 0% R (44491

[ IV ARG SARISL, Sl R B B S F 2 SRR p BT
R, i, Guo FEANMH Co R FE I3k BaZnyoAsy T Zn Ji¥, 53T
n BB G SR PO, (FR B, BB IRIIICEERZ Co.

BRI L SRR T A Bt BIR AR m B = A, SRR
JEPR & e R Bk SR, RERWLA AR, SRS A 0 s 254 AR )
A ig A, HETT, FRATAT DUEE A E R EIE 2 Bl R B g, SRR SR A R
PIERE G 3040 R AR P AR ) B AR A 0 DL E Y 1.2,

R T AR AR R EEAE BT S A0SR 1.1 PR,

1.2 $WMEREFESHK

(Science) FEQITI125 FERS, FRHKRT 125 MR ERFAHAS IR $ .
[ ORI, P RS 41 AR “REN AR B EIR T AR KR L E 3
2?7, XA AT 25 SR 2 S AL TR SR, FeARIR I T By (4 1
AR BT NIV RESELZH%EE, -V R SRR AT
A EGERE. HE, EJLHFERAER, BRERIERENRT =R SFEN,
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R 1.1: WM SRR EAR MR

Table 1.1: Characteristics of five classes of dilute magnetic semiconductors

‘ G T, \
K5 fRFEHE o B oAl (D
e L Si.
WA T
@m? EuO 13012 Ffp 2 GaAs %4 S
BT, LR
II-VI WHtis
4:5;:% (Zn,Mn)Te 3000 E e S AELL n BB p BB A
~F
LIV W (GaMa)As. (InFe)Sb 2000, B MELLEB 4L, HLAT A
LSk GAAS LT 21010 e 1 HEB R A
L o I T
O0:/41
BRRGTE | BAEERIE R T
, PR IL R S
BERIBERECE | (Ba,K)(Zn, Mn)aAsse | 230049, mrgﬁézr RFLERB A n H
A N E] M‘
Sk Ba(Zn, Co)2Ass 4510 ! T Sk
52k

ERTCRBRA TR RN RN FECLM B85 BiES s, X RS
R T 2011 SFEIT 46 I IR B Al S AR RE A A, B I B R R AR AR R
BN tiE b1 -V R SR e BLRE, I B A et 5 sl
CLE AR R R B, AR FRTTR B RS 5k, i A S ks
B (~ 4.1 A) HEHESE SR EES (~ 5431 A) ATREAETES 45° ILIL
(~4.1AxV2~58AK), ZWALEIBTFHRMASRM T ATt Freh, e
FARHEE SR FHREIR N TR AR E 2T e — P,

1.2.1 $HREREFESHE L

M ARSI S48 Li(Zn,Mn)As JT85, BIAHZE R B 2 Fh B A AN
v A% 2 ) ) R A e AR, e ATTAE a5 B R R S R Y
XFRPE. FTEL, SRR SR 43 280720, AT DU R R A e AR A
“U17, “1227, “11117 =2, Wk 1.2 Pow, Hd, “1227 R RALEHFIAFE
1 i 5 44

1. “111”7 % R

Li(Zn,Mn)As 528 KRB B T4 HBRA LiZnAs £ L& 45
M dnk 1.2 fros) B/ -V GRS GaAds ML, FE— A= EE, Zn 4R
BT Ga WNME, Li WFHE Zn 8. LiZnAs @il (Zn?*, Mn*") ZH$



B ERMFFE (Ba,K)(Zn,Mn)2Asy 8 F & 5 W3 1 R %

® 1.2: “1117, “122” 1 “11117 =REEmEMEE 24

Table 1.2: ”111”, ?122”, and ”1111” three types of ZnAs-based dilute magnetic

semiconductors
eS| R £ ) il MERHT.)
Li(Zn, Mn)As (50 K) %
71117 F-43m )
Li(Zn, Mn)P (40 K) 1*%]
(Ba, K)(Zn, Mn)2As, (230 K)[40:43]
14/ (Ba, Na)(Zn, Mn)2As, (Asperomagnetic) ¥
mmim
Ba(Zn, Mn, Cu)2As, (70 K) 7!
Ba(Zn, Co)2As; (41 K, n— type) 5%
l,g;,\iksam
7712271 :
(Ba, K)(Cd, Mn)2As, (16 K) 9
(4
o % 9 %e OmaK (Ca,Na)(Zn, Mn)sAs, (33 K) 7
#?i; *-S,—Cd/Mn n
> ¢ ds P-3ml (Sr,Na)(Zn, Mn)2As, (20 K) Y
4, Ao - P
27 05%,% © (Sr,Na)(Cd, Mn)2As; (13 K) 1°®]
(Ca,Na)(Cd, Mn)2As, (25 K) 9
o P ﬁo—)La (La, Ba)O(Zn, Mn)As (40 K) 42
‘;’ ° (La, Ca)O(Zn, Mn)Sh (40 K) %
” S
711117 “bwﬂn P4/nmm | (La,Sr)O(Zn, Mn)As (30 K)[61:62
U ¥ La, Ca)O(Zn, Mn)As (30 K)[©°]
-“%_»o ( a’7 a 3’
it (Ba, K)F(Zn, Mn)As (30 K) (64

&GN R G RE, B AERAE R Li BRI B Ak BUR B A SN, AT 23
MHATHATB A BB, BB 2K Lip Zny Mo As RIHBRBIAT N,
wWE 1.2 fros, 78 x=0.1 MR ERIRE T, =50 Ko 2 K &R0 Bl 2
W 1.2(b) fion, HrwiiEAd, RA 30 Oe, XEME Lip,Zn,_ Mn,As AR
WA Rl P AEA R ) E /KB (Hall Resistance) WK 1.2(c) B, HAE
15 K PARAAFE B 1 ) 28 /KB FH (Anomalous Hall Resistance), IXiER] T
FEmAAE R R A 7. Jaok, (A P ETFEB As JEF, MA152) 7 05—
[ Bl A A I <1117 RURRREE SR Li(Zn,Mn)PP3l, 7ECRERAHIT 1) 5 IR FE 1)
5O, Li(Zn,Mn)P BT 7R R, AR TIRENE B E
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JE L RTHRE ™ 07, ARkenT DL i i 37 k08 45 Oy R i IR, T AR
3 o LI RE AR G~ A

(a) (b)

3.0 Li, ,(Zn,_ Mn,)As Field (Oe) for -«

= e -200 -100 O 100 200
g 25 — T T T T T
s 20 ® 2F
c
S 15 =
5 - s 0
‘q:‘; 1.0F E
) T _.
g os} g 2

3]

0.0 2 1 1 1 1
0 20 40 60 80 100 —20 -10 0 10 20
Temperature (K) Field (kOe) for e ¢ ¥ = -
©
2r Li; 1(Zng gsMng g5)As

Py (X1 07Qm)

-20 —1IO (IJ 1I0 2IO
Field (kOe)
1.2: Lij (Zn;  Mny)As % @ BB BB (a) Liji(Zn;_ Mn,)As 4L 55
E-REML; (b) Liji(Zn,_Mn,)As 7 2 K BB HZR; (c) Lipg(Zn_Mn,)As
(x=0.05) FEA [R5 BE i B /K LBl
Figure 1.2: Magnetic and electrical properties of Lij(Zn;_,Mn,)As bulk: (a)
temperature dependence of magnetization of Li;;(Zn;_Mny)As; (b) field de-
pendence of magnetization of Li; ;(Zn;_Mn,)As at 2 K; (c) Hall resistance of

Li; 1 (Zn;_,Mn,)As for x=0.05 at various temperatures[3°]

2. “122” K&

a. ThCr,Si, 45H#

Y 5 R R R PR S T BE B R R ) R LR T HER KR
M, FELRFFIREEAARMIE DL T, 30 I3 B 5 /N i i B0 s 45 K SR 4 /N
Bl M SR 1) (RS S BE S, SR R O VR R AL 2 I ik, L EBAERIR S
T, Zhao & A\ M0 @ 7E B ThGroSiy Z5#) (W13 1.2 Fizn) HI BaZnyAs, T,
SABAN K ARE Ba 5l NHAT, BA Mo S0H MR Zn 5INEIE #l#& 7H
s EHBERI 5 BB 2R IR S48 (Ba, K)(Zn, Mn)yAs, o T4 Mn Ji7-FHE 2
M Li(Zn,Mn)As ] 4.2 A a7 2.91 A, FEEEIEEM 50 K B5E 7 230
KWL, iZ @i MM A o — AR 2, KT U8 Ba?t SIANM AT B4 5 M2t
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B Zn®t SINI BB RAEARF)Z, X0 TR~ T AR BEE 1R 4R
RARKRLTFAE

- b 7 - . ‘ ‘
@’ -, ' ! ' ‘ X= y= 6 (BayK,)(Zn oMny 1)2AS,
10 (Ba,_,K,)(Zn,_,Mny),As, [+0.10 0.1 .
ey 015 0.1 = FC ZFC x =
102 M 02001 o5 e o 030]
£ e 0% o 0.25
% 10°F |- 00500 T 0.15
£ 4} 201000 e 3 0.10 |-
B ————— X » o 0.05
g T 2F H=5000e 1
107" =| = 1
8 L L ~ o
L 0 } N
4 B 1 1 i i
0 50 100 150 200 250 300 0 50 100 150 200 250
Temperature (K) Temperature (K)
T T T T T T T T T T T T
C L 4
@ 2 (Ba,, K,)(Zng gMng 1) As, (d) 6L (Bag gsKy 15)(Zng oM 4),AS, 4
=
=
o e
c | AL e o2 et
-t
g oor A TR R O .eeee -5
2 veett’ 2K
2 et 50
= 20
* 120
1

4 2 o0 2 4
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B 1.3: Bay K, (Zny_,Mn,)oAs, £ @08, BT H0. () dBL%- R 2, (b) B
R E-REMZ; (c) 2 K BM@ELZ; (d) ¥ —4H5r (x=0.15, y=0.1) KIFmAE
AN 7] I B B F E ZK H BEL

Figure 1.3: Magnetic and electrical properties of Ba; _ K (Zn;_yMny),As, bulk [40],
(a) Temperature dependence of resistivity; (b) Temperature dependence of
magnetization; (c) Field dependence of magnetization at 2 K; (d) Hall resis-

tance for (x=0.05, y=0.10) at various temperature

(Ba, K)(Zn, Mn)oAsy 225 ERANE 1.3 B, Bl 1.3(a) RRAFE
T p—T BdE, TUERIRBA KK, MEEINEET N FAfBA K
A Mn B, RIUH A SEIT N SFF KA Mo 5200885, RFF Mo B24+%
BTN, BEE K BRIKEMNAZEXR, (Ba,K)(Zn, Mn),As, HFHMERA
Fo B 1.3(b)y (¢) MFERAR K BRIKETK M — T Mz M — H i,
MTLAE IR E K BARERARKR, BEIEEANAR LR 180 K, Hrmi /)i K2
i 2 T. B 1.3 (d) s T K B2RIKEN 15% B (Ba, K)(Zn, Mn)yAsy O
T. =90 K> ME/RHEIM, KEPES, FEmEREZER T, i, &R iZI7
SRSt AR 2 K I, SO E RS R R M — H 2l
BAER . ULEBRATLLRDL, 78 (Ba, K)(Zn, Mn),As, £ fh4, BEIRSHLT
BB S BieB e W L A B, ER2BaSBRKE. BB RIKE
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227 BT RE i ORGSR H 2R A AE R, 28R, IR A Bt RO
A 7 BT 1 R R A7 A2 R B

e 5, WA M E S & R 7E Zn A2/ Ba(Zn, Mn, Cu),Asy 2 fm M
RO WOk, e T, R 60 K, I HIREEXE 14 K ~ 28 K ISR
R, MEPAEE BB IESAT N, HXE R IHEA N B REBAE AT K
BAEH AR, XA Na AR K kE# Ba 1 (Ba, Na)(Zn, Mn),Asy B iH
MRS, BEENRR R R B (1) 90 K ~ 300 K JE B AN (Curie-Weiss)
HRE T, =16 K; (2) 13 K ~ 17 K BACmBIA R R H T Re sk T B e 5
Ao SCFH PUY R RS TTREAL T A TR BEAS AN [ T B IS Z (R “ AE ks
A7 (Asperomagnetic) [0, JLF T 40 R S5 4 Rl 5 45 R R 22 6 2 1 1)
o JAK, Guo ZE NPURILAE BaZnyAs, BHAHF BN Co, Cot &8N Zn>tH
hrE, ESINARRMFER, WEAEFRS AR E/R AN SRR, MEER
TRAHT, RIS T BRI L SR ERE A B T2 SRS A

b. CaAl,Si, 45#)

2013 4 Yang 5 N H Cd FGE & (Ba,K)(Zn, Mn)Asy H11) Zn, H
WRINE T /S im R BA CaAl,Si, 450 (INE# 1.2 Fin) WL S
& (Ba, K)(Cd, Mn),As, "%l fR4R, HAHFE LM H (Ca, Na)(Zn, Mn)As, 7,
(Sr, Na)(Zn, Mn)aAs, 41, (Sr, Na)(Cd, Mn)yAs, 81, (Ca, Na)(Cd, Mn),As, P9 i
BEWOR e SOPh S SR ML AR, R R I BICN T, (< 40 KDV &
NIV (~ 200 Oe) FIELKIIRE R (~ 20%) Z855 s, BT MRS A
FA SCHIF AR EA iy, 3% EL 0T B f A S M AN it 2 8

3. “1111” &% &

2013 4 Ding & AN* £ B ZrCuSiAs S 45 H) (WFE 1.2 i) 1
LaOZnAs 1 [EEf# N Ba 1 Mn, #Hl1E RSB RM A RS, BIhHl& T
T, ~ 40 K 1) “1111”7 &M S48 (La, Ba)O(Zn, Mn)As. R, H 15
L4 s, FEAJUMES: (D £ T, RA 40 K FfEL T CnlE 1.4(b) B,
5 K BRI HER] T 1.5 T (A 1.4(c) fian), XEHAEE B E AR
R D LI 3955560 (2) HFHERAE 2 K B 300 K FIIRXNA 2 ~ 3 MEH
Al (i 1.4(d) Frs), XUEHEXM “11117 M R SR 1) A4
TR, 5 RARATT I IR HLBE 2R A AR (La, Ba)O(Zn, Mn)As FI#0T
FE ST AL I 71,

Bt o, FIAH Sri6L62 Calslft# Ba, F|IFH ZnSb, HALE ZnAs, MEY, 5§
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0.08 1.2
. (a) (b) (La, Ba)Zn,_ Mn)AsO
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0.06 =
= =0.8
S s
=o0.04k La(Zn_Mn_)AsO 506
= 09 0.1 S
gy
504
0.02 o
=02
0.00 0.0 ;
0 50 100 150 200 0
T(K)

| () (La, Ba)@n Mn)AsO |

M (uB/Mn)
. o
Resistivity (£2 cm)

-
A

_.

a

S
LS

_2Field?Tesla:)2 4 0 50 100 Tﬁiﬂ) 200 250 300
K 1.4: (La;_,Ba,)(Zn;_,Mn,)AsO % & B H. B 542 (a) £ xR & %
LaZng oMng 1 AsO FIREALSRE-IR B 4%, THRN Curie-Weiss B MIZE: (b) 1000 Oe
THRZEGHA EHA N A ERE-REZ: (c) 5 K MK (d) %R
57

Figure 1.4: Magnetic and electrical properties of (La;_,Bay)(Zn;_<Mn,)AsO
bulk?: (a) The magnetization M for LaZngoMng,AsO, without charge dop-
ing, the solid line represents the Curie-Weiss law; (b) M obtained in zero-field
cooling (ZFC) and field cooling (FC) in an external field of 1000 Oe; (c) The
isothermal magnetization measured at 5 K; (d) Temperature dependence of the

electrical resistivity

FHAAH Ba-F HACE La-O MO, AT & B2 A BAE ZrCuSiAs ks
IR AR, (B, %38 “11117 R R SR JE I T, #0 A #
40 K, X ™EHFEN 7 AN EATHRIE IS

1.2.2  (Ba,K)(Zn, Mn),As, ¥ RAARIFER

b PR, AL WA LR AR R, (Ba, K)(Zn, Mn)oAs, BfF
iz T AL A R A R IR (T, = 230 K*D), Bl AT (Ba, K)(Zn, Mn)yAs,
PPt R F BB 2 &2 M, i p FHEMBE (Muon Spin Relaxation,
pSR)Y B0 X 2R it 2 o 4440 X R — B (X-ray Magnetic Circular
Dichroism, XMCD) W48 J5 - st 4347 bR 205 1k Bont 43 A7 B8 (Atomic Pair

10



®1E i

Distribution Function and Magnetic Pair Distribution Function, a-PDF and m-

PDF) 614k,
TR TAER] LLESS N LU =AN 5 H .
1. KESHEARF

w AT E iR (Muon Spin Rotation, pSR) FARFIH 1 /- FAEFE S A EB
T3y T WP S SRR AL S N B, [R5~ & 59 AH B, T DAERI e
SoitE T 10 UL b, PR, X TSSO AR R AR AR R I 1 E T
B 08, HAR (Ba, K)(Zn, Mn)oAsy BEPEN & R R H T R ERRAT N, Hv T ik
— DU BRI KRBT, Zhao S N—JFAN 2 @A AT T pSR WA BY,
IS RAE 1.5(a)s (b) Frs. G0 R A4 RE b [F I AR AL SRBEAR A BREAE , AR 4 2
WAL, HEY) (Zero Field, ZF) FHIMNAS S 7 LS &K

Asymmetry = ApagGh(t) + Apara exp(~(M)°) (1.1)

by Apags Apara 77 ARG 5 IRREAHIT ELB], — MG LT GL(t) @it
exp(—(\t)?) LRI, WK 1.5(a) Frn, ZF BT,  Asymmetry B R 1)
N BEARAGBRRBR RN 2L, Ul B T AR R B LE BRI 2 . XA 1.1 U
g R SR 1.5(b) AR, G538 EIR BagsKoa(ZngoMng,)sAsy (T, = 150 KD
HyBkrL & 8 130 K AR EFF, HF BAE IR 52 40k 8] 7 100%. $5EE
¥ (Weak Transverse Field, WTF) TS R E T TR FF—E

pSR & 25 BRI 1 AR R T 2 S ST KRR GG, Ak, F T X0
BATSH D T W EHE, Frandsen 25 AU JE4T 748 a-PDF. m-PDF
TH5. a-PDF M4 R BoR, fEBRBIEARAL, Mn-As-Mn HRMAKAE T BEHAR
t, WK 1.5(c) Frass 1 m-PDF WAL, MKEETFSHAAKT T, 56 E
Tt i 1.5(d) Wl E R, 1XLeSEIe 45 AR R REIE I 1 2% M BRI A 5 R
H T B SAAAE R AR R 1T AN A2 o 38 P B 1 R

2. Mn 3d 5 As 4p Z I EAEH

A LR BRI AR A B R IR I i, B A AT R 1Y
AR KRN PRI, Glasbrenner 25 AU, {FH%EZ KL
(Density Functional Theory, DFT) A LMREFHIFEIA (Ba, K)(Zn, Mn)oAsy £
HIREIEAT D9 BRERA: (1) FESIRENEAT D92 BAR RO HEA R AR 2k 1
BB RS R (2) T4 Mn JE- 2 (A EE A AE S 807 R Rk
HRF: (3D Mo 717K d BT 5 As JRTH) p 2R ZIAH] p-d Z#AE 43 Mn
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1.5: BagsKo2(ZnooMng1)2As; i uSR LR R 1. (a) AREENZH T
pSR I A3 (b) HBidFH T 50 Oe MFHEEY T pSR WETT LS B MR HLF 14
Bk B BE IR BE I AR AL i 26, 34 BN IR — B b I BTG & Bag sKo.2(Zno.0Mng 1)2As,
a-PDF. m-PDF #liAZ5 81461 (c) IEAHER H 5 75 Mnl-As2-Mn2 3 £ bfi i B (1)
Z4; (d) m-PDF WAER THREERT, B&ER T. =180 K

Figure 1.5: Results of uSR[*%:(a) ZF-uSR time spectra obtained in polycrys-
talline specimen of Bag 3K 2(ZngoMng 1)2Ase; (b) volume fraction of regions with
static magnetic order, estimated by ySR measurements in ZF and weak trans-
verse field (WTF) of 50 G, Inset: DC magnetization results of the specimens
used in uSR measurements.

Results of a-PDF and m-PDF [¢](The error bars represent the estimated stan-
dard deviation of the parameters obtained from the least-squares refinements.):
(c)Angle formed by the Mn1-As2-Mn2 chain of atoms in the orthorhombic mod-
el; (d) mPDF scale factors from refinements of two models, with 7, = 180 K

indicated by the dashed vertical line

- Mn JRF2Z [8]52 48 7 fFE R (Hund’s Rules) HIA#HE, HEATSCIL T Mn
- Mn JE 718 K AL A

LY T, AT SR Mo B TR d BUES As R p PUER R DKL
Z PR R, HAREKE Suzuki FANRKLXT (Ba, K)(Zn, Mn),Asy 2 fHiEAT
TH AR e, FENES AT LA
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] (b) 638.5eV
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2+
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Mn“(T,) Gages6MNg soN 1 L 1 1
-8 -6 -4 -2 0 2
Mn metal E-Er (eV)

Off-resonance 635eV

Off-rezonance

2
Mn *(Td) Ba(Feg q2MNg o) 2AS, S

N =, - "
Mn>*(0,) LaMnO, CN f i
(g . |
L.:.i =
Mn'(0,) MnO )

640 645 650 655
Photon Energy (eV)

N

N,

_('J 1.0 0.0 .l'] 1.0 0.0
kyy (nfa) Koy (nfa)

Bl 1.6: (Ba,K)(Zn, Mn),As, BIGIESHEA 44451 (a) Mn Loz 148 XAS, FSRHER
TBEA GagonMngorsAss GagossMngosoN+ Mn & J8. Ba(Feg.goMng og)2Asys LaMnOs
A1 MnOM4; (b) #@id On-resonance i fll Off-resonance WEHIH S E ¥ Mn 3d 1128
% E M (c) On-resonance ARPES (£ ) 5 Off-resonance (£ L) ARPES
e B 25 FE AN & I B g o)

Figure 1.6: Spectroscopy research of (Ba,K)(Zn,Mn);Asy: (a) Mn L, 3-edge XAS
spectra of Bag 7Kg 3(ZnggsMng 15)2As2, the spectrum is compared with those of
Gag.922Mng o7sAs, Gag.ossMng p2N, Mn metal, Ba(Fej9oMng gg)2Asy, LaMnOs, and
MnO[4l; (b) Mn 3d partial density of states deduced by subtracting the Off-
resonance spectrum (hv = 635 eV) from the On-resonance spectra (hv =
638.5 eV);*Y (c) ARPES energy-momentum intensity taken with On- (top-
left) and Off-resonance (top-right) energy photons. Second derivatives of the
On- (bottom-left) and Off-resonance (bottom-right) ARPES spectral°]

o (1D X HHLEMRULHE (X-ray Absorption Spectroscopy, XAS). #WIE 1.6(a)
Pis: H—, (Ba,K)(Zn, Mn),Asy £ fit Mn Ly 3 WS BRI i S0 1E AT 22
FE A Mn?t BFHIARIER L AL IS ], UEIFE (Ba, K)(Zn, Mn)sAs,
H Mn ERTRER 42 firs T, TR 640 eV BT ARSI B A A [
Mn 3d FlIE 5 As 4p BUERIZRMLA K, 1M (Ba, K)(Zn, Mn),As, % &L
W AT UG 55 B2 A - 55 24 46 Y (Ga, Min) As VR 24 AL (Ga, Mn)N 7O 2 Ja],
UL (Ba,K)(Zn, Mn)yAs, H Mn 3d UIES As 4p Pl HA BRI A1,
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B ERAE 2K (Ba,K)(Zn,Mn)2Asy 0 F & 5 W82 1 R %

o (2) RN HF AKHHE (Resonance Photoemission Spectroscopy, RPES).
Mn Ly Beliiiihl, B 7 & BOGH 732 3d" 4+ hv — 3d™ ! + et 4h,
H—12p HTZ5K Coster—Kromg AR 2p83d" + hv — 2p53dnle —
2p83dnt + et FTULE R, IR 3d $LiE S S EE (Partial
Density of States , PDOS) H#EAH K. AATA] LB R AR AR 28 — 1 7%
(Off-resonance) 5I[EFAFAEPNIERE (On-resonance) 7, KIS Mn
3d #1iE& PDOS. & 1.6(b) Fros, Wil 2 v AH 5 15 2 i 46 25 =
RER U B REE I, P RERIXEDN -9 eV 2] 2 eVe ATEUEE], Mn
3d HTAFET 0 eV ~ =8 eV M— Tz VG, HAtEIEEE —4
eV, FHEENAAENT 2 eV MIXIK, XU Mn 3d Xt i FHEHI1E IR

/N,

o (3) Mr¥tH T8 (Angle-Resolved Photoemission Spectroscopy,
ARPES). ARPES BOREZN LM NTTIH: H—, FXABIR Mo It
%00 (Ba, K)ZnoAng, ARPES Ml B R TLINA5 T 45 0 E B As 4p
A HT, A X B2 (ke 1E9BIE, 0l 7 AE Mn Ly Mk
Off-Resonance (& 1.6(c) ) 1 On-Resonance (& 1.6(c) 1) ) ARPES,
FLE I X R I, 45140 ARPES 78 —4 eV A B R 13558, 1M Bl
—PBr 2 KM, On-Resonance ARPES 1£ —0.3 eV WA, 5, Suzuki
S NFEHH ARPES ERA WL R IR HE PN Mn 3d fgh 2] Ep 21
HIFELE R 2> B RESL, T e WL &2 3 SR AL I S Re iy, X AT BEVR T3 4T 9
Mn J5 2 ] ¥ S Bk Rl A 45 FH 1400,

Sun S ANGZ@ETNE As K U4 F) XMCD BRI 5T As 4p HE 11
BHFEMN, [EEMBHT Mn 3d 5 As 4p PUBAEMEAER Y, BT HEFKIE
W B G AR TT R 5 B e 7 IR AR OS,  wERFE S B é M B B iER N B E
TEEAIM, %KM’%&%%?‘?WE%E‘JE%Eﬁi}ﬁz“tﬂvaﬁﬁ1}%%)%‘%9%&%&%%
ANFls As 4p PUE REAE T DUE R 208 3] 17

Szt AE[p* (E) = i~ (E)) (L.),

_ == (1.2)
Je; dEH(E) + p°(B) + p= (E))] @5

Hor, pt(E)s p=(E) 705 &7 A i 15 i 4 D't A0 72 e 18 fi 4% o't 1R I Ui 1%
(L.)p Ron As SESMPUERIE, n) RoRZIER TIRE.  As K il
Ab ) XMCD 45 RanE 1.7 . @ 1.7(a) W AR 2Rt il 2 20 ) 2ROR
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B 1.7: (a) £ T =2 K B}, (Bag.75Ko.25)(Zng.esMng o5)2Asy, MFE As K WG S 1
XAS (Ef) 5 XMCD (#Hf); (b) 2 K i K WHRGAMEEK XMCD R4 585 &
FF A E BRI B R P B BB (o) As K RBUAMHE K XMCD i3 48t il
% (R 55 THNRKESE T T WA E BN & R 58 -5 2R i 7]

Figure 1.7: (a) As K-edge XAS near edge structure (black curve) and XMCD
(blue curve) data taken for (Bag75Kq.25)(Zng esMnggs)2Ass at T = 2 K;(b) As K-
edge hysteresis loops at 7' = 2 K, orange solid circles (shifted by 2) show the
sample hysteresis measured by SQUID magnetometry; (c) temperature depen-
dence of As K-edge XMCD (points) and SQUID data (solid line), SQUID data

were obtained after zero field cooling, in H = 500 Oe!*"]

(Bag.75Ko.25) (Zno.osMng g5)2Asy 2 fi ) As K WG BT ) XAS 1 XMCD. 7]
DLE B, fERWCGARIME, XMCD fF7EIE{E, Ron As T RIRE 7 10 5 8
A R 7 18 S AT IR 2 K ARG FIBuE s (B 1.7(b) S5
% 500 Oe FASIRIR I (B RIR (B 1.7(c)) [RIRE S AR Ak 56 P Bl B 45
RBATHEL, AT RAR I E AT B A JR 5% i i) — 20tk X E 38 S WAk G T [F) As
dp HUBEVIMIG, RIKFRERHIT IR As 4p P DI

3. JEAX (Ba, K)(Zn, Mn),As, I #11E FH

XA R N R 7 2 PR T B R T By —. TR R R
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B ERMFFE (Ba,K)(Zn,Mn)2Asy 8 F & 5 W3 1 R %

&1, (Ba, K)(Zn, Mn),Asy A S AR T, Brbk, s HAEGE TR
o WEEESEY R R AT SR A R . T H, TR AHRRER, AT LS
SRIA R E AR H KT 3 GPa B&E . Sun ARG 7 &ET,
(Ba, K)(Zn, Mn),As, Hi. BEPERTHIARAL, FF0He 1 m N, BEPE B3R 1R
| [47.48]

0.6
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(a) x=025,y=0.05 041 375 am and
—~4-12.13 Gl'a

- 1683 (GPa
0.2 —#—24.37 GPa

M/
ol
N O-OM
4.1GPa : x

11.86 11.87 11.88

XMCD (%)

Stacked resistance (arb. units)

Energy (keV)
00 -
8.1GPa IC‘.’;.-\_ - “"’“3 ) (c)'uu K
' o efe Sra. & 1or .
¢ o @ _ o 1 1 .
3 = = K G‘i 6 i
. £ 0 [a] av © UoE o oa
15.8GPa E ) o Pressure (GPay
B o
FOSE g g9 g © * .
g e @ Q
= 9 @ o
24.3GPa| 2 o e B o
; o S T | Z a o o
g a 04 &', 35 ™ o
0 50 100 150 200 250 := oo g o -
L \ o 3 . a
Temperature (K) VS0 F e e e San . 5
9 9 Q. Fresmirc Gy e
K L l| 1
0 3 10 15 20 25
Pressure (GPa)

B 1.8: (a) (Bag.r5Ko.25)(Zng.0sMng.o5)2Asy % SEAFE S F B B FH- 1B R th £ 47 (b)
AFEE TR XMCD 55147 (c) @SR IMEN, BHRE—NAKRIETH—
o FEiLHEEN ThCr,Si, KR EHAZN As-As BERS d KIBEE LG, A
BHEEN A MnAs, VOIS As-Mn-As Jff o Bfi 7 BI04 B 48]

Figure 1.8: (a) Temperature-dependent resistance plots at selected pressures
for (Bag.75Ko.25)(Zng.05Mng g5)2As,. 47 (b) Pressure-dependent As K-edge XMCD

[47] (¢) Lattice parameters as a function of pressure. Data were normal-

signal.
ized to unity at P = 1 bar. Left corner inset: crystal structure of belonging
to tetragonal ThCr,Si, structure, and the pressure dependence of interlayer As-
As distance d. Upper right corner inset: MnAs, tetrahedron geometry, and
the pressure dependence of As-Mn-As bond angle o (bisected by c axis)in the

MnAs, tetrahedron [48]

1.8(a) FARTEAFIE ) T HHZRPER, BEEE IR Bt AR - R
LB SRR NGB, @I AR KT As K RIS R XAS FHIE
A BT R, RN, EEE TR R 0 AR A R TR E AR A,
B IR As [ 4p Z7CBE R AT, K 1.8(b) Fom 2 K I, As K Wil
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) XMCD HREEBE % FE J RIS/, BLZ e KR, HF BBk R R B 25
TE R KA BN A 8. o T Rk B S RS, SO s 4007 T R A F
FERRED X STAATE, BRIRRE D TSRS HSE, il 18c) Fix. xHi
V(1 26 3 25 P IR AT - (1) ZnAs 22 1 As-As BT BB 26 R 49 F
B s/, X2 As T 438, (/2 M B T 12 WA RS, 3x
SUFEI Mo-Mn 2 [fI 8RR A, (2) FEASEL Zu-As U Zn-As-Zn
e oS T BARDUT AR, S T REAEAE M 3d HUE S As 4p BLBRIZAL
FEEBI I, RIS,

(Ba, K) (Zn, Mn)yAs, 265 (08K 9250 40 iz R T B /830 7 IR ) F 8
AR AT . R I 4514

1.3 W+ SRR TFNH

— T, A R TR R M L AR Y B AR A E EORRIAERT,
A Tl 2 3 AR A A BRI 2 R R ST 4 (Andreev Reflection Junction,
ARJ). WiBEIEZS (Magnetic Tunnel Junctions, MTJ) 4%, XfF H ML,
H et NG SR AT A AR A R E . 55— 00T, Mt SRR (S BAL .
it AR IESE T TG B BRI AT S, R L Sk, R ERE
THIRATE B E R E B, AT PIREREE, /AT — R —a
b B ey 8 AR (Spin - Field Effect Transistor, Spin-FET). Hig &)
“H%% (Spin - Light Emitting Diode, Spin-LED).

131 REEMUKRHLE

AR AR R U — M HFFIIEESE (N SHESE (S K,
RAERE FE—MIERUEHT (Cooper) X, i £E I 43 J8 — M 23 0F B 1 e 5 — A
5O LT BT A RIS IR, IR AT AR W i 0 BE A R G 5. (H, AE
a0 B e BRI R T RCR AN, i) R R s,
A N B B AN SR S S A (R, RT DA Se  E  H  JE — I ) E E AR A AR
pg 74,

1982 4F Blonder 25 A2 BTK Hig [P, J@idll&s N - S 251 i F- kil
2, WLDEAER IR &R 5l SR RN BEFAT N, LERIIAN T REH LS
B Z, WHEEHE 0~ oo, Z=0MNERFAEAGERER: Z = oo WNERFH
HoNFEIE LS. fF BTK B HIEAME E, Strijkers 25 N\ M55 T & @ i E etk it
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B ERMFFE (Ba,K)(Zn,Mn)2Asy 8 F & 5 W3 1 R %
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1.9: BigHEM 1.5 K Tl GV)/Gn—V #ZR, P. Z M A BUE 5 B 4 pr
R lr2]
Figure 1.9: Theoretical normalized conductance G(V)/Gn versus V curves at T

= 1.5 K with P, Z, and A as shown in the figure(7

P MU, ARG FAES T IR 4 B - TR AU - T 2R
etttz P. RESH Z. LGB SEEBR A i S- e il 28 1 52 0 433
1.9(a)s (b)(c)s (d) Prom. MR AH vEEmmkR, B Z =0, W. HET
HETLPH, Bl P =0, ARJ R NER N-N g5 20 2 £ 1124 B I 2l
fbif, Bl P =1, ARJ HLSNAZRL 0.

. (a)
Ga

Gal ,,MH,AS V_

70 1 2
V (mV)

K 1.10: (a) BEIR (Ga,Mn)As ZHEFIRKFLEEMREE; (b) 370 mK W KIFr#EL

H S i P 14

Figure 1.10: (a) A schematic of the (Ga,Mn)As Andreev reflection junc-

tion and the contact scheme; (b) Normalized conductance spectrum of a

Ga/Gag.gsMng g5As junction at 370 mK [*4]

2003 4 Braden!" 5 A7E ARJ T IR HEE A EF SR, FkE

18



®1E i

&
0.8
r v —
0. ]
& N L O
(4] Phi ePOXY v
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K 1.11: (a) (Ba,K)(Zn,Mn),As, sl Rk GESEMRERE; (b) 1.7 K B #x
#HEA RS- (465 5 BTK #igilE (HEfstgk) 1o

Figure 1.11: (a) A schematic of the (Ba,K)(Zn,Mn);As, Point Contact Andreev
Reflection junction; (b) Normalized conductance G/GO spectrum of this junc-

tion at 1.7 K (red dot), and their fits to the modified BTK theory [4°]

-V MG SR (Ga,Mn)As [ H BEIRAR. HHl& MR ARJ W 1.10(a)
B, BT EMKIKN, GaAs (001) B B F 4. 20 nm J& GaAs:Mn 24!
2. 100 nm JEF 2 A& GagosMngesAs (T, = 65 K)v 500 nm & {1 458
FH Ga (A~ 1.4 mV). S5H -SRI Zan& 1.10(b) Frox, @i BTK B
WA LB E, BRWAE P =90%, FHESH Z =005 XIEFHELE
IR (Z =00, XEHEIREGHRE R anFAATAE Y 5 & E B )
(Ga,Mn)As #E, MIFEZEHRE Mo B RKE, BNy, MWREREENE: W2
REEHS ART 7 B 11 285 e LA Ot /)> 3 S {f 75 458 ol BEL 1) 5 i O oy A8 15140 IR
Mo PTLL, ST R E IR (Ga,Mn)As , 22 B H s fioh 22 4 270 0% e
2t (Point Contact Andreev Reflection Junction, PCARJ) 67 H H jig
b, B S AT A A AR, SRR S BRERAE P 4N
59%

Zhao %5 NFE T ER L G Sk (Ba, K)(Zn, Mn)yAsy B [F) A5 3 2 dth i
# 7 PCARJWI, HeMwE 1.11(a) fon, HP@BSE LGB 4 Pb. 1.7
K i, (Ba,K)(Zn, Mn),As, - PCARJ S Zean & 1.11(b) Frw, @it BTK
it A, AR ARMAEN P = 66%, X5 (Ga,Mn)As - PCARJ
13 2 1) H e AL AT, AR T (Ga,Mn)As 2R ARJ ) B EHR AL
90% 4. FLICJFERH, B e E R ZE T TR T PCARJ s 22 1) 5 Joit = fiff
ARG & T ER ART B HEGH,  X O N5 402 T P b M~
SRE. HA®AEEERER AR 14 TER, #2487 3075,
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1.3.2 BREPAYNETE

BANE ULV R SRS, B2 RFERA T, EEi (Ga,Mn)As, H
A, FELIZ RN VR P W I JR B B AR AE T, AR (In,Mn)As H I 46 g 03151,
REZEPE T ZH MR FIKRE, (GaMn)As )7 REBIR FIREL N
3~ 4x10% cm~3l, i (In,Mn)As A 2 x 10" em =319,

B 1.12: & (In,Mn)As BHE MG RAREE /RS RS E, i8R E R
BB Ry = Viau/I KM ERALEEE M (15]

Figure 1.12: Hall bar shaped field effect transistor having a ferromagnetic semi-
conductor (In,Mn)As channel. To probe the magnetization M of the channel,

Hall resistance Ry, = Viyau/I proportional to the channel magnetization is mea-

sured [15]

XTI AR SRR, AR AL, TR AR R AR A AN
Gy ETRILIN B, R R R E AR 7 iR R B S LA SR R Fe B, MRS
R 7K HELREL TT DA ik
Ry R,

Ry =B+~ M (1.3)

Hrb, Be M 53ROt i A s, d FONERKER, Ry NIER
IRAE, ERAMPEIIEOR TR %, Ry WRHEE/R R, Efﬁﬁﬁﬂﬁ"ﬂkﬁiﬁ
%, Ohno FF A& (In,Mn)As B /RN BB R BB 112 fis. &
FIMF RN 60 pm x 60 pm, R H R & kB s, B 1.3 1)
K, Rpau — B WZ R ARZME I E L FIMAC SR M AR, T sERs b, 7EGIR
I (In,Mn)As R ER B B FEZE D, B Ry o Mo ENE B
b, FHRELG)E CRMIEEE Si0,). BKE Bk Cr/Aw) LASEHL R
I, HL TN 112 R,

P I 0 T R AT T o EEL i P52 I R [l 482 1 S i AR e B T2 ) 52 70 4 ] 2 ]
L13(a)s (b) RSl AHEEF RN 0 V B, 2 adEE —125 V i, BoigrE
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B 1.13: (a) ARITTHRE T Ry — B B, HECAERE#ES FRELEN; (b) 7
AETTEE TR R R, REKBHLZL, HERN Arrot Rnik (R}, - B/Rya)
(31 (c) 32 K B, Ry FEAFSREPBER WIKARML, FRRR B EEHAE, &
BN Ry FIZR0S); (d) il i g SE B 5 Hd G R g 1)

Figure 1.13: (a) Ry, versus field curves under three different gate biases, inset,
the same curves shown at higher magnetic fields; 3! (b) Temperature depen-
dence of spontaneous Hall resistance R}, under three different gate biases,
insert, Arrott plots (R%,, versus B/RHa”);[l?’] (c) Time evolution of Ry, result-
ing from a sequence of applied electric fields at 32 K, showing an electrically
assisted magnetization reversal, inset, Ry,; hysteresis curve;[5 (d) Electrical

demagnetization of the channel layer by electric field [*®]

AR, B R IR R & T FIRBEF B RAE R, T, AR R
HE 4125 V I, SREEPERRSS, FEMEBBUNEGNRILREAR L, T, /N, XK
TR A N TR A IR, ETIAR S T AR Bk A, T 3R S
FEL3 %8 B R ) )RR R R AEARATT S T S i 190, ] 1.13(c) Fio: IRE A
TN T AR, TR OF ) AR REAk, 0 B ZITFAE TN —0.15 MV - cm ™!
(I3, G R (B0 2 R i 70 K, AR I — AN R /NI S a3 (—0.2
mT), Ui REE/REHEME PR A &G 25 s BREEGER 0V, I4
HFFm AN, REE/RESER B mfr®, RIREEE 7 R AR Al
WE, R EISE —0.15 MV -cm™ (C ) 50V (D f) Biknl, #E
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B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

T R AEm N5 b S8k, I R e RS E R, A RLSEEAE A
SRR E B L TR, niE 1.13(d) Fios.

1%t B A B AR TR (Ga,Mn)As i, AT ME M —KEg
SR TIRE T LARINN Ap = e,.60Vg/edis HH, e g9 M HIFRIR, MHXTAH
WRMAESNEER, Vo BRITHE, & BRAAZZENEE. Ll R
WMFIRFERIITE, RAELZZAPHFRTR F&ETTHRE. BIRAZZNE
JZ, BE FHREA A BB R E R S )=, TS, EARNAZL)E -
22 R FL 0 T REPE R R T AT ST BRI SR B, A AR R TR
ik, ZBBARKITH Al(CHs)s 5 H,O, EKEEFRERN ALOs®, HijH®
JEEF]T 5 MV -em™ (25 V), A WEL S B 0 W s E . Bight
(Ga,Mn)As IR T, FIURSZEIEEY 78 4 2 KB,

1.3.3 HibBFENA
BT R B T 2 N ANE A — e A T S

(a) S _ (b) a4l Jdio
GaMnAs (p) P — H % 100 F
> 3
3 z Eaf °s
GaAs spacer (i) Ny K 2 - 65
v & g
InGaAs ()] il LY z 10 g
GaAs (i) s 28
GaAs buffer (n) €
" 0
l

GaAs substrate (n) .
PR T PR T R )
125 130 135 140 145 150 155 1.60

Energy (eV)

B 1.14: (a) Uk GaAs NERMMEY: SERFESEHANBRT HIREARRZE 2 (b)
f£ET =6K. S H = 1000 Oe I, EFMmETRBEELTRHEHE CBRE) A
xR (fs) D2

Figure 1.14: (a) Electrical spin injection in an epitaxially grown ferromagnetic
semiconductor heterostructure, based on GaAs['?; (b) Total electrolumines-
cence (EL) intensity of the device under forward bias at temperature 7' = 6 K
and magnetic field H = 1000 Oe is shown (black curve) with its corresponding

polarization (red curve)[*?

HL 7~ AN AE R BRAE B RE R & R A D61, IR IER &G —HRE (Light
Emitting Diode, LED) HJZEAEEEE, K5 HGF R WIRT7 1) [FRGE 1 H
Ji@ 7 0] —— X e AR — PR, AT DA I A O B IR T ) SR 3R A 2
SR BRI Z, Ohno %8 N TT T WKl 1.14(a) FT7Rf Spin-LED #4402,
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EIERRE T, p BFEE S (Ga,Mn)As i BRI 2 X bt iR
JEh d WAZAR GaAs J5, [A n B4 GaAs H LT FMEAF] InGaAs %
B, RAEESE, BTGRP, SRS MR A T R 6
K . AN 1000 Oe I, SESG EAFRIRDE 3 AT 9B CRED ML s
P=(oc"=07)/(c"+07) (L) WK 1.14(b) Fin, KEXIEHA InGaAs K
SHOGTHIRERIX ], LA R, Sb T BRIy FIAFERR AL, RIOAR S k oh
T IAAAE H A, BIERELN 10%. Jak, XMlEs 377
FEWHAERHAEE o B ESERENAEY) (Transition Metal Dichalcogenides,
TMDs) 5 p RG-SR B p-n G514 B B EE TR R 1 se8 10,

WEbEIE 45 (Magnetic Tunnel Junctions, MTJ) 38 NMHLMEM KB (— 8%
NEE) B NBEA R BRI “ =07 MBS et
B g s s, BT E TR, BN H RS i, HEE T R
RN TR P S A A A EL R BT TR0 A 9K — MR A B3 KB %7 i FE B (Tunmel
Magnetoresistance, TMR) Kfij & MTJ FItERE, HLanZ ) Fe/MgO/Fe )
MTJ 7E 300 K B, TMR ik%| 300%. 18 F# R S AR BHE MTJ
W5 TR Z NIOHE: 2004 4F, LA IV EFMELE S48 (Ga,Mn)As AREYE
FOBHET MTJ BRI IE ok B, JAE 4 K B TMR = 290%; 2007 4, DA%
TRARHEEANY) (Zn,Co)O YENREMEM EL LA ZnO YE A4 )ZH MTT thdkiE
ok, JAE 4 KB TMR = 20.8%, 1=id STt 2I=mA, TMR M2l HA
0.35% 2%,

14 REHREHUSHBS

Wil FARFEIFEZ — DB R IE R, RBRH, FORERLTHE,
BT AT A MRS KRR, FoRRIGHE IR XU %, BiR
FRFY RS, X—MEE TV B -V G SR #815 FESE, 7E
Mn B AT G FHE pe I, BOR 7RI 28 AR s 508, (e B 2%
WIERT per MIRINYFRAES, i, f R/ 2% (Anderson) &
Bl 1 X s R

1.4.1 ZREZRTEWL

HA TR AR A Fre i as BB P AR TE, S AT U RR R k Ax
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G REmERELFER (BaK)(Zn,Mn)2Asy FEMNF L& 5MENL AR

ic, JFEREE, BT LT AR Al UG (Bloch) MIERIR AN
Ui(r) = pu(r)e™ (1.4)

P TS R A G IEs, MRS B B A% T 3T RS R KR
J¥, BIHAT IS A AR EY & (Extended States), Il 1.15(a) fizm. 104
AP A AAFAE AR I, s B S PR R, XA H 7 (800 R
FEA L L, FRAES (i) LIBREE (23D 884, BT (70 MER
BOE R B IR ) 52 PR AL

U(r) ~ exp(—r/¢) (1.5)
Horp, ¢ N KE. XM 13 B AR B 7 1 2 83 (Localized
States), A&l 1.15(b) Fror.

o(T=0)

{a) (b) (9

B 1.15: (a) FHEBKERN | BT RESBRE: (b) RBKERN ¢ KERSEERE
(c) KAY REMEHSKEBRUE E., UEXPHFAFKESITHN, SLAT R
&, BERAEEEP

Figure 1.15: Typical wave functions of extended state (a) with mean free path
| and localized state (b) with localization length ¢; (c) Schematic illustration
of the mobility edge FE., which separates localized and extended states, two
possibilities of a continuous or discontinuous transition are shown (solid line for

extended state and broken line for localized state)[®7]

ZERMNLF RGHERS A, A R 7%, B 7 e 2
BN
h2
H=——V*+V(r) (1.6)

2m
B3R RRIAR
E(k)=£+V ) et (1.7)
h
Horp, vV RRIEAZ By, BEARREN 22|V, Z R
WER Ay da ks, 54 v LEGRE R I A0 R ¢ MR AL I TARE
N Ek) =V, erh B2, MEANLFRG, ¢ <Wt&a | KAEZN. 248

!
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RREUE & £ W L NRELLI S A, F0 R B & RMSLEMAE, /)

i
Hm{%<m>%> .
0 (&l > %)
CL B Ipefe AR R h S ERPTAEER (D W RN R § A2
WHREE, ERBT RGH “TRFEE”; (2) V ZRiESLEMT, R T LT
Rty KA.

SR AT T PR S, EVERMORRSErh, IR £ = 0 REAIE |
o (LD AT, e KK E ¢, RNz R (ki
D) BT HIBRIRIE A A(t), WR A(t) =0, WRBZHETERS
sk, TR, WA Ay(t) # 0, WIERRHTAE | M RNUT T RaoE 12
s, CAOyEEAL, HETH: NT =40 RS ZEMERNMREE W 5
RETSLIE 22|V MEGE 0 KT IGFHE o, B, REMIAMESNEEA, o K

T 2

v

4

MY 6 < o B, ZURRGH DU T AR B RS RIR AR TE S e A5 0 e 4k
A VRSERREER L, eSS Ed R, AR B N R4,
E, WiEiE B %i0% (Mobility Edge), WK 1.15(c) Fim. 45— BiR_H T
RIS, WWntE Si 4524 P, TR MAEM, &2— AN EF
ARG, FE—MEBRILG: KBEN, SHHETFHIICRER Br L TEBE
G2 N, MW RGEMEES S e, RIWA— NS, WIRKESB R, i
WKRESN Er FRBBIEBRLG 2 b, MTHEY REET, RASRIEE
JEYE, IXFhA AR R 6 )8 B WA iR AL

e —H T T RGN LT RG, WAREERIE . 75—,
NI FH S FECEHE, ROLBERILGR,; M F 41X F /4, Hid
E RS S, HESEFE YT LB AEY BAKNS, i Chen
S NRIE IO, AT Z4EE S — B8 E AT AR E DY,

1.4.2 mIESPEKKIESTIRKIT

MREF RS TR EAETERUGEZ T, B Er < E, R4
T A T AAL T S, X e S R b A A W T8 1 RE R VE
We HTRIEMARSG, WL E 0 (8 (e & 2 W REIT MR LU, T
PR ORI 1.16 Pros. AEFEN, HBESEN 0, BT4%
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A, BEBRRER, AR PLEE RS T IREE, AN E 0 BE o 2
A=A, PEAEBEK (Hoping) S, #A)ifid, BEKZHRTMN—
SE SO B S A E O A B TR T R E TR A BRER L — AR LR P A
B — MR BT O B ER (AR EZERNL) BER, FRIEE R
i, M HEIEATERIE (Nearest Neighbor Hopping , NNH), Wil 1.16(a) 414
Bk 7N A — PR R A AR PR BT, BB 22 B/ I R O 2 TR ) AR FR R
i (Variable Range Hopping , VRH), WK 1.16(a) ¥ AH s,

. (b)

K 1.16: (a) RIEMERIEMBEKRIEIRERE; (b) EF RGP ERTOLZHKGERES
FRE KR R EE

Figure 1.16: (a) Schematic illustration of the localized states and the nearest
neighbor hopping or variable range hopping between them; (b) Schematic di-
agram of the relationship between energy difference and distance of localized

centers in a disordered system

LT Riv R;, REED AN B E;j(> E;) KA RO T MEE N

wzg = Wy eXp( 200R — o = 5717 W= EJ - EZ (19)

k T)
B

Hr ¢ AWK WA w; = 5" (g oD EIEE R e ZHRED,
AT HARBAT LS D = R? /1, RS Z KW IHIC R v LS T R 07 e

o(T) = eDN(Er) = ogexp(—2aR — W/kgT) (1.10)

H, oy BN ?REN(Ep)wo, T N(Ep) RNHEAETL BALREENFIBE T
SHE

[m

RITAREKIE (NNH) H&

AT AR RAT L R AAE AL A E S O 2 8], X BRIEEEE R = Ry,
Ry R B B, RBTIE AR R AR BUR LN ng WA 515 2

[y
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Ry = (52-)"3 BISCIRE, HimAleikb OrseEzE Wy AR, bl &

T ARERIE — Mok AR AE T LLBR B B vy 75 T RER M iR 16 /. B, 230 110 454K
WSS — R N, Bl NNH HS Rl IR A AL A s e s — 2, R

o = ogpexp(—Wy/kgT) (1.11)

2. ZEKE (VRH) BE

FEAGIRES, BT AEFRBEEMRREAIRD, JLUFEE W KRR
FoRAHBN NNHe S5 U0AEXT Y, o] ARSI B A -, F5 %7 21 7R s B H
REEZER/NMOEEEY, REBRKE. HBUEEE R A0, EFEEA RT
IR, BeE F 2 E+AE ZIHEPREEON A4n /3R N (Er)AE, FTLA, £ R; Kt
IR R MERNREIGER E; = B+ W MEE KN 4r/3R3N(E)W =1,

Hp
3

47TR3N(EF)
Wk 1.16(b) LR, Hrbe XS PRI HE &S EE N(Er) AR0E
BN

W(R) = { } = B/R’ (1.12)

3
B=——

B 112 wAANL10 iTUAES], MEEE R AR KK, ZH— i kA n &
S KT exp(—2aR) 22/, AH S IR 5 13K 26 2 00 exp(—B/R*kgT)
AR, Frbl, WAFERBARER R, HX MBI SEONZE, W

(1.13)

d

E[—2od~2 — B/R*kpT] =0 (1.14)
I SRAR T TTHE, FRATTAT A4S B S ESR R B
_ 3B 11

R= {kaT} (1.15)

W RAAAR 110, /55 VRH 1 =4 SRk R
8 /3Ba?) 1
3 <2kBT>
SFARFGYEE, 4 W(R) = B(d)/RY, 53 77377 LU 5 — ik 1k
(7 d 4 VRH o 5355550

= ooexp|—(To/T)i] (1.16)

o(T) = opexp

o(T) = ooexp|—(To/T)7] (1.17)
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M 115 B H, BRIE R & B IR T s i W, SRR
Ty, FESLHRFEN BMEAREE R R 45 TR ALEE RS Ry, AN

3B 3\
= 1.18
{2ak375} (4ﬂn1) (1.18)

1 3B (47 \?
T, = =22 (28 1.19
0 k32a<3n1> (1.19)

MIREITET Ty i, REGERNN NNH B, BHSEEREE In(o) < =T 1124
EEECT Ty B, RERIA VRH HF, In(o) o =T~ 71,

S4h, EEAZEN VRH B EEEELT RGP FEFFEH, &40
N Efros VRH # i 02, B gk 7 (70 BRIE RS & 198 FE G A B AE FH g
W =e*/ere B518%] Efros VRH HSEKIEX N

N

A PLRARRFIEIR . To 9

o(T) = ogexp(—(Ty/T)?) (1.20)
o
4dove?
Ty = i (1.21)

X BRG] TR R 19596,

143 BIEKRBINTIERIES

bR, R E WA KIS R Ak, EARIRR SRRy VRH, RS
HFH (Magnetoresistance, MR) R A E R kg . ¢ T 5k P Y
RFEH BRI (1D Wdh FHEZE R (Zeeman Splitting) M T %K
REAIIE R ZRIA M R, HEIM SR T @ AR BEOT1000, (2) MEIAIR T Wi+
(Magnetic Polarons) 1510 (3) HEL#AE M S EUEFRRIT X B e A7 1E K
i [03-06,102,103]

X H B UMEAS [FR R 0 B AR VR

1. B2 La-Mn-O AR ER;HFH

Las3Bay sMnOs fE ARG U B R Ekmirs kL, BA SR i E BiRE T,
= 343 K, HAESEBRIREL, BmEEA — DR LT, XFK T Vonhelmolt
BN, AR, =R R AEKTE SrTiO; 41K B Lag/sBag sMnO; 5
A 60% ME KA. R, 7E La;_,Ca,MnO3z1%. La;  Sr,MnO; 1%
B T ERG HPH I R
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A G PR R R P B I SR AR A, I AR A R e R A
XA B EE R 5% AR

Viret & AN, La-Mn-O & RAE—5E B X N A& = 4B TR ERIT
S, o(T) = opexp(—(To/T)7), WE 1.17(a) Fim. WEEERSRTFN, &
AL, BEREAARKERA 0.056 nm, XIZE e 7 AR EF, b
HEARRERRIE AR A () et 2 B, A

M 2
Ty = 171a° 1— | — 1.22
b 7aUm< (Ms))v ( )

REFRGERERTW Ty, Hd, U, =2Jys- S, v BRBERAAR, M, it
LR FNREAE., FRAR I R T R IR AL SR A AL, W 1.17(b) Bt
N, fE 10 T Wid FHIHHE —EEE FFEa A 1.22

T T T T T T 700 T T T T

@ - 600 F (b

' 500 -

i 400
300 10T
200
100 -

2 | I I | 1 1 0 A a (]
0.23 0.24 0.25 0.26 0,27 0.28 0.29 0.3 100 150 200 250 300
T Temperature (K)

£
T
.
1

In p(T)
TR N
p (T) mQ.cm

3t . -

P
. PRI 1

Bl 1.17: Lag;CagsMnO; HEMHEHEZE: (a) MAREHFE VRH 178, (b) LRI
Hi-& ALY L 102

Figure 1.17: Resistivity of a Lay;Cag3MnO; film, (a) plotted to check VRH be-
havior, (b) experimental data (point) and fitting using the magnetic localization

model when a 10 T field is applied 1?2

5 SRR RS F T m? — (MLY% B MC — In(o(T, H))
In(o(T,0)), WMEAR 1.22 713

MC=T"% (To(O)i - To(mz)%> = COT1(1 — (1 — m?)7) (1.23)
Hrh, C=171a°U,v, # m? N/IE, ATLEE
MC x im2~T_31 (1.24)

J3—HR E Wagner 55 A$2H 1091, A7 BLRISRARAF AR BE Ndg 52510.4sMnOs3
It L BEAT . M E RS BoR, WREAE T, LA ERy, RIERGIA % 50 T, #iH

29



B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

PR BCE AN, TR EAE T, LRI, WA AR AN, X [RINE. PR
FEAL SR AR A L. 72 Mott HYFEAH L, AR BRI &5 1 SERITA A j Z 18]
ReEZE Wi MY T — N FA PP R E AWy

=

- = -
AW, &< My - My +MW'5]\_4>i+5]\7[j+5]\7i'5 j (1.25)

1

Hot, My #9510 j GLBEAEAERSMITRIALIRIE, T 0M o OM A BT 1, |
ik My SHRBISE M, M. 7EAR 110 BERE, 5 LA

_ Po— p(H) AWZ‘j) AWy

m ) (1.26)

A
p knT

=1—exp <1 —
PA bR LTS 5
o (1) HMEHET RS, My =0, FTLLH Ap=0M,; - 0M;/kpT;

o () UHRMCTRRIAR, My > M, FUE Ap = My - 0M, + 0M,/ksT

%

hF, M., EWFH LW (Brillonin) EH B, B L4 W AEFH Apper. =
A(T)B*(qup J(T)H/kgT), Apferro. = A(T)B(gupJ(T)H/kpT) & 13 5 45
WK 1.18 fs.

FATE R T 16 2R B SRR . RALR R X R, B 5 EE
MC = AWy;/kgT, WH

(1.27)

A(T)M?*  paramagnetic
vo - ) ADM p g
A(T)M  ferromagnetic

Hor, A(T) fr& mbHZ A2, A S iR B R EOC R, Wik 1.18 Fir.

2. FRURL G 4 J8 T I 1 v B

Wk 4> JE I (Granular Magnetic Metal Films, GMMF) J& —Ffh3kEH
YA ) AN L ) 4 B RIRL, A AR BUREBEL A IR G R, H 2 NE A S
JLOTI08] NATTR I, o ORS8RI L 2R, A R BR AR L R B T
LA e b g g B091100, - RIS B () B 5 30 2 &2 JB UKL 2 T R BE 27 L e JE SR
ARALIZ AN BRI F R i RE GMME 116 i BHL.

Helman S5HG/EH BT RS, @B, RIFHMAER T Ni— SiO,
TRVURSE 1 11 46 Jo i MR v A 6 1) 87 1 P BEL 280

B B, R 4 B B B S T AR

oy x exp(—2xs — EY/kgT) (1.28)
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0 50 100 150 200 250 300
T (K)

K 1.18: MESH A(T) 5 IJ(T) BEERNZELRR, LON B &RHEUE, mME0
MFER B L4109

Figure 1.18: Temperature dependence of the fit parameters A(T) and spin
moment J(T). The solid dots refer to the simple B fit, open dots to the B’
fit [103]

Hrp, s RomBFHR2MEE, x SH2REARNBET A R EGE )8
RONERIE, A < J RIURE AE 5 22 55 UKL 18] (0 B B RS be i), B ED ~ 1/s, U
Eesy = C, RTUUKRAE S 77 55 22 (K888 Rl (190 &«

_ (C/kpT)2
5 GaRiks
o o exp|—2(C/kpT)?] (1.30)

X —#%ikR, [ Efros VRH it 92§45 5 —3,
bR R B A S, AP TERANT, A3t 1.28 BES 09
00, T) o exp(~2x5) {5 (14+P) exp[~(E2+ Eyr) /265 T) |45 (1 P) expl— (B~ Eye) /265 T)]}
(1.31)
e
04(H,T) = oolcosh(Enr/kyT) — Psinh(Eny/kyT)] (1.32)

Ht, J(1+P)s 51— P) 2RIFoR M “RBURL” BRITH] “R0Ri2” (511 E i
JrTEE CRORIL” IBERE DT TAPAT ABCTAT (P R BIRERAESR), Ey For “M
Ki2” 5 PR Z R RS, AR 1.31 Ron, IR TR BT 1A A R
K17 P47, WIRE ZASNE I By, 0T R E T AR BRI BoTAT, T

HEI LR By E X MR = —[o(H,T) —0(0,T)]/o(H,T), Ey/kgT
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B ERAE 2K (Ba,K)(Zn,Mn)2Asy 0 F & 5 W82 1 R %

JohE, REEZER (Taylor) BIFRGMT, FrLlA
MR = [Ey(H) — Ep(0)|P/2kpT (1.33)
PN 2 ] FORE A e R 72 SO By = 2[1 — (S - §4)/5%)191, FiblA
MR = —Pm?*J/2kgT (1.34)

m? = (S, 84)/S% FRMRBIERE. UL A Helman BETRE3E4E 5, B
MR FEWeHE PRER, RRE T K. BHSE5RAR 1.24 MIFR
5
MC o« —Pm?-T7* (1.35)
JE3k, Mackawa % A 92 fRFE Co-AL-O MUk BEE 4B MR 0%, 45 sk
N T ANERL [0 2 (B RAC eRE Byys TEALBRIE & Bm i S, B

G = Go(1 + P*(cos0)) exp(—2+/2kC/kpT) (1.36)

Hrr, 0 RoRBEF AN RURLZ (8] AR I AR, MRFRF AL (cost) = m? =
(M/M;)?, RIETEAL 3 7 J5 BRAE L.
WIREIEE] By, Wi SRR NP

AG . EM 2 EM 2
o= 2a(1 —a) <cosh T 1) + {P 2a(1 —a) (COSh T 1) } m
(1.37)

HH, a = Dy/(Dy + D)) FomBRER LRI SCEAHINN Ey RN Zeeman
RSO RLIRE &, X T Co BURIMEM: 4 @M, #idh 10 T B, 57N T 0.3 meV,
SRR AN 4.2 K, ST TAERE 300 K, Ey/ksT N/NE. BTl XEIAAR
JEXTHER SRR, e IE m? 2Rt A K.

RO R P R, AR S R By = Im?, A3 1.37 AT LS R

MC = a(l — a)[Im?/kpT)*(1 +m?) + P*>m* = Am* + B(m* + m*) - T2 (1.38)

He, A=P2, B=a(l—a)J?/k%

3. Zn;_CoO St B K

Co B4 TiOy ZnO 52 FAT & J HLIG B2 (R Bk WA I F A WD, | T
LAMEE) TiOg ZnO FERAEF PR AP AR L R, IR A IR B BOR
MRS, TS HET 1L
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Yan &5 AN UM, 7E Bfros BFEEGE SRR L, 25 183 F A G I3 3 AH
HAEH (Ey o< 1/s, —% RKKY ZHAEMD, S2IR9REEAR, 7T LR
& Co B4 TiOsn ZnO HENEE AN 1) S5 50 45 R

NEPE XL EF AR ES T ECHMBPLHRBZM, E, = E. +E, =
e?fer — JcosO/r = e*[ecpprs HHE X ey =1/e — Jeosf/e?, RN 1.10
ALK fift e BR A 0N

[

p = po/(1+ P*(cost)) exp(((Tv)/T)?) (1.39)

Hr, (Ty) = 8ea/esrkpe HISCIRE] (cos ) [F1ZWMIREAL IR (7 A 5%, B
(cos @) = m? TigasCog 7602 LM m — H BB 1.19(a) Fia, EE AR
1.39 WD EIR B4R p— H 4k, W 1.19(b) frx, miskiess R anEl 1.19(c)
FizR, ATCARIBES I p — H 55056 FAR BRI HEA 3

1azaot (B)
_ —— theoretical
E
1.0F (a) O 1.26x10°}
=
0.5 experimental
5.
c 00 1.20x10
-0.5 (©
z 1.32x10°F
1.0 6 —— experimental
y =
-30000 0 30000 1.26x10°+
H{Oe)
1.20x10°

~30000 0 30000
H(Oe)

Bl 1.19: WM PR Tip24Co0760, £ 5 K BEHEHBEEL: (a) m — H #Zk;
(b) HIF AR 1.39 HHEK p— H MZk; (c) p— H SLiihsg 1]

Figure 1.19: Direct comparison among the experimental m — H curve (a), the
theoretical p — H curve calculated by Equation 1.39 (b), and the experimental
p — H curve (c) measured at 5 K for the Tip24Coo7602 magnetic semiconductor

film [111]

FIRE, 3T A 139, WRLITERREES MC N

8e’ar \ 2 Je
_ 2, 2 1 2
MC =1In(1 + p*m?®) + (6k3 ) 1-1 2 ] (1.40)

BN T ST, B Je/e? < 1, W BT RAEAL N

NG

Je

1
: 2—62m2 = In(1 4 p*m?) + Bm*T"2  (1.41)

8e?a
MC = In(1 + p*m?
C' = In( +pm)—|—(€kBT)
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:/H;‘EP’ B - <2e€20;5:>§o
PA b SGT AR R BRIE N AR H FE A B Y AT S 25 ANt 1.3 Fos
x 1.3: JIMARBRETH p—T KEM MC-T KHR

Table 1.3: The p — T and MC — T in serval different models

F5 ok Inp o TP MC x A+ BT
1 (La, Ca)MnOg3 p=1 A=0,q=1
2 (Nb, Sr)MnOs3 — A=0,q LEM
3 Ni — SiO, p=1% A=0,q=1
4 Co—Al-0 p:% A#0, q=2
5 Co-doping TiO, p=1 A#£0,q=13

15 ZMENY. R &R RRIRHE

HAT L J7 S % 45 # 1 SrTiOs (A& # 2L a = 3.905 A). LaAlO3 (a =
3.792 A). (La,Sr)(Al, Ta)Os (a = 3.868 A). MgO (a = 4.210 A) &L
i, LLK Si (o =5.431 A) B, (EMEE TR, Zaki SR st
i P L (RO S b e} ) Y 1) % v #8 J2 JE R B E AT IR, TE A RIE ) S
Hp (L6128 Gt v 4o S AR RGP (L =000 (1D BEAL R A S LBt
fivE, (2) BTRMERR SR )] (Langevin) AT, (3) ERiiit.
1. NWEhiitE
FEL AT L R A Ak P A 2 5 A R B 8 A ], X kA R M 1 ok
W W T I HUREE — Ml FH L5 /R @ @4 (Larmor’s law), BUZERI: F H ¥
e OIS N FNE B A 23—, RAE S 7 — /N ariEsh, i)
TN w = eB/2m. WINAMINHAE, TS 3) P8 RN E: it
IEEAE, TS A — AR R GHL IR, TIX A ST
— /NSNS R R DA b AR T DU B 2 S PRy FR R A n R 122
__mNZe

6m
Hep, No Z RSB AN E FRENEFTS, oo m 2 HIRRET
MR, FE, po NETHSR, () BRETHTHN . B2 TR

(r?) (1.42)
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RS TS TSEmPiitt, &AL SR TR, (HEX T4gik CF
TR BPRL, A% T T ST AT DL

b IR R R AR FE R PG FR B R R, SEBR b
VERE IR B = — AR AN AR, Xt T ST, SEE b PR 1
N ox =53 x 1077, A FX IR E RN dy/dT = 1.24 x 10710 Kt
(N = 0.023%) 1%, Hudgens %5 A\ ¥ P9 5L H0REBE AL 52 5 B DL R 1 22 3%
2,

2 2
XL = —“%]Xf S ?) - Sl‘gi\ie N (%) + B/BE, (1.43)

Hrr, $—. ZOUABBZ AR, A0lERNERTFRNESHBET, F=0087
35358 (Van Vienck) WA oTER (755 81E), BRI T HEFREMRITH
Ko X E P IS RGW N —4EEIR TR, R T MR R R E, (PR
N Penn-Phillips fef) RZE—NR%E 8, W E, = BE,. A 143 %, HANW
JEHRTFRITTRR SR BTG, L, WAk 2R B IR FE I AR 26 1] LS ik

dxr/dT =2 - x, —dIn E,/dT - x, (1.44)

Ho, o BRI AL XEEE T (r) FEREERISE RS SR8 5 50R I 1
RE—B. —MEOUT, F—TOFIE, 00N IEME, —H TR F g
T dxp/dT HIF5 5HUE K.

2. B2 7 i i

F R A R, AP RN S R 48, Khalid 25 A MM R T
FESH X B2 &9 (Proton-Induced X-ray Emission, PIXE) 3 #7 J7E 0 1
Z RS L, 0 SrTiOs. LaAlOs. (La, Sr)(Al, Ta)Os. MgO. MgAlOs. ZnO
%, RMWEMIAER —FLL L EEESE R,

LV R T N ST E A A, FE 3d R )R 0 H AR A T DA
A IR E IR0

M = NgJupB,;(z), (z = gJupH/kpT) (1.45)
Hodr, A BN EUE N

2J+1 (2J+ 1)z 1 x
B, = h ~ = coth (X 1.4
Y B ( 27 ) 27 " <2J> (1.46)

N R ER NI T 8E, g NUIE (Lander) BF, J NEMBIEE
o fEmim (RHEAWRIRTS, uwpH/kgT < 1, A BN R ECO R BARE T T, S
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W DA 2 R LA, RD

_ M _Npuj _C
= T

= 1.47
B 3kgT (147)

Ho, p AEEREET, A p=glJ(J+1))3. MTF Fe ek, mFiik
ER, 3 E e - U AAEE, KRN EWHELE RS A iefsE
S HX, W p=g[S(S+ 1)z

Xt T AR A RO (D, FRAT— BRI DA P A 5 R A 3K 1.45
B A IR AR T HE BIE VA 3 1.47 THEAR 2

\
3. BRmL:
-5.0 -2.5 0.0 25 5.0
04 ! { :
T=300K T——7—P—T—7=5=1
i
Pl e
£ =
g 0.0
£ —o—MgO
Y O oal o b bt o—MgALO,
:? o pa 7A75rT|D:
& — ;
t = S —v—LaAlO,
= s 04 m ~4—LSAT [—
5 < —Zn0 L
H T
£ c
8 o i T=300K
§ = 0.3 %53"‘%
g N e fid
= =i
c
=]
T - ©
-1.0 -05 05 1.0 =

0.0
Applied magnetic field (tesla)

-0.2 fOI.1 0.0 0.‘1 0.2
Magnetic Field p H (T)

K 1.20: (a) HHESETTEMEHNENEKE R MRS AHE LR HO, #HiE
EZRMNNBEREL, SRS FITSBEERREREEY; (b) ARHHE 300 K B,
BT RS, L. TIN5 5% MRk X i 17
Figure 1.20: (a) Magnetization curves at room temperature for a thin film of
HfO, measured in a SQUID magnetometer with the field parallel or perpendic-
ular to the plane of an R-cut sapphire substrate;[3°! (b) volume magnetization
of the ferromagneticlike contribution to the magnetization of the crystals at 300

K in (top) a wide and (bottom) a narrow field range!**7]

AT, ANMTICHFERE P MR — e 268 d JUESL f FuE R
TR RGP R T, EX MR ST, IR0 A A AR 20 Rk
Mo (HZ, 2004 4 Coey FANRIAEKE R VIEFEA L. ABIEEHE 1
(12 50k HEO, MEIETE 2R~ KA B 7 P02 (il 1.20(a) i), XAR
PRBIEE T AATTEARS Je il 5 7 M 8 b G HRBR A 7 1 % R 5237,
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b, AR A BIER R (Graphite/Graphene) 129126 SiC A& & 1275 th 45 2%
AR R AFAE B0, X BN I 73X — Bk VE B & . 5ok, Khalid
2 N RS MgO. MgAlOz. SrTiOz. LaAlOzy ZnO 25 B i dof Jos 1R B 1k 1N
RIL, HMNIX LR 300 K I R A5 5 40 ER A S HIRAE 5. BEZ T
WG 55, WRATE— AW BB E S, Wi 1.20(b) Frsb,
PEZ AT NIX — & BLIE BE [F R I % i 1 Bk 5 5 5 R i ki oy [R] —
Vo BEJG, MR A FE R 6 SR 0 Ak JEC R P S (120120 g L 8 3] 1 X — 4k
WM AFAE. HRT, XAERREIE R IE AR AE i — J7 T Y HOR R T4
dHH RERRE, A A Hh (1 SR (308181 33,3728 1201 = SR A A B S S
A B938155 i 7 — D7 T FE SRS T bl T 1 S g (1901311,

1.6 ARMXMRABTNA

ARER 1 -3 DT EENGA TR SRR SR BTN, B
it S A 2 AR B R I, DA BT R R B R 1227 B L o A
(Ba, K)(Zn, Mn),As, HIBTFE#ERE. AR IATAILAE H, BL (Ba,K)(Zn, Mn),As,
NGRS, B FA 73 45 2% R B e AR 2 S 4

o (1) fEABEMAE LML, fHAARTENA EAEBEKKIE

o (2) ZFIIEZLIGHT 7R, B FIREEE P A As 4p
ZEXA1 Mn 3d B2 [ HAE A ¢, X — mib WA 1F e s -
WELF 5

o (3) /KL CAHGIE SR ARl S AR 4 SR A SRR VE AT S AE X
EAG AT B A e g B0 o0t HLBRBEAT 1 A8 15 A7 AE 4 5 78 i 01 15

REE 4N, @ T RAERE IR N R SR, AT
B, HATN T ARKMEME R, RREFEEAS TR B SIFRE S — R,
— BRI A ST K (0 U S 4 S 18 AR R AR A,

AT 5 /N, EEAG TR WA R AELE N BEPURE R BEYE 2R
PEIBHENE. BRELE AR A A AR, BRI I = A A
ST S HEVERRL I BRI R RE R, AR SRR RS 5
JHEBE AL,
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N

VB ANEL I FEL T2 N ) B, 10 ELE TR ARAE B 2 A RN, A4 R R AL
RTINS, XL RN AR P o v] REAFAE B IR A VRS2,

L, BT AR RS S E AL, AR SO T RUT TAE:
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(1) BATRIIFE R TGS AERAH 5 2 iR 26 5 R AL Z3 5 R St
ZRGH BB, RIS, X FRATHAG RAMEENL. Ar &
TRZAL R B A BB B BGER, e T TARER — MR IES
e Aok, VR M 2% ) 22 R B SR S AR A 1 B R T
Rz ERBEARAR IR,

(2) R i) 2% 1 v A BT R TR A RE R S 3 AR
(Ba, K)(Zn, Mn),Asy FE, AT, HAHLE T 2 SFEuob 4 58 o i i) &
VeI, JF B S RGN R NG SRS I ¢ BT ). A R i 2 i o R
R B, BATE ORI 1 A AR R i S I AN E R
PRI 5 AN E BRI AR R R 7 o 4. IR HAR AR L ER 3 5

(3) WX (Ba, K)(Zn, Mn)yAs, B B #EAE 5 M A is (5 5 34T 738
FEHESL I, FATVEI, RN AR 5 SRR HE P K 3E 4 TR
T & 2 AR S AL T AR IRAT s W H 3 (R A 0 R A O il
ALk, RIFARER T2, B MC ~ T 2m?; {8 RSB TR
RKKY 1 EAF R AT DR G st R E i ) s B8 25 2R 1o PN 2 L 77 T g A2 7
i R B T B SR T R A IR BRI A4

(4) N TR R A0F ML SRR RS 5, RATR GBI 7 2 F
S A A SRR B R e TR R, R HH 20 B =R I AE 5 0TV,
W TR RS SRR R R, BTN, R T —
MIBRAS IR STk, LR BRI A AR5 %



¥ 2% BEHESRMETE

B2EF BEVHESRIERZE

A — M EERIRAAAEEA, o TRM. 60 R BOR M
M EEEE . (Hd, HEAE LHCRAERD R R R LR, X+
R G AR R, AR A2 B R RIS 2. TR B S AR
ik, PR A MR TR Z H, AELENH 750k = 8370
W), FETORPVESRR), EEEEAAC, ZIAL Szl RS & KR
iz T — R R LR ST R S

21 RIPHSFTERGEMR RS

BER SV EL K AL REE B A B A M I AN AT Bt 20 R AT 3
JEONG T (1 ) AR A 132, B Bk M TR A R Sk 138, B B R LR A
LS ERE A A O S5 k), ALY R I 2 PR B T D Re AL RL, it
R LA 34 R B A O30), B EAR WL SR PSR, AR SR, TR
R G 5 R AR BUK IR AR IR A 16T PR, I 2R A S
5 T ARME by, AT AR A R T 7 s it g 197, R di ek U3 45 4R 47 2 1
Jiik, ABR, REFITERR T 9N TSR R 0 AN AL, AR bt E]
RE2 I NEAR 15 5 138,

TERERASY T, FIRAN R — M EE NPT, AR I 4R R
T, Gn g B RO RN 1390, 3 T S T gz [138: 1401420 £ SR R R T B i T AN T
BT Mehh, W2 N TIPS AR ml, o TR 805
XHARN A EEZ L. SIFER, FERAEHAD L SORA PR B A R H SR
AR, W AEZ S A8 AT RE,  JHEIBERE b 52 3] 1) 52 A EL JOPR A i 2R 15
%o FrLL, WA 5 A TR RE B TR R A R AT, AT
BHEZH %,

HAT, b g 8. s BlE s £ T EM (Glovebox) Wi
17 FTE BB —DWEy & 2 OR 3 PR SUAR 1 5 P FE AR AN — > AT DA PR i
FAAERNEED R OK 2O B RGH K. BEESLRFAmM R, Bl
EMCLmEr i, JETRIER], HEE, IR, X R AT
% B A B, B s &5, SIANTERBEARKDZ D, X
BEWE, SR, SEMEHE R LT AL £ — D H.

BT T R R, LRI RS AR IR, AT =
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Wb T AR AR, S, ez, RAREIME. RIE RS SRS T R
LA RG, ROGEFEREAAEKMEA N, i 2.1 fox, @EREK (F
T 2.2.1). Au/Pt BT (BT 2.2.2). DL TEEZ (E17 2.4.2), #ZELE
EHZEEE (Chamber) WHEATH: X STERATH (FAY 2.3.10. JRALEE, 24N
ot (T 240, RIRABREIEZIE (FET5 2.3.4) SRR TEM (Glovebox)
AT, FEMRPIER TAESERNESR. A TEIAENFENTFEHET
W2 2 A RE b A3, AR 7R PSR PERAEE (Tube) SPEM T,
CASCHLE T8 N B SR BR8N SR RN 2 5063340, dEmeRIE 7B R
Gk, AEEMKT 0.1 ppme B 2.1 PSRN EE A K B & b fiiz
AL ERNE, an eI oL, AR K B 58 i L ARSI R AS 1 5 iR 3
TR A, EARE R AR DGR R R ORI SRR
F BRI R A E KA N, XAEE R R P AR S
KR AE S SETTTAR B

> X-Ray 5. Exposure 10. Au Elfaf:trode
i - uv Deposition
Diffraction
exposure) ( Magnetron

Sputtering)

3. Spin

4. Pre-bake 11. Wire Bonding
6. Post bake 12. R-T
Vacuum 7. Developing Measurement
D 9. Remove
Chamber 3 ﬁ 1
Glove Box b0
Tube

2.1: RPEREELEET AR GG R EE

Figure 2.1: Schematic diagram of protective atmosphere system

I SRR AR A AR 1, B o ) 8 R AL T BOSAR AL (Y, XA
Zeft (BT 2.3.2)y RIS M RAE (BT 2.3.3). W35 T WL M5 5 M i fais
Ml (FAT 2.3.5),
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2.2 SHEEYIEIRAE

Hil & MR TR 2, W R RS R AT RN R,
S AMYTA (Chemical Vapor Deposition, CVD) Fl#) # S AP (Physical
Vapor Deposition, PVD). & UL i) 4 B AR B0 AR AR A IR 1K) 7 V2 1 48 W i
(Magnetic Sputtering)s BKHEOEIIF (Puled Laser Deposition, PLD). #28 Kk
(Evaporation). 47 FHA4ME (Molecular Beam Epitaxy, MBE) £, A TAEH
FH B 75395 32 B2 Bk O G U TR A 4% M S5 o

2.2.1 BOBESETTR

FKHHOEUTAR (Puled Laser Deposition, PLD) J& H A7 —FJE & it 47 1) 8 5
KT AP S DTR D7, FOE R Bk oG R 7 A A R
i, SRSEIYSis, R SE I R AR K.

fE EHEAD 60 FFEAREE — B ROLAR 1) PG k2 JEAA, Smith 55 At T
A O AR TR 044, (R Ui HR A TR SR 2 NI OGTE. B3 1988 47,
Inam %5 AN FHBKHBOCTTRR R AEK I 1 T, S TE F8 YBayCusOr_s
VR U T R R & R, A T AR IR ETIRAT A AT k. 7R AT
H PLD ZHi, =il FEMAY YBayCusOq_s 51 A2 4K 53 /b B X P A 1a]
e (1D 2Ry, TEARZEKRIE, 1 HE kR — A8 i S A
WPE, ARtz 65 s 2040 R B & 4 o bl (20 AR — AN
J5E, T ) AR A AR Il TR B Oy MABE. 1 PLD 1E4F AT DU JLaxX Py ] @,
M RE A2 SBIA, DR RE AT LLEEREAN Oy, Ji4t,
LR A R AN Oy & FE AT LLARH 25 5 M 15 i 5 TR 1 AL
P, X IE S A SRR RIS, BT, PLD MBEAKITE 8
Tz AT AEKAGE LR &R s TREY, iR EL

FATT 256 = A8 A Bk B0 G TR B & w2 AU ER . BOGEs. WOGREE
5HEiR%. mESEE A, WK 2.2 fros. BHot#sy Coherent 2 w4
P2 Compex Pro 205 B 0G4y, TAESMKE KeF, K NEIMNE B 248
nm, FEFEN 1~ 50 Hz, AP REREHRAEY 700 mJ, B KhF2E T 1]
79 50 ns GHOGThRIAE] 10 MW). BOGRKESHM RS, EREOGERDEER
e R B AR BE R KBRS, RN REAE AL R AW ) LA 2= T A1 5%
M. mES SR KR T ESSRE, Bl 7R PIEMNER
TR, HERKETTUIER] 85 x 1077 Pa. A n#as it ths] - B4 - 5o
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(Proportional - Integral - Derivative, PID) &% £ 9ok i b 3% H 48 J IR -
T2k, A B i BE 0 800 °Co

Laser

Heater&

Substrate Excimer

Laser

S
Scanner

View
Port

Target

Gas — Vacuum Pump
Inlet
\t~0 us g t~0.1 s 0t~2us 04 Us
| . Laser-induced Plasma plume

Short, high lasma (atomic Plasma plume ;. P

energy pulse P . ’ 1mpmges on :
| laser impinoes diatomic, molecular, traverses away  g,heirate. with film |
L o taf s ionic) forms on from target deposited on '

get
target substrate

Kl 2.2: PLD W& MNEHREE, BAHENN PLD J5kAKEBRE KU D&
Figure 2.2: Structure diagram of PLD device, dotted box: the four steps for

film growth with PLD method

SRR AT LS LU R LA B (I 2.2 Fir) 15147,

Lot =0 ps, FIFR @R ENBOCER DM, 80 o 5 kb #ot
FIZIZE AT LA R 10 MW RS SHFEN, SSEosEEEHE R e —
ANEAR 1T mm AR, XMW R DR S B SRR /NI AR
FLAR I,

2.t~ 0.1 ps, JEMRE SRR TR /IR R4S A I 18] A IR T K
REE, Bk, ROvER TS, FETHRPAE, BT X
7 B T UL ER R T

3.t~ 2 ps, HETEPESIFEM. R EAUEHEE T, £
RIEEREIE AW AR, R REL TR B, [N 2R
BE, [RANNEAS, RERANRT A SO R BE AN TR, T EL,
SR TR R AN T R BT AEM TR R B T AR
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4.t~ 4 ps, SEETUCPRERIAARRM, £GE MR T AR R,

fEA—FERUT R, PLD JUTE &G 22K (BfEaE. + 2
P, PRSI BRI, F AL LT L 1),

o LAEETFREYIRN, MRS 4] 43 1 &/ nT DL R EE A AL 22 4 20 0 s AR
—E;

o HEMPTAIEZE, ~ 10 nm/min;

o SEEBS TR i n] LA RE B SR AR A SR (L A il S 44

IS R

o EEMAIEFRANIIXE, MHEEHEZ (Ultrahigh Vacuum , UHV) Z|
100 Pao

SULFEIR, WARE B ),
> AR R I A 55 B 7 PR A AR/ TR R AT, ARME TR TR

> MAERIE WU & TR R R A B LIRS, XA KIRE
EAGREGE D PR L, T RE S 3 BUR AT B SRS SR 5

> 5B TP R AT AT AE R e B AR R ARIURE, R/ IO ok
B AT ARy Dropletse EAMRIAFAE ML, Kl 2 2
i R 2B K o

ARV ST VR FR B e I il 2 3 R R 1) ) 2 456 P S 36 = E A (9 PLD ¢
Feo PRI % I R AN S H0E WL E T 3.2,

2.2.2 FEITIRET

)L FREF L (@ ik U0 B AR BERIRL 1 BORE 1 AR T
FERE AN AR R TR, A rp S R T A4 Joit R D RASRL 1 1Y) E B 1 DL — S #)
NS, XM RIS BT BT ERSARY. Wi TR
RERE, HIRS& o AR T HORL 7 — OB 7, XM B O B T B . Tk
SRR TR, R R & PSR I AR R 1, RE R Do P R T R R
TR BIEE Fr A R ) — b i A K7 5
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W B PR AT AR 22 A Q081 IR AR R S5 40 23 A7 W] LA 23 B LV — W ik
Sh AR X RIS S Oy T E AN R A AT SR R (R st
PGP At oF 260 5% A5 Y S 00 P 0 Y S0 A S 1) 5 <2 SR SR AL D T I, SN
PR [ P 30N R0 S B S 8o T SRAE TS R 1R T8 ) B K B AR, A 1S ST B
TR BT RN S22 I SRR, IR 5 SRR AR R A I
SEEE A RIS AR, RSP B R AR, DO E R &
AURVERER, AT RIRTHMRAEIL AL FREC A SIS RN, 22 oy H T
BT IR R 5 2K

Gas Inlet
Target| |
View 4’/ Substrate
Port
Positive Pole <
Substrate --------------- ()\Jj\{ ( \ Targft
Vacuum
Pump _
~~~~~~~~~~~~~ ! N S N
Target Negative Pole o

B 2.3: R W B & IR E R A

Figure 2.3: Schematic diagram of the magnetic sputtering device

AT 96 = RO REAZ U 2 R ISR J. S, Chapin T+ 1974 53R 5682
His F AT B )2 BT T A% I IR 1400, ] 2.3 PioRe i T B P
B EEMT T Au gRERKTOR, P ABRATR A B AR, XU % 0
FEYR.  r IR A 7 FORBEAT B UAR, R DUAR IR R w] DL IR D -

1 FHETREHEZENETEMEL 1.0 x 107° Pa, KAKEESETRELZIAE
HIRETT, FEAN 10 Pa ZEAHK Ar R, KAT R Ti R4l

2. [FHBEREFEMIIMBEREE, Ar SO TSEBEREZER T HEE K
Art Fl e, FEAEMN e STEHBIAMIAIER T MUg e 4 L a1 R iz,
N W AR 2 Ar R+

3. b B R IR R Art SR RIER N & ® Ti 88 b, &k
KER Ti R FHIFEN A 0T BT, RS TR

44



¥ 2% BEHESRMETE

4. PR HIORE OGS T BT S R WAL R, TR Ti
JE 7 B MR, BN ARL IS, 2 BEA R T A Kk
T

5. WM AT IR AN, EN Au &JE4E, EEEIE 2 ~ 4, HlKHn—
ot < o T

FHEC T3 ) AR, RAPE IR AR IR R M. Wl R S A P
At (D BidgirmMe i M E: (2) Wi m SEMERFT, IFRK
M. KRN A LU s

o IR MRRE R ) "R T AR SR AL A S5 B TR P DU e £k (178 304
fEhizsl, KW TRER TS, JFH, BTAERERIN A2
Vi BIRAPAT IR b, XA RN, RIHIG

o HERTRPNE TP KA R, XESHE A ERIL
HEEATHEH

o RUUFRM T HIEACE, FEANMTRAE AT DIAH N AR D, S A A3 S

RS T B IT THON FIBERAR N, B bL, BEA2 IS 1 7V T LA it
R, JER IR AR A R _E PR A0

(HANT] ZBE 2, BT RN 8 1 2 R AL E ], 257 &l &
EME&@m?*&@$%%%EﬁW,ﬁﬁﬁﬁﬁﬁﬁﬂﬁﬁ%m%,%M
IR TR A4k, FRPE AR K RER 3L, KA %%, eIk
SRR LU T30 1) BRI SR 7 AT AN R 1 i)

ARSI, RIS 715 R B T U0 Au/Ti SRR, (38 e =
H il

2.3 ERFTIERE

T, EEEESRIEETE, SRR E. EERME. ERERAE. Kok
fE WE2F 5 2 R R AESS, BAR 7 3an N XC ATk,
2.3.1 TEPIR X 54675t

e I s A 4 A PRI 2 A o TR B RSOAH B R S . R B AR — 2
HAl, 5w B0 B G 4% S5 M 1 7 v 8 X P& AT (Xeray Diffraction,
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XRD): Hl#ies X Sk fiml)a, MM X HEmEZ S5mErxR, ki
HHAE it A S R AT R S B — S BR TV
X TR A, B AR O BN = Fb

o 0 —20 JH, WA X FHE B IK A (NH M), AT
SFUEE PR U7, 3T A RS — A T ) T T B8, S RV T T B8 4% 6 AT L A
(Bragg) 2z 109,

2dsinf = n\ (2.1)

o WML (Rocking Curve) i, H/o@EIE 0 — 20 HMIRBE—FrET
UPUE, IR 0. 20 fEEAENTHN GG R R R AL B, SRIGAE 0. 20 FTHE
(TR N /IR FE I “ R4 AR, 19 BIROAT I 9R AE 5 A 1) O R 1 R B
TRUZE. RRIEAD A RATH GRS 5 S B 5, X — B 51 i A i ] 40
P IR 52 AR AR 9K

o ¢ FAHE, TOuHHERE RIS, JEHE VAR (001) ST SR5 VR AR
15 e b 1 e iy AN A1 5 A AR 2 TR SR AR 260, S e AT T4l T4
i AT R RS AT S I IO AL B s B 5 ARG il il 360° T FeiF i, 19 2111
TSR S AR AN ¢ . ELpRllilr, FEAE ¢ M. 20 f
HU o S TE 1) 25 18] P 1 B AT S 08 04 8 1) e KA. @ $31 41 W] DAAS 38 48 DK
RIS FRbE, bedn, ST DUEXRR, ATLAE ¢ FHE A 2 DA A RS
90° FIAIT I,

AW TAES, FEmE) XRD WA A B 2 8 PRI oA AR A IR A = A
F=H DX-2700 BATHEAY UEALE) 5 HA Rigaku A A A=K Smartlab /&7
HERATHI CHEBRAL I D,

232 IR X Bt R 5

MR Z WG 5 (i) 5 AR SC, RS 25 HARRUG 5%
(PSR B CANREAGBREE ), U 7 SRS i M DN e e Sy J 8 O Y B T B
WEAMNE, —RKEETIETHINE WETIBME, (B X R
TN L, BRERLF RIS, AR EGE. S IR B T AN A IS
IR RAE, iifmOE X SRS, o, Wi AGE T AR ok
IV, R 3 A A2 PR s X 2k 8T (X-ray Reflection, XRR) N &—
e DL AT DAt 0] 5 YR R ) Tk
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I trt ny

Film N2

ns
Substrate

2.4: X GheR G R R B
Figure 2.4: Schematic diagram of X-ray Reflection

HL RGBS o PP B A 8 R DUE F AT S % n R AEIR, T S R IEHE W LU
Bon=1-06—i, s 5OEaxR, g 5RICER. BERITTEEN, &
b o/ 2 ~ 3 NS, MUETHEAT R o I, EEIEE 6 0 R

n=1-9 (2.2)

BT X B2, KEHEMEH T s KTFE, H 6 MERkN ~ 107 (Fln,
G0 =4.96 x 1076151), XEBRENFAPTH R n BEHU/NT 1

M— X SR MNE SNSRI R, W 2.4 B, R GEENE
H (Snel) AR, FH

T COS (v = Ny COS (2.3)

H, i o RIS AT M. BT E 0y =1, AxX02.3 7]
LS RS cos ay = cos a/nge HHIEMERIHTINZE ny /N1 (6> 0) A7 ap < oy »
Fr ARG A e 4 o IBBIEVNT a. B, ap <0, BEB WIS SR A4 4,
A B X S8R sort, Bl SO BAH3E cosa. =n,=1-46, MAFZIE
(PNEE:

a, ~ V26 (2.4)

W2 X LN A RT R oo I, R REBE AR
We.? ARG X FH4R8 Cu K, £, iR 8 = 0, M54k
BaZnyAsy (6 =9.56 x 1076152, M AR 2.4 AI1FF] a. = 0.25°, FFH AT IR
FEAEER (FresneD) AR (BAAAXIES L) (FEA RIS R - NFAEN
th, Wl 2.5 hpiR. AT LUE B SO Z A NS A G nAe R 2L R B, BT eA,
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NTRBE LR RME S, XRR MRS A — SR I K T2 SO i 1 4
X Al
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08 F \-’acuumeaanAsz J
i 5=9.56x 107, g=0
[ _ o
v 0.6 | a =0.25 -
04F 4
02F 4
0 1 L
0 0.5 2 2.5

oo
1 C

A 2.5: B ERIEER RS R

Figure 2.5: Fresnel reflectance curve given by theoretical simulation

Z WK 2.4, XRR JERAGHE SRS, A DR an R .

Lo NG X B T MU BIEIR T, —#87> X A A 2 TP R X

WHER I, 75— ERiE N BB P RGBS X R I

2. I, BIKHIE SRR, X S8 BRI FE R, S [

T X SHERE ON Ly 1y BETE BRI OS2 SO RS ST, Hoh,
BB X BEGE SN T

N XK L5 Ly WERFE RS X W2, TR, —Fw

PURAET, BIERRE MG A N = BT, B2 Kiessig T
20

- RHYE Kiessig T2 SUN AL, T8 515 2, ISR G T A 2

JREIITES 2 ny JFREE d FORRESE oo BRAN, AT DU I fedln 47+ P I e fir
Z IR AT BRI B, A~

A 1 A
d= = (2.5)

2sinay —sina;  2A«

Hrr, X R X HERRBAS, any o RPN LB HIAH I,
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AW LTAEH, &I XRR M H % & A HA Rigaka 2 7] 4 7= 1
Smartlab &7 #ERATHAL.

2.3.3 ERREDHTST T

R R R RS T ROA AR T 28 (Scanning Electron
Microscope, SEM) FlJEF )@ 5%EE (Atomic Force Microscopy, AFM). HH,
SEM EAFE & . vl fErog, EaFR . 0l LARR AT RS A
SR, HBOR RS EOT L5 3 — B T, HATC& NN
ZIMRERAE TR —

(a)
FTT T ooommsossooooo—m-meee
Electron i (b) Incident :
gun | electron :
| |
| Secondary l Auger !
i electron electron |
e ' Backscattered Specimen i
] ! electrons . surface !
Condenser Scanning | X % £ |
lenses I I'—’Jcoil i N \.JJ :
\ ' 1-3 um ] !
' L 2 !
Detector ' '
1 1

Primary = Nl

electron @
Specimen %
Specimen ___—
holder

Kl 2.6: (a) ARBTFEMESHWRERE,: (b) B 5EA&RE M KHEE/EH
Figure 2.6: (a) Structure diagram of scanning electron microscope; (b) interac-

tion between electron and solid surface

BB RSB S WE 2.6(a) i, HEHENERISHK, BF
. TR RG AP, A, L AR B e IR
K HEHENI RS =R, M5, BRSBTS U T
R (1D BIZINE, BIZETEE —MAE 0.1 ~ 50 kV; (2) MR TR 2
RRAERE, RERTHRNERLN 1 ~ 10 nm; (3) 7835w i 2 18 2 1l
T, REHFRAEMNGPRDE 48, EAmEN, RERTRIIEE W
R, SKRE—RIICFEMERUS SRR T, mAEZMES, kBT
(Secondary electron, SE). HHU ¥ (Backscattered Electrons, BSE). f#k
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B (Auger electron, SE). Rk X 2%, Wk 2.6(b) Frw. Hr, ZIkH
THIARBPERC A, BERAK, —MBEEAE 2 ~ 5 eV 1 50 eV BAERIBIRZ
NHHU T, 2P 7 2 IREEE R B H T RISk O R A MR T
W RAEARSERE (S e, EEAMET 1925 R, rIS R0 dip=
A FTHT RS R IE R T IR X B2 UM R R IR T N R
Rl k)G, Ahoe )2 s R B A 7 )2 B R IR TR B A 5, ]
FEFTCL RS AR, i, R, DPriXee 7ol X (55, HFaiaad
2 P8 AT 1 SR AR FE T IR A B FT DASRAS R O PR ARss T, HeaniB s, 4l
NI Yy AR

FATAE T A48 H 7 B A B i BB AR Oy IR TR, X E P D H
—, TIRETREEM, #RSucRpE: KT, IR TP E mERE, 5k
HRIRPL /N, DRI it R T AR BURK, A U L i R R T B 30

RKZHAR R S M E AT X 4 (Energy Dispersive X-ray,
EDX) A%, B vHERAGRIFRY X B LRaenE, AATAT PUE B RS RE %
TR H e BT VER) BB O, AR E D, EE R
MEE R LEROK

A S AE R Y SEM D H 3L 2 B AR ) 3 A F LB S-4800 I
EMAX-350 F i {X.

234 Sl&@EESREEEEMNN

FERE it (1) F A2 DI R I i, 2R i 5 K A 1) 7 =X A BRI R
P RAVE. SRR ENES. ESRREEEY, A EERERRTZ
MR R —, BRI ST . (R R R e e B
(R A2y AR R R e (D J8ad T K T O BT 25~75 pm R4 4k
RSAA A R, (2) (8 R BE TDE S Bk IE & & iR i, B e (N
150 °COH. @AW, KA ZEEER FIERCE — B (3) B
&2, D HIERIG & 2 IR 25 — AN Bl b, TERGE AR,
[l 3 e P E VI 22, (4 FIRBARFT KN TT B — S & B T F
— &R,

AR A R AR R T OB A B e 22 BRI, W oAbt R A
B RAFEFZH) WB-91D £ IhREE L.

Fitad 60 F4X Gifford A1 McMahon & B T Gifford-McMahon (G-M) i

50



¥ 2% BEHESRMETE

WA B, L@ R ALK R A PLE s, R RS T  TR GRED
(3B R AR 2 D7 1), AT VA BIRARAE Bl A A2 B e, SR FAEHEH A8 gk AT
YRR B, MR 2.7 Fros 0, G-M HAHLR RIS TG, A X
BARRE, BEfgMfEHe. B n5E, Waefe. BEFEEMmS, 2EF -
15 2 Tk A KRt & 2R 77 IR R ) VA MLz — (900, (ELIR 1] A e sl 2 AR I sl R A5 3
BT AR R IATI I, PRI ORI, A, thoh, Sl L aR.
JREMNTR, W& A B L E 0 E s

AL SCAE R G-M il A L A B ] 4 A IR B R A PR 2 = A2 77 1) KD-
C6000 fIKIR R %t, FARHIRREZLES] 2.5 K.

\%ﬁlg b

AL i
E/—% o
108 o

mEE |f | v

7Skt as 3 | G W S, i
»

Bl 2.7: B G-M il B4 i i e [155]
Figure 2.7: Structure sketch of the single level G-M refrigerator [*55]

235 KB, WA T EiHNE SR

FEARIR SR X 9 A b 25 AR T, MERMEAE B IR 2 77 57 B0 4 2
B, Frbh, ERPEFE R, RIE. SR SN KR B AA RO E
., HAl, Quantum Design A4 HZREPIENE R4 (Physical Property
Measurement System, PPMS), I UA[EIF7EARIR. &Rk P Fh AR o 2544 1 4k
RO, A BEEYBNERT, DARIER B, RERE. AR A, K
NS B Tz AY BRI R R A L

PPMS EZH MM AHEM, (1D WAL, (2) &l RSk, i
gt 2.8(a) Fas 50, AR ABAGHM B, WA, HTE. BA
Z. #AI (Cooling Annulus). FfifiE, HARTHIK =ER TRAHRAZE (4.2
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Tube

iquid Ni Magnetic Field Heat
|- Liquid Nitrogen 9 [~ Shield

Sample Space
Coolina Annulus
(b) Superinsulation
Vacuum
T T Sample Chamb
L Superinsulation | —Sample Chamber
o Inner
Vacuum
Center of N

- Vacuum

Sample Chamber—_ | [~ \S:CtSLm
Puck Contacts Tube

T Liquid Helium \Q [~—— Magnet

| _1+— Cooling Annulus Thermometers
and Heaters

t— Sample Space

’ﬁL/ i >
1
1

1
! t1—r—Impedance Assembly 15cdance
| = Heaters and
— Thermometers
Protective Cap

I~ Im edanceL /(Open to Helium)

4 1] P Tube

S

& 2.8: PPMS KIZHES PPMS (¥l &40 £ ) 3 B4 i 35 43 [156]
Figure 2.8: Structure diagram of the PPMS and the components of PPMS

probe[156]

K) HER (300 KD M8, RIERZE A MRS L2 CBUTR. SR
. — 7, AEPRAE T HIA RS 0 EE, H174 77 & 2.8(b) 150 By
N WREFRWREEE HPTi%E (Impedance Assembly) ] 42 #37E N #1424
(Cooling Annulus), ¥ 5 e AL TF &M Puck HHEHEE (Puck
Contacts)o HTHEAGIARIHAFIRA S KAEFMNINER, SiwE—#o#iE, X
AT A AE i B R IRFE T DR TR 4.2 K, &Ik 3 2 K LR 5 4h,
FHECA MALS. W AN YR, PPMS o] DLSEELX A MR B RS . Sh
Bl H—IJ7H, WRENRIREB S, "L ERK 14 T W, B3
BRIALE ] 2.8(b) 90 Hp TR, W A ] ik AT 2 0 Sk 1o,

WA S EAGIR, W T R HAE SIS P IR E SRR T (D KR
B A G 2288 5 B iE Puck (W1HBH Puck) b (2) SRJ5¥F Puck JSCE BAL
THFERIERE Puck EH#:2EE b (3) S5 IFHAT TSR E. W0 RIS
fan H LS T AR

TR T s s, #a3 T BEEAS 5 BT R AR ke &
BWNL) R HRBEESE (Josephson Junction) WIHE SR &I, #ARERES
&= T (Superconducting Quantum Interference Device, SQUID), XM&
A B I 8 N BRI B S, S E R E T TR, BB E S
PR i PR EEL i A 12 P 6 00 B8 A PN 00 A0 A o 1) R A e B, G BT Dy B T G
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BT ©=207x 107" Wh. AT HIEA SQUID B, #@IE T TW-IkY
Mg 1 (Superconducting Quantum Interference Device - Vibrating Sample
Magnetometer, SQUID-VSM) HA 5 & & As &, HIRHmE 2.907FR:
Pt DAL SE (AR L R 26 B VRS, IRIE— 0N 2-4 mm; QI8 A AR AT S B8
K (Lenz) EFEHVBARN, BAERR XA SQUID #ié&: /o SQUID Hith ks
CHNENER ERER

Signal
Sample

. - c
AAA 2
o o
Q0 + o
L + @
2 2

(1] -

=
(36103 >
Detection Coils

SQUID

Bl 2.9: SQUID-VSM il iRHAE 5 iy 77 2 1 P [157)
Figure 2.9: Diagram of the magnetic signal measurement by SQUID-VSM ['57]

LM EFE S HRZ MRS, gt s, RS, Bl
Wh A%, (EE SQUID WA E#E ST, XEESRAELME, (H2
£ SQUID-VSM 1, A DLK B FORR L BRIE A AR i DL — @ R wy 1
BIRF), AIEHREESTUE K Agsin(wet + ), 1ML bR & 2 115 5
N Vsouip = A(t) + Agsin(wot + ) + Ag sin(wit + 1) + ... o WX ANz FH
WU E 5 ARG S Bosin(wot + ) SME(E T AHME, FHAERRFFR 5, W]
DESE

/ By Sin(W()t + ¢) VSQU]Ddt =
By / A(t) sin(wyt + 6)dt + By / Ao sin(wot + @) sin(wot + d)dt+  (2.6)

By / Aj sin(wot + 1) sin(wot + ¢)dt + ...
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Horpr, SES AL IR LUE K

By / Ag sin(wot + ) sin(wot + ¢)dt =
(2.7)
ByAp[cos(p — @) -t — /cos(Zwot + ¢ + p)dt]

VB HIEE S Vequip BEMEMESHET, RG5ZRESHEMEA
RIS EAE A 2.6 FNERDL BINEE 552 BE SHFIFARN T ER
gy (—M 24 s) T DRI Hh 2s B 5

AW B0 T G S BE ST A K E T Quantum
Design 2 #4277 PPMS #il SQUID-VSM.

24 RIPSHF T EEEREER]

W S LE B B, R )R r S M S ORI, AR W R
FERHTEARA RS, Eetn: (1) 8-SR R S i A i il &, x T AA
BOR M FE RO RE ORI RO AT I &, W gRtad ok, B T A
VSRR PR, BT DAAE SE B & o, A3 A 0 1 4 BSTLAS 21 LS oK 2 58 1Y
M (2) ERPENR (HalD F5lE, ERESNERSEERITENT 58
WA EJT R R, WORMEA EXATE, WA e S iy [ FAT iR IEE
5, FTRL, B R A obs v R A e TR SR SRR AR, 6%
(Photolithography) &80 fm & id Tk

IR ) O'G Z) — G R B A D IR BROG A Z e BROG 2 AR AL
JERE i B BB (Photoresist) i By @ 22 19 B %8, T2 LAMRE (UV
Exposure) FHFIREES; (Electron Beam Lithography, EBL). Z|fh 21X
AN ABE” G TEIERE M, 20RO R Z A T AR ZI i (Ton Beam
Etching, IBE) Wi, #ZBEBHRESE, B2 RPFN “HRE” ZIkh
AR Z ke AT R B SEIHOR F 2R EANBOC N TR ZI, R
TR 3 P A B ARAE A TR KA 4.

2.4.1 SRIMBEA
K 2.1 FoRiB IR 3-7 NRAMEC IR, BARMARL TR

3. 21 (SpinD: SJEML— B A MR iRy, ARSI T, 72 End
AR N S IR B AR MR . SRl A E Y 3000 ~ 9000 rad/min,
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XoF N 3 7 B BRI R E N 40 ~ 10 pme AT FH 2N Su-8
2015 , HOuGUR, BUBRSGHIER 7> 2 8 TR FATHGE B S L B 2 3 £
4 8000 rad/min.

4. HIHE (Soft Bake): MR & 5 1 oK BRI 52 B XA b 2 T L 0 JBe i A
B R, FERE S BB AR SR R NI — BURFA], AR, &R
R PR, X REARZ YT B, ATEEAI AL, R HGR ORI A B
SRR, AT REDEZIR I e — BB SO AE ,  d R PR
d kGBI BRSO, SUUCIEE IS RIS, 7 ZERE A FT M ], A
SEEG TS KRGS FERORE IR 2 95 °C, IFTE]DN 5 min.

5. HAMEIE (UV Exposure): $RAMEE A B SRR AT S 2R E,
R MO, XA, MR B R 2] 7R Fo BOGI TE]
S L ESSE Y TS E AN I E SR AU P B 32l N 1 B NSRS S
FE AR AT BTE IR A B 58 MBI T K, BRI GN &2 2 A5
FATAE 1) 56 B B2 D DY )1 e D' LA B AT IR = 4277 1) H94-25C
R 4 gesf I

6. JEHt (Post Exposure Bake): [FIRTHEIRML, KAEEBRIEZ G, WA,
JE MR IR EE 95 °C, HLERSE]A 4 min.

7. 52 (Develop): M5 b W A0 0 B S0k 52 VAL J5 ook Py 3o 26 S zm /N T R
BRI, ARG (A28 1 min), B R FEGHE
g (AR, XR—dBEHRe NER. BE, THRAEIED 10 F4h.

242 WBTRZM

ZIR TR ANEA BB S “ A3 BIEIRAE S o A E T g v,
BT AR ZI ] DA BRI SR 258, R 2058/ T 10 pme BRI
5o

AATRZMFEEQFEE RS (Kaufman) FFH. ETBE=E. 5 T7RES
, RO RN BB AR, RECE g FAn, HU
$ﬁﬁ?mﬁﬁ &l AR, I I Bl B BE B AR A% 34 1 45 T R R A iR 2 2
il HZOEHMARERESE 7, LR EEmE 210 Prox, HI/ERR
Lo “THET ZVphad R IR R

é

55



B ERMFFE (Ba,K)(Zn,Mn)2Asy 8 F & 5 W3 1 R %

Accelerating
Anode " / Grid
Ar Gas Screen
4 GTld n
Cathode Art
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Mﬁénetic Flux Pafallel
7 T Flectric
Field
Anode .
Neutralization
Filament

K 2.10: ZEREFFREEHREHE

Figure 2.10: Diagram of the Kaufman ion source

1. BEEENFTANEE RS

2. AT L2EF I O R SO BT, F TR FLI SR AR R IR e 4T
it

3. AR TAERE, SR TR B AR R T C Art) AT, B
T NI SR L REVE R NI, 285 Rtk e 2 HAl 1 R 1

4. SPAT Y BE AR AN A R 2 T8 2 e AR BRI AT HL Y, g i AR ET
FERR R 11 A1, 5 AR I PR S PR 7 I PR S T SRS R A R B, BT

W

¥

5. #br e R IR & T PR T 22 W TR AT 22 O ST L, AR
(] A R SR 5

-

6. GlJal 7 R EL MR SR o B BB R (I RE b 3R, R B SIS E AR
b 2RI AR5, A& T R B Ja E B, T SEBLNS 2 A R A4
B Z .

AT “FE7 Z20h )R N AL R SN R A TR A J A P2 ) IBE
- 105B B4 AR ZI AL
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F3E WHEFESHE (Ba, K)(Zn, Mn)yAsy HIR

FEREE AR, A OUR A E BRI, T
CURREAE, YRR, R LA, SRR A T R T B AL
FE. ER TR, BB A TSR, 55 T, F A
5O R B BB S, AT T A B M E R B B R R 5 1
(Ba, K)(Zn, M)y Asy WA %, ik WIS AR B R, LS — b B
I 2 e 2 77

3.1 AREE

b4l 90 HARAT S, Ohno % A 67198 R FAKIER 70 F SR 4ME (Low Tem-
perature Molecular Beam Epitaxy, LT-MBE) iR & Ih ] 2 7 Mn 5 4~
NI-V M 348 (Diluted Magnetic Semiconductor, DMS)  (In,Mn)As #l
(Ga,Mn)As , KARRFIE 7 TR SR XA EREIE SRS =40 DMS &
55 GaAs. AlAs 55 IV G- SRS GTE R RS 150, Brel, fREhH Il T
e F R T A AR AR T 0280 B, TI-V % DMS 1 5 i 8 B
£ 200 KU, S0k T2 i 2011 EFF4G, DU AR DMS 44
B2 B 7R K I 39404249550 A R oA ) T-IL-V % (Ba, K)(Zn, Mn),Asae
(Ba, K)(Zn, Mn)yAs, S Ba f#32KK 702 Sc0l A5 %, BRI Zn fifh
% Mn STREIMENES A, IFH, HigmERiRELR T 230 KM,

FHXS A i, HORAPRHEVIUEDE 707 A — R A%, ten k7 N
PR T LTS, (B R MG SR B2 N B R B RS B A R B, AR
I B IR S R e AR R A [ bR Bid R H. B TAENH BRI
Gb, AN T2 A R BRI E, XA R T SRR s B & a5
PEEEAAEY B Jow e BE DA EAB G, FRATZR G s ) o5 1 B, B —
BUFIAMERT (Ba, K)(Zn, Mn),Asy HER, FFINR 7 AR S S8 B,
R FE S FAR Y BENE BT, (RIS, BT A RR A, RATE A T AR A% 4
LR ) )T 15 ke TR B R RS FR) AM I SR i 45

3.2 (Ba,K)(Zn, Mn),As, EREIHIF SR
3.2.1 ZaEEMEIRITH
A E A Bag K (Zni-yMny )o Asy 25 60 B 111 25 7 75 0 FL 9IRS

57



G REmERELFER (BaK)(Zn,Mn)2Asy FEMNF L& 5MENL AR

W4 18 A Je 7% (Are-Melting Solid-State Reaction Method), FE{# H T KsAs.
ZngAsy. MnAs. BapAs SHEIIE NATIRE, BREEN x=0.3. y=0.1510,
TATE S AR X AT E 2 S, Horh X 3208 Cu Ka 4, 3311
FTSF LR P 3.1 WA B SR, (Ba, K)(Zn, Mn)yAsy B ThGe,Siy ks
it AR 14/mmm), N 753 BAARR SE S8, RAMEH Rietveld X}
WEARHEATREE, Kl E 3.1 ROl ZpR, RATHES OB LA
SERIEE R T FIERMG 3.1, EAMRIKERIR a BAFg 8L o Bldnis 4L,
As JETTERME N BIHXS E B ZngAs, TN Zn-As-Zn BRMAL R As JETHY
PRSI AR As-Zn SERIEAC, & AT Wk iln 2B (B 3.1 #ED.

2300 e B B
2000
1700
1400
1100

800

Intensity (arb. units)

500

200
| N It Fori ey o

e i estemas———

10 20 30 40 50 60 70 80
20 (°)

=
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K 3.1: Ba; K.(Zn;_,Mn,),As, (x=0.3, y=0.15) £ &M KK XRD K%Kk Ri-
etveld 7+#r, HHECHH @GR EE
Figure 3.1: XRD spectrogram of powder specimen of Ba;_Ki(Zn;_,Mn,);As,

(x=0.3,y=0.15) is shown with Rietveld analyses. insert: crystal structure of it

* 3.1: Ba;_«K«(Zn;_yMny),Asy (x=0.3, y=0.15) U R K X G 2R AT 5 I AR AR
drBa R

Table 3.1: The Rietveld analyses results of power XRD of Ba;_ K (Zn;_yMny),As,
(x=0.3,y=0.15) target

a (A) c (A) X QAs—7Zn—As (O) dAszs (A) lAsza (A)
4.132 | 13.510 | 0.362 107.56 3.729 2.561
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FA, BEBEHEMT KX ERTEOFE WAL S
PR TE 2 R A S B R, % M 5 TE S U R k. 7 L,
(Ba, K)(Zn, M)y Asy ST A0, M0HL 3. FEH5E, 4 #0215 RIS
RRHETI (T 52),

3.22 ERABELZS X HE&0T5

Bag75Ko.5(Zng.ssMng 15)2Asy ITH N B HH a ~ 413 A, ZRFRELHILH
i A% 45 R SrTiO; (STO, a = 3.905 A). LaAlO3 (LAO, a = 3.792 A),
(La, Sr)(Al, Ta)Os (LSAT, a = 3.868 A). MgO (a = 4.210 A). Si (a =
5.431 A). MgAl,O, (MAO, a = 8.085 A) %5 % Ff 8 [ 4ef &S 10 THT Y o A%
B IR m UL, X A& SRR A () S R A mT e ke AT FH Bk
MR (Pulsed Laser Deposition, PLD) 7712, INHLIE L FATE FAEK
HEAH. BRIAAMER Bay (K (ZnggsMng 15)2Asy T

B AT RS A R R TR B RGBS 0 MR, SRS B T E LE B AN M
MR & (Holder) bo ¥EAFEMAETEE, HAHEAESEEHERS
~ 1.0 x 107 Pa.

% 3.2: PLD 4K Bay (K (ZngssMng 15)oAs, TR SZI S

Table 3.2: Parameters of the growth of Ba; K, (Zng s5sMng 15)2As, films with PLD
method

ERZH Bag 97Ko.03(Zng.ssMng.15)2As2 | Bag 02K 08(Zno.ssMng.15)2Ass
AR (C) 540 540
LR (mm) 35 25
W <UL (Pa) ~ 1.0 x 107° 5
BOtEERE (mJ/mm?) 80 80
WOt ERMIAR (Hz) 2 2

T K B s T H ATz, 7RS5BT A B4 SIS ) i 1o
B, K oEgEeH —E hlikik, — I, Xsm 7 K B4l 4
B2, H—7J5, AT ORI PO, BHlHE RN K S 2R
#l, ATPARE] T A K 84409 Bay K, (ZnggsMng 15)oAsy 5. 7T & 1) 2
W T 228 3.2 fox, JETEREN (P~ 1.0x107°Pa), K KFH%
REAEFAL (~ 40 °C), BT RIEREK K Hplfd, AKHERIERTY K 3
e R TS IRATIE SRR KR 5 Pa 72 A7 0], 1M A0 28 0 0T 2 iR
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O
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3.2: Ba; K, (ZnggsMng 15)2Ass (x = 0.03, 0.08) #RIEJRABAESRAL I X HEAT
HHig: HESHA (a) LSAT (JFEAL). (b) LSAT (FEFEAD. (c) STO (FEFEMI). (d)
LAO (FEEAD), (e) Si JFAD. (f) MAO (JBAL), Pi%EHLDHHFC x=0.03 #
JE (004) IR (008) I

Figure 3.2: XRD spectra of Ba;_K,(ZnggsMng 15)2As; (x = 0.03, 0.08) films
characterized in-situ or ex-situ, on substrates of (a) LSAT, in-situ; (b) LSAT,
ex-situ; (c¢) STO, ex-situ; (d) LAO, ex-situ; (e) Si, in-situ; and (f) MAO, in-situ.
Two vertical straight lines are guide to the eyes to indicate angle positions of

(004) and (008) diffraction peaks of x = 0.03 films

JE~ 150 'C (AR 63 CO, VLR BIAAT R K LA FrieTt, K K S5
R, BRI K S&E (30%). HTURMAR, PRk
FA TSR TR R A P AN, XA S e AL REEE 73 08 35 mm AT
25 mm.

R HORMRE, AR A B e i BRI X = S B A
AR R AR R U, R AR ] 2 5 A R T R 2 RS, BT, K
flIsesn = 7R ARMME T R RIPEIFRSGE /5 (BRI
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% 3% FM#FEH (Ba,K)(Zn,Mn)2Asy #

FA12.1), XSS T AT LT IR E ) X S 26T HS (X-ray Diffraction,
XRD) 4%, iX— pifE AR KRR R IR 2, FUAH & R — B
TR BRI, At DA PR 5w i 1 ol R R R AR RO £, T A 2 R
BT JEAL XRD 53R BoR, HEZERNHS CE R Ba K (ZngssMng 15)2Asss
A/ NH R AN EAT ST, i 3.2(a) Fis. G0SRAE & K XRD 1%,
W BN BT R TR, TR AR AR AN, T T I I S ) 5
il oL, X RORIE A K TR R, BEEEK T2, (103)
fn AT S W 2V 2R, LI PR R EE AE 0, AR TG VR W 5 30 9 I 10 £ 1) AR AL
AT JE ) XRD 3075 L BRI X Al [FI, e RH 205 B il 2R i BoR, ©
T REBH AR 7 RN AT AR, 36 TR PR 1 3 AL IR P2 AR AIE .
ANTR] B A A R ARG BRI AR E R ) X SR 2R AT W 3.2(D)-
(e) Fizme b, A2 KAE LSAT. STO. LAO | x=0.08 #HEMAEFAL Cex-situ)
TR0 (b)-(d) Fras, MAEKE Siv MAO b x=0.03 M JEAL Cin-situ) 115
un (e)s (f) Frme @A Fisg A NAT DS 2] 2 x=0.03 B, ¢ fll &% 5 ECh
13.46 £ 0.01A; 124 x=0.08 i, c 4 HHh 13.41 +0.01A,

=
H

90 1
120 60 [— sTO(110)
—— Film(103)
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‘D
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c
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Kl 3.3: Ba; K (ZngssMng i5)2As, AR (103) MEATHE (UfEL) 5 STO #HE
B (110) HfTHIE (BEEEL) ¢ R LRE

Figure 3.3: ¢-scanning pole plot of (103) diffraction peak of
Ba; Ky (ZnggsMng.15)2As, film (red solid line) and (110) diffraction peak of
STO substrate (blue solid line)
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B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

T WS HELRT A 3 AN, FRATHEER AL E T Bay K (Zng.ssMng 15)2Ass
I (103) I ¢ FA (A fsggl), HERSENXTER STO (101) T ¢ HH#
(IRt S 2R) — g i A A AR an P 3.3 BiTse AT AR B Bay K (Zng ssMng 15)2Asy
WY (103) THA PIEATHIE: HAh BRI —EFRARN (101) AT IERH
MFEIFIAAL: 175 — &350 2 AT S A FETE 45° FIMALZE, HF HigmR
DONFTE WA 53 2 —. XM, X ASHEERE 5 1 48 K 2 B AR TH P9
FEFERM (100) Bm), MmACA D> BRI ATEE RRI (110) BUa.

3.23 BEEER X Stk R

10° 3 T T T 80 T T T
60}
10'F Ew
F °
20t
> 10.2 = 0 . . .
2 0 250 500 750 1090
*§ pul se count
T
o 10'3 3 pulse count=240
104F
10-5 L 1 L 1 L 1 L 1 L 1 L
0 0.25 0.5 0.75 1 1.25 15

« (degree)

B 3.4: Ba, K, (ZngssMng15)2As, MK XRR ¥, #HEN XRR MEN#EEES
DURRBk B IR &R, A ESEL AR NFR LS

Figure 3.4: XRR spectra of Ba; K, (ZnggsMng 15)2Ass film, insert: the thickness
of thin films measured by XRR with different number of pulses, the red solid

line is the linear fitting with a fixed intercept

EHE T, HENERESH dAEFEE, X HELRH (Xray Reflec-
tion, XRR) FJUAPUIE. ToH. mks RSN EE (TS & 2.3.2),
DU ECN 240 AN AKAE STO B4R B Bay K, (ZngssMng 15)2As,
IR ) XRR W& E 3.4 Fros: &RHAN a. ~ 0.28°, XIE KT EHE BaZnyAs,
IR AE 0.25° 0525 Kiessig #5106 (& 4 R 2R FrbRic) [1-F i 2
A~ 0.24°, XFRIEERERE d~ 184 nm. & 3.4 HHENIETE XRR FiEE 3
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% 3% ¥ FMH (Ba,K)(Zn, Mn)oAs, HHE

A K 0T SRR S (R T80, (RN 0 B LT DUR LA
VT JEL R S TR R R T e &R, X A A U T IR A K A I 1) | A R 4T
(35501, X AR FRATT AT DAIE I ik i Bk Al B0 TR B F 5

3.3 (Ba,K)(Zn, Mn),As, SEIRAEAYIEM R

3.3.1 ERMFREMERSES TR

(P=10° Pa)

. 4 5 o :
AccV  Spot Magn Dt WD e D im

1 I
10.0 KVH0 - 40000x JED 42 = . 0 2 4 6 8
; -~ . e o . .

3.5: (a) (Ba,K)(Zn,Mn),As, ¥ SEM B F; (b) M (Bulk). KEF XK
(P=5Pa) FTUMMEBEEREST (P=1x10"° Pa) 44 FHMRMHER EDX i,
B ptEDh EDX BHE&/EM K 0088, 26FEEELRCT K TR Ko i
fiE X G Zext N e R AL E

Figure 3.5: (a) SEM photo of Ba; K (Zng gsMng.15)2As, thin film, (b) EDX spec-
trograms of target(Bulk). film deposited at low vacuum (P = 5 Pa) and film
deposited at high vacuum (P = 1 x 107° Pa), three pies show the percent of K in
these samples, the red vertical straight dot line is guide to the eyes to indicate

the position of the characteristic X-ray of K Ka

—Ji 1, 1E Bay K (ZnggsMng15)2Asy 2, K B4 & &0 T F 5 )
BEVEAR R MmO 55— T, AR T R T, KO B0
& L2 Uk, Br DA A i K2 SR O A 10 I A B R )
Hf 7 B8 (Scanning Electron Microscope, SEM) H L& 1 B8 &= € 5L
X #¥2k (Energy Dispersive X-ray, EDX) #& {3 ig HL 7 25 o5 FF fb R 1H K
HHRFIE X SRy Re s () SRIES AR PRI u R A m, s A
RAF AR HERA I & u 3 1 H 0 & . R B SR B SRR T, SRy
—— NPT RAE, A LLECD EE EDX 26 TG S A
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G REmERELFER (BaK)(Zn,Mn)2Asy FEMNF L& 5MENL AR

M TAEKAE ST B AR SEM A1 EDX %6, 1B Nxtth, FATR
i [ Ba; K (ZnggsMng15)2As, % SELM I EDX 286, B SEM i &l
3.5(a) Frzx, SEM BEH 1 pm 7o 45 i 5% SO0 B g BT ) Droplets. B
3.5(b) MK KB /R T #EH (Bulk). fREZ (P =5 Pa) PR, &HES
(P =1x107° Pa) JURE M EDX %otk i) EDX i FariE T
Ba. K. Zn. Mn. As Z0% X H2k K 80 L Bpf00g, R EDX %tiE£2 H
NZ 7T Si &M K FElg, Bl xt EDX %61 4 ik il & AT LA R K
W AREE, WEHRIIEEE O XN, RATULGS @B e K 8455
e KGR Zinid T K kR X SR Ko SRR IR

3.32 AENKLAERABHEZR

10° T T T

0 o e STO
o e LSAT
o e LAO

ERTTTTY EEEERTTIT BRI |

)zAs2

0.15

(Bal_xKx)(ZnO'8 5Mn
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7 7 7 L | ! L
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B 3.6: A K7 STO. LSAT. LAO %# Kz L, RAAFH K BRETEN
Bay_ K, (ZngssMng15)2Asy  (x=0.03. x=0.08) ¥ fi5 ) e BH 2% bt 15 FF 25 Ak b 2%

Figure 3.6: Temperature dependencies of resistivities of
Ba; Ky (Zng.gsMng 15)2Ase (x = 0.03, 0.08) thin films grown on STO, LSAT, and
LAO substrates respectively

BAERIFTERIRLE S RGPl E T AR K B4 (x=0.03, x=0.08), 4
KAE STO. LSAT. LAO #JE_ /) Bay_ K, (ZnggsMng 15)2Asy 78R 1) HLBH 2 it
BEAR L, W 3.6 fiox, HA, % x=0.03 HREEKT10 K K, BHEEE
T MERR. B K BRIEE (x=0.08), RIH T ERKBEHEE, Mt
T K BRMEE (x=0.03), EEMNRX FRHEREK L~ 2 MEXR. FH
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% 3% FM#FEH (Ba,K)(Zn,Mn)2Asy #

PITE REL p oc exp(—E,/2kpT) W LLAEHE I HI & iR X33 (150 K ~ 300 KO
fORLPHR - B IZE: X T K B2 x=0.08, K STO. LSAT. LAO #JiK
R RERR E, WK 27 meV. 32 meV M 22 meV; % T x=0.03, 152
FIHEBRES A ik, 031N 50 meV. 42 meV M 42 meV. HEEFIFERIE x=0.08
N x=0.03 B 53 51 204 24 T BE4A BaZnyAs, HIBERR B, ~ 200 meV IO f) 1/8
F1/50 75 DR (1% 2 7 1Y) H B 6 it 2 [R) 22 it B 11 LR 28 il A A AR R )
Dol iR 300 K B3] 2 K, HEKHBEHEE EF T 2 ~ 3 MER: mxtT
Zih B, 2 K ABHZEY 300 K 1 #BH AR ELAE A 2908 2140490, GX AT e
WRE Bai_«Kx(ZngssMng 15)2Asy 1T EALEIF 2 56, B85 P REAE L& A
ZNGR

3.3.3 ARWELHERNEES

40

‘i ! ! (a) ! FC ! H1 Filtln Plane <
—E ——ZFC  H LFilmPlanc =] 30
T T T T T
4 - ! ! (b) L-* FC ! H/ Filnll Plane = 3
. . T T T T |
0 ——ZFC  H//FilmPlane _] 4@
b L 2 H{—=—H L Film Plane —
E 44 ; — — {—— H// Film Plane pusspmpomeromeem)
= 4 - © FC Substrate Surface™] ~ 1 o—=— H// Substrate Surface ]
S 0 _% ——ZFC  Substrate Surface _] § .
z 7 N 0+ %
£ -4 > o
2 A T T T .7 — 40 = :
£ \\ @ ~——FC ' HLFilPlanc ] 14 rd 1
= _ —_ H L Film Plane _| 3¢ 3opggecocaocsacaRsclhs /./"
Y 0 ; -2+ -1. . :
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2 N 3 () ——FcC H // Film Plane ] -3 1 T T T T T T T T
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B 3.7: (a)-(e) A MFTHR THMBRZREEZ M. (a)(b) KA LSAT £
K B8 x = 0.08 #EE, (c) LSAT HEAK, (d)(e) H (a)-(c) M55SR
(f) HIEH MBS LSAT B8R FL, BB R R 8K

Figure 3.7: (a)-(e)Temperature dependencies of magnetization measured under
field cooling (FC) or zero field cooling (ZFC); (a), (b), measurement on x =
0.08 film grown on LSAT. (c) measurement on LSAT. (d), (e) signals of the
films deduced from (a)-(c). (f)Magnetic hysteresis measurement on the film
sample and magnetization measurement on LSAT crystal, the inset gives the

enlargement of the data
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G REmERELFER (BaK)(Zn,Mn)2Asy FEMNF L& 5MENL AR

VR BB AR DN, KA 4 x 4 mm? BRI B R EIA# 100 nm
) Bay K (Zng s5Mng 15)2Asy MR EAH 6.3 x 1076 g, X AHXS 48 i 1 i
B~ 3x 1072 g EANWZ, TS AR T NI A, AR AE
AR BUG MR, LA (A2 DTS 1.5), BriL, SRAGRE i ) B
GO E . B 3.7 (a)-(b) N K & &N 0.08, AKAE LSAT € L1y
Ba, K, (ZnggsMng 15)2Ase AFEM I M — T 155, Wi3AHR77 1753 58 1 H i
BERTH (a) FPPATHERER T (b), LA AN MK RIAE (Field Cooling,
FC) FIEA (Zero Field Cooling, ZFC), ALK/ A 500 Oe. N T 15
FIREH MRS S, RATFEIR & T LSAT #HEM M — T 55, W 3.7(c)
Fim. HEFEREIMGES (a)s (b) B LSAT MEKRES, BABIERN M - T
&5, Al (e)s (f) Fiam. FATTLAE R (1) WM 0L 8 B2 B 2
A S, AR BT 1A N Bay (K (Zng.ssMng 1s)2Asy IS REALTT I (2)
fE ~ 250 K I, ZFC #iZ5 FC HI/ 5, X AT Aebr E 5 A7 A2 3 P L i
A2y (3) ZFC WIZAE 160 K B P IS8 T F, X mwas W RefA 1
H e (Spin Glass) 45, HIEIEASTEFR KR Ba(Zn, Mn, Cu)yAs, P,
(Ba, Na)(Zn, Mn)yAs, P4 s IE B A7 7E. BT UL, TR 0] B A7 7E H IR BRI AS
S RMEAS AR 73 B

[F] —ANEERRE Y 2 KB IR R G an i 3.7(F) B W8, B =
O3 ) T Sy e LT TS TR AP AT T AR TR R (R e, A R BRI A
FARELA () LSAT B 4 JE PRI R [E1 26 mT UG 281 346 B ) s 1] 28 [ A -3
JEMZE—FE, #ERIH Bay_ K, (Zng.ssMng1s)oAsy T R &A% 1) 534

SAEKEAFRE L. AR K S 81 Bay K, (ZngssMng.15)2Asy 781811
EE TR, WS RS IE R LR - IR (M — T, 500 Oe) 1
Kl 3.8 Pion, WIS A A AL SR - Ridpa i g (M — H, 2 KD
K 3.9 FivR. WEREMIRLMEAS 5 T DUR I — Sk iE S & DUE T b LB, BT
M — H &5 R E S B MR M RIRBEAE M, S H, 5F,
WATIEAE M — T hderh g LFEHR 55% im0 SR T, A1 2 K 15 300
K AR 2 AM, 25 REEFRINFN 3.3 Fir.

Bay_ Ky (ZnggsMng.15)2Asy 8 HRLE#E 37 o0 2R D0 B 2 A WA & 2% 13l 2 12, Bl
BLH My EH IR R T AN AN AT B R TR 25 A TR M — T M — H 45
R, BOHRMA SHAREMACHSE, AM. M, M, {EW3% % H R
MR T BUEE R, &AM 14 1%, A 1.5 5. 534, A AT e
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% 3% FM#FEH (Ba,K)(Zn,Mn)2Asy #

\
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M "'\: *=
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K 3.8: MBRHENESE, ARKERERESSEZTHA T M-T #igk, H =500
Oe, WipTEHEB AT THEXRM: (a). (b) KA LSAT #E L, K B4KE RN 0.08
v 0.03; (c) K STO HE L, K BRKERN 0.08; (d) KA LAO #E L, K
BIRIKEN 0.08

Figure 3.8: The corrected M — T curves of different films samples, under field

cooling (FC, hollow dot) or zero field cooling (ZFC, filled dot), the magnetic
field is perpendicular or parallel to the film plant: (a), (b) x=0.08 and x=0.03
films grown on LSAT; (c) x=0.08 film grown on STO; (d) x=0.08 film grown
on LAO

e FL RIS, ZFC ) M — T #iZk5 FC 1) M — T [0 B Ton T ]
LB H, S5 WA ECE T R 1 Xl

BATRI, 2 K FKREM 0.08 B2 0.03 I, TERLIZEE T HER NS
PR S AR AR /N, TAEREI AT T 3% TRTIN45 28) 1) T R p 1 2 B0
AR K. etn, iy E T BRI, M, N x=0.08 B 0.14 up/Mn 2524
x=0.03 B[] 0.06 pp/Mn; 1024135 A7 THBER IR, M x=0.08 F| x=0.03,
M, EI 0.01 pp/Mn BEKENT 0.04 pp/Mno 3 725 8 5 R 104 5 45 1) S M
x=0.03 I ELTE x=0.08 B 55192, K HBERHD S As 4p $UES Mn
3d FUIE Z A A A BE 1S, FRATTUCHIE & & 1) e (AR B AR 59 T e 51X — J b
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B ERMFFE (Ba,K)(Zn,Mn)2Asy 8 F & 5 W3 1 R %

3}  Film(x=0.08)/LSAT L Film(x=0.03)/LSAT
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2F
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B 3.9: EBE: ARKERERSHXFE (BL £ 2 K TH M- H #iz, ¥
FTH (LR BT (AL THERM: (a). (b) £KE LSAT KL, K B34
0.08 . 0.03; (c) K7 STO HK L, K 44 0.08; (d) £KE LAO H&K L, K
BN 0.08. T EUNTEREES XIHIBUK

Figure 3.9: Up: The M — H curves of different films samples and related sub-
strates (dash line) at 2 K, the magnetic field is perpendicular (solid line) or
parallel (dot line) to the film plant: (a), (b) x=0.08 and x=0.03 films grown on
LSAT; (c) x=0.08 film grown on STO; (d) x=0.08 film grown on LAO. Down:

the enlargement of the up-figure
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% 3% FM#FEH (Ba,K)(Zn,Mn)2Asy #

SR LA 95 Ko
i% 3.3: Bal_XKX(Zn0A85Mn0415)gASQ Eﬁmmm“%%%

Table 3.3: Magnetic measurement results of (Ba,K)(Zn, Mn);As, films

Field
Sub. X Ts(K) AM(ug/Mn) | My(ps/Mn) M, (pus/Mnn)  H.(Oe)
Direction
1 250 0.075 1.50 0.14 204
0.08
/] 35 0.014 0.21 0.01 71
LSAT
1 200 0.043 1.08 0.06 154
0.03
// 165 0.020 0.47 0.04 154
1 250 0.061 1.13 0.14 503
STO | 0.08
// 20 0.028 0.29 0.02 220
1 105 0.030 0.68 0.03 204
LAO | 0.08
// 20 0.018 0.28 0.02 143

3.4 (Ba,K)(Zn, Mn),As,/Ba(Fe, Co),As, FREEHHIE

IEH & R 5T AR 57 2 A B RR AR 2 48 ZL R S 4 (Andreev
Reflection Junction, ARJ), W15 IE% 5 )& i L 7778 H et b, B etk
s [ B] AR g5 i Sl 2k b, d@d B A o BT, ar DA
it £ 3E T B e AR TV OB R AR B A, BT e AR
(it 7 B G D R AR A R BAT6T8TOL (R, RARAAAEIR Z i (1) R
WA S, H AR R A i BRI A 200 K (2) ARJ Wid
(R bs P AR AR AN T R — R AR 45 A, X520 1 A A ) ST )
PRA R R, T SO T 1 B R I B AR AL R 2 KO B U 1
AAETT BN B 2017 5 Zhao S5 N2 1 B (Ba, K)(Zn, Mn),As, 5%
AR S B FURE S P MR s A ARJUOY, (ELFLAR SR 9 AR [ H e Jo 44
153 55 (1) B AR R 66%, IR SR AN 8] TS SR AT fidt ke

A SCH AR 21, A B A 1~ T AR — A E B St g 5 2 R T RE
PAORE AR AT AH R 0 i A% 45 44, AT A S A% H A BLEAT ThCr,Sip &% 45 H
(Ba, K)(Zn, Mn)yAsy N, HEEEE T Ba(Fe, Co)pAsy (T, ~ 22 K102, Jz
ML EL BaMnaAsy, (BMA, Ty ~ 625 KIS HEA R R S 251, B
WRBCHARLE 5% LA AMEARR, I8 AME A AT vA ] 4 1 IR AR B
R4, ERMIE R gk, He R R B A n] PLAEAR A XA 15 R
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B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

e DAMHEE AR S8 A0,  EIRTTRIEEN ART FHE, A
KERLENR T 2 FEGEIETE, KSWRMPERA e, #Ema T3k
e 4 B et AL i) B et
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B 3.10: (a)-(c) £ K & STO LM & F (SC) Ba(Fe,Co)pAs, W .
W ¥ 3 & (DMS) (Ba,K)(Zn,Mn),As, ¥ K 5 % # ¥ 2 &/ T (DMS/SC)
(Ba, K)(Zn, Mn),As, /Ba(Fe, Co)oAsy R4 XRD i, (e) =MHMEK XRD i
FE 20 = 25 — 29° AETEE MK, (d) 4K 57 5SS R IR 5 R O & ith 42

Figure 3.10: (a)-(c) XRD spectrum of the SC Ba(Fe, Co)2As,
film, DMS Bay Ky (Zng gsMng 15)2Ass film and DMS/SC
Ba; K« (Zng.ssMng 15)2Ase /Ba(Fe, Co)sAss  heterojunction grown on STO sub-
strate, (e) XRD spectrum of these samples within the scope of 20 = 25 — 29°,
two vertical straight lines are guide to the eyes to indicate angle positions
of (004) of the BFCA film and Ba; K, (ZngssMng 15)2As; film. (d) Schematic

diagram of the timing and temperature of heterojunction growth

FATE STO gtk b, BRI EAEK T 50 nm EE R Ba(Fe, Co)yAsy
WEIE, ARG JRALAMEAK T 100 nm B (Ba, K)(Zn, Mn)oAs, EE, D] %
T ARG A R R R LA, A A KR 5 UORR K
3.10(d) Frame B, ¥ STO HEAEEMAR] 760 °C, VIAH —Z ek 31k
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% 3% FM#FEH (Ba,K)(Zn,Mn)2Asy #

Ba(Fe, Co)oAsy HE; SRJG, FHilIRIEACKH fo IR FE PRI N B2 540 °C, YR
B ERREE SR (Ba, K) (Zn, Mn)oAs, [T 5, KRR 2 300 °C
IBK 30 min, KA E 045 145 5 T

F A ) XRD a1 3.10 (¢) Frox, fENHES, AKAE STO B K L
] Ba(Fe, Co)oAs, S (Ba, K)(Zn, Mn),As, MK XRD EiE 510 3.10
(a)s (b) Az, B bRIC T A7 S B S e . (R gD AN () 1Y)
e TR 4. A 7SI B R R e B S AT O I S g — E AT O R, 3R
AR T R (004) SHTEIFHEAIAE (20 = 25-29 °), #0F 3.10 (e) Fias, M4k
e H 28 BIFRIC T Ba(Fe, Co)aAsy F1 (Ba, K)(Zn, Mn)oAsy (004) & 1H % B AT 5
U PRI, P DA B PN 2 AT 2 JE W A A i AR K, I L 5 A5 I ST S
U FRYUEE A7 15 25 1 — J2 TS ) R AT S 06— — S I, 150 B RATTAA S e Dy b ) 4% 1
A0, PR R A1 S 3 B ) S o 4

HAT, FRATSE BT T H S5 8 AR 5] B R~ 544 I 5 kB e 3
NEER AN E S T 2, HFAE XRD B R T AR IFIAME R R, WiTEiE R
JoE 45 JLART A 2R ke SE B B AR AL 2R (R &, DA B B G v T A 1) A B ) 152 164)
& NI EE TR,
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B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

3.5 KB

i BRE ik 230 K BT MG S48 (Ba, K)(Zn, Mn)yAsy BT
J B Pk B =R ARG AR TR AR, I B BB RS AT R
A LU AEAS [F] G s b, 23 iR A EI T R BT B 20 ok SE, A2 )
H BRI AR B SR R SRV, A, TSR ZH A D Rest
KR 584 A0 B I g5/ AR I (1) S s 24, HAE i 7% BN H WA BRI
(=WAP

AR, BAEZ P e i R Th i 4 7 AR, W AR ¢ RiE R A
AE IR RG-SR Bay_ K, (ZnggsMng 15)oAsy R, it XRR A & M 5,
it EDX #i€ K B3R5 &,

Bay Ky (Zno.ssMng.15)2Asy FE B HEEZ N E BoR, MRS K K& E
A3 OB, T AN [ R ARG T ) P BEL FE S RN K, S Ak, LA b f F BEL
oML S 2. BRI - R EA 5 KA.

ARIEZ TR B AF K B33 ER Bay (K (ZngssMng 15)2Asy K]
MEAL 2R, Wi 2RI B (D) AT KBRS Rk
W A ¢ JhTT s (20 K BB AN [F] 0 i & 1n) S A 5 55 A £E 52 1o

FAN, AT & T AME R (Ba, K)(Zn, Mn),As, /Ba(Fe, Co)aAsy 5 i
g, BATNNHATRe A R R M I, XN B IRRARER B R 5 3%
FHE BRI T
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E4EF (Ba,K)(Zn,Mn)rAsy HEPR N HFESHREREEHS

PR A B~ 3 PR 1R 22 BT PR B~ AR B R AN R T 2L g B 5 H i
BT LUB AR AR SRS AL L, 20 R AR e 3 AT B 4ok e, 1X0
JE LR BE R AR 0l AE TV ARG S, 8 S B R |
PR O, MR R EAR L SR P AR IR A e, B RASUE
G B R e ) 7). AR B ) AT B R AR L AR (Ba, K)(Zn, Mn)oAs, ¥
R AR RERRIE W R, MR R S AT E A R A PR, IR i
T PRI 3 RN R SRR FEE e S B P PR

41 RE=

H LA (Ga,Mn)As NAERM TV EHM# -S4 (Diluted Magnetic Semi-
conductor, DMS) #RILLLKR, AN TFIREBEALFES FP )R IR 117165 Fig
o HLIRLRE vk (018, 160166.167) - AT 7 LRSS 7). BT M iR RHES
WA, NMURME T BB A, R4 7B, XITCEERIN 1M Mn 5
TRIEERBL BRI, B4h, T Mn (AR A, 2k S0k L AE DL
WERTEASAEAE, X IRORBR S 1 Ay 4R A T BRI T B

2011 4, —JEHBM. DABRRICR B IM L SR R B0 BRI, RS, E
) A2 AR Y B4R BaZnoAsy AR Ko Mn, AMTRIL T SR EEA L 5
L MR (Ba, K)(Zn, Mn)yAs, 10, Hoig B AT LUEE] T 230 KB, 5
VLIRS, BFEZE (Zn,Mn)As, B) SR TEE ((Ba,K)ZE) fE=M L
FIH 5B, (Ba, K)(Zn, Mn)oAsy F1 Mn?t 2 8] A EL AR AR 5o 4tig, Xl
AT EB TR ER S, BTl (Ba, K)(Zn, Mn),As, & HRIE. SHri
RERPRL 69,

HAl, %tF (Ba,K)(Zn, Mn)oAsy WHES FPHEHL, AT 1A LR L
M (1) [ -V i 068) 8 111-V 1097 DMS —#£, (Ba, K)(Zn, Mn),As, DMS
[FIRE A R R 7 S KAR BRI Y 564+ 65, 5236 F (Ba, K)(Zn, Mn)2As, %
aPRIR (2 KD Wi Son, BMEERm s (7T NSEEIRB AT,
I H, IR ST B PRI RLAE CH ~ 1.5 pup/MnlY, /N T i
BF Mn?t (S=5/2) FIMIFIRERE 5 pp/Mn, X—IRIE (Ba, K)(Zn, Mn),As, &b
- 7 i (LOOLRD B o O 25 B AR A AR (2D OB P R 18 I B AU ) e ek 1
Z A H: (Superexchange) 1EH], #AZHAE AN ZHEE K BIRERF & IHE
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K, HBEFE Mot Z [A]BE RS AR KT 2 e A2 /N6, (3) 7E (Ba, K)(Zn, Mn)sAs,
fRZ T As 4p 55 Mn 3d HUBEAFTERML, As 1 4p 575 Mn [ 3d 2181 p-d
AR, RZFET Mo WKBERET, X —1EREFNNEE S (Double
Exchange) 1EH ), Wi#E 11I-V j& DMS H, #{FR{E Zener p-d #iAI 1T, Higg
W2, ANERZ (Ba,K)(Zn, Mn)yAsy IS HAEALIL & 1I1-V ML S 0
[¥] Zener p-d B, HUHF RKKY 2 #HfEH TSR FE—AA, /& RKKY
fE kp — 0 BIEL, X WARRE T At 4 FF S A B WA PP 1 5% 5 0%, s
E, (Ba,K)(Zn, Mn),Asy £ fit As WGL AL X B EHEIA — 5 (X-ray Magnetic
Circular Dichroism, XMCD) &7, As 4p PUBAFLE S 2 W HERE J7 [0 A8 S R G
F, X IESZ As dp 25 7CHEIE I REAL 45 BT, IXHWAE T As 4p 25705 Mn
30 WP AR, B T, 0.

DMS 1EN— B IRk R 3K, FREH LB R RS iE: K3
eI, TORBEHAL TR, BT T EEE: MBEE SRR, 2ok
REBOS TR R L%, B T4 T RS, £ -V ik DMS k&9, 7E155%
WEAR T IR FHE p. B, 2RI T4 T 2484 (Anderson) &IOS, 1
m T pe MRICAY RSB0, FiAR, Mo BREMK, Mo*t @16
LA AT 2R, BANREE S B M2t Z B ASHEe S 2 ab T
A, Mn BARER S, Mot &7 Z A -2 B AR/, K 8N ek
FEFP L. PR Bh, B3R5 DMS (5 BIRE T, A4 A7 AR w4 10017, i 78
(Ba, K)(Zn, Mn)yAs, W, ffH K A% Ba #ATHmHBAE, A Mo K Zn it
THRS 2, MIBRER K $8KE—Hitm 30%, X T, #RIyHIH L
Fi-[40]

R PLD JEAE K SAH. Ba4MER) (Ba, K)(Zn, Mn),As, 75 199 [F %
dn 0L B 0T g R - TR 2R BRI OR I ZE e, EARIRA, TR B
RERMWZ, HESTAWRENEES. SRR, R N s 8RR,
FHY T P9 77 0 T BRI 7. EFX) (Ba, K)(Zn, Mn)yAsy M8, A TAERHS L
NIUASRGE: (1) T8RS A REA L H 2 &, 5 5 o A T P R AR B Bk L
KPR T tegl; (2) il (Ba, K)(Zn, Mn)oAs, DMS 8 5 H 732 74 57 1
SN, ESLEBALHEA PR (3) 1WiR (Ba, K)(Zn, Mn)yAs, DMS {8 5 52 45
SRR, JEER e T, KA RER AT,

42 SEBAEE
M B RV R BRI BRI B b, i TR A R LA R R JE R 2 T
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% 4% (Ba,K)(Zn,Mn)sAso #FE 41 b /1 % 3 B9 Z1E R AL

4.1: HHEERSREHME R 5NE T ER=E
Figure 4.1: Micrograph of Hall Bar and schematic diagram of measurement

method

INT 3~ 4 ADNECERAE AR B S KRS 5, R4 B AR T
JRE ) B L SR S I, FRATE SR B IR B A IR TS e T 2 A A
B R A RS B AL HE P B PTRA . B2 T (Langevin) WYL R RE . i il
Ao AN [R] LA TS B 2 B b CRAR AT ILEB5E), AT A I A B Ak B A RIS
3 W HE A B WA 5 By, AT AR . BT A, JRATTIN & 1 A A AE el Bt Aef
JIK E1H (Ba, K)(Zn, Mn)oAsy #E, FF44 300 K B 5 S1EAEIRGES. W
PR & 42 7 Quantum Design 2 7] 42 7= 1 5 & F WA - R FF g om i
(SQUID-VSMD Bt bo #pXEDIMN -5 T 2 +5 T, RIGREN 2 Ko

N T (Ba, K)(Zn, Mn),As, WA BAREVERT, AT EBEAET K. T
BN T 0.1 ppm D KIS NEHTRUIN L (RAARZ W ET 2.4), ERWE
4.1 Frw, BFEIRSEON 500 pm x 200 pm, SEANHEG T, FRATTA] LR B 3RS )
B R, MIZAA HRE R,y HLAE A Z/E Quantum Design A ) 4E 7 K2R &
Yotk e R4 (PPMS) 2 Fo fIzIXEFEFEAM =5 T 2 +5 T, SRAGREN
2 Ko

4.3 (Ba,K)(Zn, Mn),As, SEREH R SkHLF SERMAF RO SF

BATNE T AKAE RS Si 4K 0 Bay K, ZnggsMng 15As, (x = 0.08) #
JEAEA R R . ANFE#EIS TR (H L plane A1 H // plane) ) M — H Hf
%o K 4.2(a) IR T W EFEIER T T A ERRER RS M - H J3
GEMh S, R, FERRICAPUHLYE, SR EER AR TR A IR
X, BRI RERILLR, PRG5BS IEE, 20 K M3 5%

75



B R ERBEY FH (Ba,K)(Zn,Mn)oAsy H & & 5 4 M FUAT

2 %0k _ ;; ' '
-7%%40 ® 3
=1 4+ 0.2 12
£ 0.4 &
o 1050 05 1 11 =
1 g
S0 10 =
X ) A 2
g-1f 0.1 p7 2 =
H L Plane™-
H L Plane — 2K T K hery 420 2 4173
_2 L L L L L - L L
© Data I %
3 F(H) Fitting ~ © @ 3
—_ 2 AFM part 12 _
& ——FM Part &
= 1f 11 =
£ b
2 1-2
H // Plane
3 1-3
4 2 0 2 4 -4 -2 0 2 4
H (T) H (T)

K 4.2: (a) Ba; K, ZnggsMng 15As; (x=0.08)/Si #BEFEMAIAFRELETH M- H #
4 (b) BERIANEEAL KNGS, LOMEREE 2 K. 20 K i M — H &4
3O, AEEN R, SRS M — H M&kE: (o) M Flz) B
MR 2 K, H>25T KK M- H WE&HETHE; (d) F (c) HFEKTTENE#
AT MIEREN K M — H B

Figure 4.2: (a) Raw M — H curves of Ba;_,K,Zngg;Mng 15A8,(x=0.08)/Si film
sample at different temperature, (b) M — H cures of pure film at different tem-
perature, left corner insert: the enlargement figure at low filed of the M — H at
special temperature 2 K and 20 K, right corner insert: the compare of experi-
ment and theoretical M — H curves. (c)(d) M — H data under H > 2.5 T is fitted
by F(H) with the filed being perpendicular (c) or parallel (d) to film plane

A FAh, KR M — H MZA B, UEB TR A L.

Si FRL SR Ao JER () B 2 T IRV 5 5 W R RS S A LU /N BT DL 2 (AL
AT L5 E), Rk, @I IBRAES 300 K B9 M — H fiZk, Fhn LE A 300
K NHe M — H gk, FATA LA B REA S 55, Bl 4.2(b) B,
e miR T, B ARMTE M2t (B2 15%) #EIREER, RH153
ANERE . REB OB SR M, W 4.20) £ FEERFTR. 7TUE
F) 200 K FEISEAR A LIS HE ) L e A E A, ISR 5 &N E AR
N 1:1.04, XM EUREFRH Mn?T IKEN 15.6%. & FRZ RAAAE, A1
AR FERHRAME ] 15% BB 2R tufl. Bl 4.2(b) £ B3y 2 K 1 20 K )
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% 4% (Ba,K)(Zn,Mn)sAso & 41 7 B9 2R B

M — H MEAEMIHIIBOR, v LU BIEEAE 2 K B A IR B R 2kmsm A, B
FIRER LT, i Ee e AN, (R KA I R R 2R i E 2t — B HF
#2320 K.

K 4.2(b) WESE W, EHES] 5 T R REL 58 K AR %A A,
XA R LA AT B R AR R ERTE 1) —#F,  (Ba, K)(Zn, Mn) As, I AEAEE
FIFR M SRR AT $e, 7E TI-V %, TI1 - V %2 DMS o [RRE A7 78 2B AL 1) 2 e 1l
Jp 11001681 5 5 Sl Y ~F- 38 3 1 AME TE RO A i FE A X

gpsH }
kg(T + Tar)

K& SR 0, HA, zepp RO RERHA PG, Bs A BN
(Brillouin) pR#r (A3 1.46). HE, 7 7T IRA R E2, ERTEM K
o, B R T G R AR DR DGR AM. 2 X > 0, MR
WA P 2 X <0, WOARERWLA . Frel, H3ATEIMKAIN N H KB,
Mn*t J@&52 BRGNS 500 T3 R H + MM, BT DRI MR A &7 A A,
A 2~ 3

Map(T,H) = gupNozcssBs { (4.1)

(4.2)

H 4+ M
Mup(T, H) = guusNowes; Bs {WB( )}

kT
FAE AR 4.1 KR (Ba, K)(Zn, Mn)yAs, W0 T, R RAE
WA ERAAE, FRATPTLMER F(H) = Map + M, 05 2 K N M — H #h4:, 45
Rl 4.2(c)s (d) Frow, 5kt 8725 i 37 2 T 7 I 5% T ARG 3% P AT IR T
FOEN T > 25 T W JEMHEERE S, SZ&N F(H) ME I, BRI
I3 A AT BN SRR ML AT e 508 00 R REAT 8 700 SRR B0 B A AT 3 1] 2 )
SHNRNE 4.1 FioRe RERBLB A L2 5 2] 45%, H B & mEME, ~Fi5
TERE N NGE, AR A RRMEY, RS Mn?T B RO RG2S
/R (NeeD) &JE ~ 12 Ko X TEkBERS 73, BT BRI 55% HISkIE S,
It UK REAR R S A5 5 B2 Rk L R EAR B o5 BB, R 45 38 (0 VR AR 1 R A0 e A T
FmE EAT AN B IE (R R SHRI0). ks TE BRI, WRI#
FEOLER T 3.12 ug/Mn, XSS AEMAM B MnAs FA 20iE 7% 3.4122 +
ST .

4.4 (Ba,K)(Zn, Mn),As, SERERYEHE 14 R

IR TS 38T 0.2 pm S8 “Hr” B HEFUREE —NRUD B
SIWIEIE N, 7] LMS 3RS AER i 7 Hef fH (Sheet Resistance) Rp. it X

&
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G REmERELFER (BaK)(Zn,Mn)2Asy FEMNF L& 5MENL AR

£ 4.1: BaggoKo0s(ZngssMng 15)2As, HTE 2 K B M — H I ES R

Table 4.1: Fitting results of the M — H curve of Bag 92K 0s(Zng.s5sMng 15)2Ass films
at 2 K

Field
Sub. | x Teff A M (pp/Mn) M (ug/Mn) H.(Oe)
Direction
1 0.46 —0.066 3.12 0.486 1438
Si | 0.08
// 0.45 —0.063 2.31 0.126 533

WY AT AR B B, Ol A p = Ro x d, FATAT LA 3]
JHEIEE 11 B FHLR

Bag.92Ko.08(Zng.g5sMng 15)2 Ase MR FHZEAIE 4.3(a) Frx, HFHZEM 300
KH9Ix103 Q-cm EAF 2K B 7x 107 Q-cm. K 4.3(a) B AKEHR
FHER R BN, x HONRER —1/4 K77, v BB SN, LA 2,
£ 2 K -50 K Wi JEIXTE], K RMZRRFEE ML, W SRERERS S
TiE (Mott) ABFEEKIE (Variable Range Hopping, VRH) HJHLBH - #7 B #E
=4 VRH R SRREAATUGH (HFEF1.4.2)

o = ogexp[—(To/T)!] = oy exp [—§ (

(4.3)

3

303 B i
2kpT

Kb, o= 1/¢ RIRBKEREIE, B v IE 3K T &% B a5k
ZH, B = iy MBI BRGSO AT A, T RS E
3Bk = T,/75.85 = 32.86 Ko

VRH BRIT #E B8 2 BE 5 B2 1 s i A Wessh, B R o T-V4, i FEFt
s RN (T =Ty, BRTHEES TP O FRER R(T)) = R,
BRER N VRH A8 N A ERIE (Nearest Neighbor Hopping, NNH). A[A
F -V RF G SE, (Ba, K)(Zn, Mn)yAs, ) AT I8 2 5 061 5 2% 58 i
KHAARFEM T RERLH, KA Ba2t fE N B, BB T NMT As
[ dp BEH 92200, I 8% BRI KRV SLE AL 0 Z T Y 2
BA Ry = () = 705 A — R T, SREEET T B, B
&R VRH 5, 1 BaggaKos(ZnossMng.i5)2Asy HELE 50 K 2 F#
UL VRH BT, X EAGHRERERE T, = 200 K, WA LS 28L& 500
Zi%: o =1.00x10°m~!, B/kg = 3.29 x 10726 K- m?, %M E X, AT LLE
B E A K B ¢ = 10.0 A, SR KT BT B A7 A B B AT B B A B
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% 4% (Ba,K)(Zn,Mn)sAs, B R A% SNZERERE

100 T T
st LineFit (2 K-50K)
~ Blk*a®=32.86 K 0
=3 1
-
1-0.2 FI|
(b) <L
QL
——200K
—— 100K
—50K 4-04
—20K
—10K
—5K
—2K
L L L L L L L _0.6
0 100 200 300 -4 2 0 2 4
T(K) H(T)

Kl 4.3: (a) BaggoKo.os(ZngssMng 15)2As, HEEMBERHEHE: (a) BEAREE ML, #H
By SR-REMLRN VRH B%; (b) ARG T 5 R 4

Figure 4.3: (a) Resistivity of the BKZMA film, insert: conductivity plotted to
check VRH behavior. (b) Magnetoresistance of the BKZMA film at different

temperatures

N(Ep) = 841 x 102 m3/eV, LA As #2445 0.04 A28, 0] LA B BEH 14
% N 8.1 meV,

MIRAEAS RN E N ARG 4.3(b) Fion, Widp 7R BRI, &
&R, M 300K 2| 2 K KRS R N ARBEH; /£ T=2K, H=5T i,
WEHEBE Cp(5 T)/po—1) ERNT —50%; T =2 K, [KIHARIHE «mfug” 28
AU, G 2R ) G AR X N ARG 3% /Nl 3000 Oe,  IXAME 20 4 [R] — 2H 4y 8 5 B 2%
WM B R M — H "I 2 7%, WE ) < 28 st — Dt 5.

R Sy Sh 4 B2 BEAE B R 0 R BB 1O B, IS4 cosd =
@?gﬂy,ﬁ$9%%ﬁ6%ﬁ%ﬁ%%ﬁo?ﬁ%ﬁﬁﬁﬁ%X:#ﬁ%
—XoF Jey IR 1) SR A AE Bk 9% (Thermal Fluctuation) R shfF; A —Fh
FE X T JR SR HE X} PR S A T2 1961, o T IR RS I, e A ST SR AR ET LA
R e

(cos) = (S} - 53) /5% = m? (4.4)

Horb, m RORR R OIFEXTREAC TR, B R 3R R 2 TR 1 2 A R R AL 5 P 1~ F
BaEt. TURFEIEy, 7 EBRFeEIRZm, & XHiEF (Magnetoconductance,
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MC) [RIEALF:
MC =ln(o(T,H)) — In(c(T,0)) (4.5)

HATRI, HE—EETH MC 5 m? BAMARLE, eflzm Rz —4
FE B 44(a) Fm 2 K B MC 5 m? KR, Hr, m? EEBHEE Bk b
T A% 1.35, MC P EIR/AMENTIIAE, W LUE B % M2 A FE 4,
FER BRI B R WA, Rl m? kAR, BL MC A
AARR, FEHRIRMAERR R, KT AMEL, WK 4.4(b) T O R pT
Re AFIFHRET, WHEKXARWE 4.4(b) HHABBE M S OBFTR, FTUE
FIENERIL&IE R R, 101 - V Rl AR g B R e etk &, HE
R GIRERA R R I,

0.8 T T T T T T T 0.8
m? (Raw Line x 1.35)
o MC
10.6
O
04 3
10.2
0
0.6

H(T)

K 4.4: (a) 2 K i MC — H &5 m? — H MIZLHE; (b) RABERK MC —m?
H 2%
Figure 4.4: (a) MC — H curve and m? — H curve at the temperature 2 K for

2

comparisons; (b) MC — m? curves at different temperatures

4.4(0b) HESEW, MC 5 m? MAMRZRELHEVIMG, HEER
FEMTHmE RN N, ATH x MR m? 5 T 1 p RITIRM, 5
B Rl 4.5(a)-(c) B, AN p = —1/3. —=1/2. —2/3. A LUE F),
p=—1/2 0, FrAMREER - KELL, B MC=K (m*T"2); pi—1/2
BT RIGFE —1/3 —2/3 43I0 RS TEAVE A IR

4.5 EWASEERESERE

AR ERNAE RSN, R 3d B, EEAAEE S
AR A s(p)-d SZ#AE R, =3 0 BORT K R A S ORI R 251 T (Bound
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% 4% (Ba,K)(Zn,Mn)sAs, B R A% SNZERERE

m?x T2
0 0.2 0.4
0.8 . . .
i (a) g (b) -
O
06} j% 1t 4t
! 8 i 8
080 Oé)
8§
S o4

0.2F

i 1 i
0 0.2 0.4
m2><-|--1/3 m2><-|--2/3

0.4

Kl 4.5: ARBETH MC 5 TP . m? BBIKXR, p 758 —-1/3 (a). —1/2 (b).
—-2/3 (c)

Figure 4.5: Relationship between MC and the produce of m? and T? at differ-
ent temperatures (different color) with p is —1/3 (a), —1/2 (b) and —2/3 (c)

respectively

Magnetic Polaron, BMP) 7176, f53k Coey %5 Nik—30 Kk JEULER, FH KRR
BB 2 ) = AR P BRI R IE DT, 7E BMP N, T s(p)-d &
BAE 2 A — N E Y, SRR AR R — AT HES s T AHAR BMP
AR B e MAAEA BAE A, BRI KR . 54, |1
(%) TR 5 B BENLIE,  FT A8 2x A7 AR AL AR R 1 S5 B e 8 A 1) e 2k
BEJR %8, T BORE b P A AE NGRS AR B3 S Bk AR -

TEHT M-S (Ba, K)(Zn, Mn)Asy #BEH, BT KT A %2 F 5] AHfE
Bk, il b (As 0 4p ) I MAE ZnAs 11 b, IEAFEFEN S
R Zn?t ETFH Mn2t 7S 0K 4.6(a) Fion. EIRa, iEf. Ry
MRS ZnAs HASE T B Asy Zn. Mn JRF, B amEbsici) As JRFH
BEALE € Ak H 0> (Local Center, LC), XFRZFKEN 0.04/As (x=0.08),
AL 2N N B ALK & AL As 4p NS MNIAE/ER Mn 3d HH T2
6] ¥) p-d A 40T, 6A37E ZnAs T EAFTE BMP, 1 BMP (¥ 0IE R &
AR A D6,

TR AMBKIERS, TSR 0 = ogexp[—aR — W(R)/ksT] HITE X,
MG SRS EE A=A H: (1D H XT o B, L Fukuyama %6 A
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o as 7T S PEGE
ez ® © 06 0 0 0.0 0 0 0 Io I e o E \
H 5 B
e b 0 4 06 0 ¢ 6t o o e 1
oLe [y 1 “ ,
°'0 ¢ o 6 000 L. e o oo — B/
e 0 @ . L < ° \
(a) 7 @ .0.90.0'0 0% o M. e % oOe ® 5 (23 a
I S O e . S R Jcos0,/R
? - ¥ ° 5 )?"“\ I cosB,
o0 o .9 o e ' 090 0 0 @ PP -/(
S a B a a a N N
* oi9—e—or i 9o . s .
® 000000000 im0 0 00 </ i SN
o ° T4 e ¢ o LJF bl Jcos6,/RT — -
o e 0 0 .0 0 000 0 0 0 0 B
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4.6: (a) ZnAs HAME; (b) % 5E B e EIERH KRR
Figure 4.6: (a) Top view of ZnAs plane; (b)Schematic representation of hopping

model taking into consideration the spin interaction

N, MAVSEIRGE SR H? BB (2) RS 2 e 0 F1H
JEtA 3 P O ERIE R R, Inoue S5 NYCAFERKIT LS, RAKE 2 8] ()R
AoBURIOT MG R, HMAR TR SR RRIAR MC = P22 (3)
HSREXFH W(R) 5 m? HX, Helman ZENHIREINT Ey HF0, %
INWEAT PR BRI RE R RE A, BE S AE AR By 338 2R AR RT3 1
RS 1) E By (102,103,141

% J8 2 g i A AR EE m? RE T Z AR R, 2 AE A E 5
A (BMP) Z[8]BRIE 75 EEP b0 — AN g itk d, B

W,i(R Eo(R) + Ep (R, m?
0ij = exp(—2aR — L) = exp(—2aR — o) + Bu (R, m )) (4.6)
kBT kBT

Hr, Eo(R) ABRFEMEEH O MR, S5HEE R 13 RITHK
KB, FATE R Eo(R) = B/R?, M Ey WEE/RERIE A 5 58 A 2 18] 1) 55 1
AIrA KRRz, BITSHME R AXRM—KERIERX, Ey =—Jcos§/RY,
Kl 4.6(b) . 8 VRH H S 5 R IR —FE, 8K Ho 7
2 df(R)/dR = d[—2aR — (B/R® — Jcos0/R%) /kgT]/dR = 0, AT LA1S 3|5
WESRIE S R, #EMAT AR R o FRE T AGHLLSREE m? R R, Hdh
HLG T 77 ZHL (cos 0) = m?

EE IR By RIBR (@ AFEBUED SBRAFR o(T, m?) Rik
Xe By AT By £—ADNE CREALZNTT m? BB, X sk B e
R Mg/, MR T i1, MARHEH MC = Jm?/(R'ksT) o< Jm?-T1-1),
A p=1-14
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% 4% (Ba,K)(Zn,Mn)sAsy R 5 5 A% B0 EERRRE

T3 Ak, SRATAE Y BE 7 A B T DUAS B[R R 4 R RS oK g 05 R
df (R)/dR = 0 WIfENTIE 20 INHE, RelRfE ¢ AWE R, (HEATATLE
A (Newton) EXF H AT HUE KA. TRMRZSHT, o B WIUEHRZE
Dyt SRR, AZHAe J EE R T LIl Rk KBS, FTEL,
PAVELEALRETTRE, TR BIAF ¢ RN REREE, B
HHHEST MO IR RER, WK 4.7(a)-(d) Fiw, xR ¢ BFIEUE 0-3
AT RS R, AR RSy m? - T2, ATLVES], 2 HAY
q =2, THEERFSEEEIR —H.

—T=2K

06f —T=5k @ 1t (b) 10.6
—T=10K
——T=20K
0.4F g=0 - g=1 10.4
(@] O
s J=3x102 J=7x10% s
0.2F 10.2
0 0
0.6} ©
04} g=2
@)
s J=15x10%
0.2F
0 L
0 0.1 0.2 0.3 . .
m2 . TV2 m2 . T2

Kl 4.7: BUETEBEIN MC Ui HER, B8R m? - T7%% on B HMBUEHZF N K
BIRMEANER/E, cHhig J HBUEDEPRR, q KEE 0 ~ 3 W% ME (a)
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Figure 4.7: MC curves at different temperatures obtained by the numerical
method are shown in (a)-(d) with the values of ¢ 0-3. The abscissa is m?-T7%5,
and the values of a and B are obtained by fitting the conductivity curve at zero

field. The values of exchange energy J are given in every figures
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ErsE 3 MK EATN ZE—DEE TR, TUA
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IR RMTANEAR e K o MEIRBE B N RIS 4.7, W15

8 d?
o(T,m?) exp(—?e% +ade™? + O67(3_%) (4.15)

IR R RE 2 m? /e, B ORI RS RIE

-
»MU\

(Jm?)?(kpT) "

3B\ ? 3B
MC(T,m?) = (%) Jm?(kgT) 2 + <2a> o (4.16)
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Kl 4.8: BEEE m? £ 2 K BEKXR, BETIABIEML, COLLMBELD NN
REERELE m? M k7M: HEEA 2 K RsMAER R B m® MXR

Figure 4.8: Relationship between MC and m? at temperature 2 K. The red solid
line show fitting with raw data (blue square) using Eq. 4.16 and the first part
is also showed as red dotted line; Insert: Relationship between most probable

distance R and m? at temperature 2 K
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4.9(d) Frowe [FIFRATHI B — 20, N s B B R TARAPRHE a Bl i s B 4L
(0.4132 nm, WEELHTR).

FARFER S RIEE X R IMLE K VRH S ERE, W 4.9(e) B,
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B 4.9: RFEEEREBFES: (a) A XRD &i, (b) J#E(008) & AT 41 B i
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BRI RS EE: (e) NHEFERM VRH Rk, 2BEHLANEEMEIMLE, ()
NUESH o*B/kp KIS RFHIEERKR R

Figure 4.9: The lattice constants and the VRH fitting of different thickness
films: (a) the full spectrum of XRD, (b) the enlargement of the range nearby
the (008) diffraction peak of films, (c) c-axis lattice constant, (d) a-axis lattice
constant getting by Poisson distribution, the bulk and films on STO, LSAT are
marked as dotted blue line, 0 and () respectively; (e) the VRH plot (triangle)
and the VRH fitting (red line) of the conductivity; (f) the results of o®B/kp
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Figure 4.10: (a) The susceptibility-temperature curves of the
Bag 92K 08(Zng ssMng 15)2Asy thin film grown on the Si single crystal sub-
strate under zero field cooling (ZFC) and field cooling (FC); (b) Curie-Weiss

fit of magnetic susceptibility-temperature curve under ZFC
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Figure 5.1: Different single crystal substrates: (a) M — H curves at 300 K,
(b) enlarge of (a) in the range of —0.5 T ~ 40.5 T, (c) x — T curves with
the field of 1000 Oe, (d) magnetisability at room temperature comparing with

references[117:123]
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Figure 5.2: Ferromagnetic properties of different single crystal substrates: (a)
M — H curve at 300 K for substrate STO, (b) enlarge of (a) in the range marked
by dot line, (c) M — H curves at 300 K for different substrates, (d) saturation
magnetization at room temperature comparing with reference!*?!(triangle)and

reference''7](square)
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Figure 5.3: Fitting of the paramagnetism of substrate STO: (a) M-H curves
at different temperatures, (b) AM curve vs x = gSupH/kgT and fitting curves
with different magnetic quantum number S, (c) the fitting of AM curve with
the function adding Brillouin function and linear function, (d) AM curve at 2
K after the deduction of the contribution of diamagnetism and the fitting with

Brillouin function

5.1(c) PRI - R 2R BE AT E BLADL G R T DAAS B A BT i 5 &
JE B e # (Curie Law) £ 122

_NC _ Npop’piy

T 3kgT

Hrb, p RoORAMBORE T & S H5/2, WH p=g/SS+1)=592 5
C= 913 x 1072 K. Sl B A B B G — Rk 3 REME AR 0K,
WP 5.4(b) R LA TR, Khalid 2 NMMEH R 755 X 5485
(Proton-induced X-ray Emission, PIXE) #7575 15 2] F 8 AP 5 AT K H Fe

X (5.5)

96



F5E SMHAMY. BEEHRM MBS R

O Brillouin T T T 10°
%* Curie-Law A
_ A Rt Egla B A
@@ © 2 [ 1102
° E
15 MgO (raw data/10) (b) & =
“ A @ 1
5 {10
= 5
3
g *c2225SSE Q
C?o 10 : : : 1.5
— —
< © I Y
= {05 %
< Q 2
5 0 X
'_
o) 5 1-0.5 Sl
i i @) raw data/10 } 1 =
! anSlz(x) Part 4
0°f : : : : : : -15
0 2 4 6 8 [ g g Q <
gSugH/k,T o

Kl 5.4: AR FEARAIREERES: (a) 7 2 K B, F0BRGUREE 2w 5 5% 578 5 55
B MR B A (b) ARARMBMEZR B K& &5 SO MRS (c) ARARM
AXdia/AT

Figure 5.4: Paramagnetism of single crystal substrates : (a) paramagnetic phase
and Brillouin fitting at temperature 2 K after deduction of the influence of
diamagnetism; (b) impurity density of different substrates comparing with ref-

erence!™7 (c) Axgi./AT of different substrates
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Figure 5.1: Diamagnetic susceptibility (x4i.), variation of diamagnetic suscep-
tibility with temperature (dxq4./dT’), saturation magnetization (Msy.,,), para-
magnetic magnetization at temperature 2 K and field 5 T (M,,4(5T,2K)) and

impurity concentration (IC) of these single crystal substrates.

Xdia dXdia/dT Msferro Mpara(5 T> 2 K) IC
Substrates
(x107%) (x107'°K™') (x107%emu/cm?®) (x10 %emu/cm®) (ppm)

Si -3.80 2.93 0.17 0.86 3
SrTiO; —7.96 —8.92 2.75 4.0 5
LaAlOsg —10.85 —5.19 1.80 11.31 13
MgO —14.57 —-71.5 1.43 176.82 285
LSAT —18.22 7.86 0.24 19.54 24
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