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Differential Conductance in AlI/AIOx/Y Tunnel Junctions

student : Shun-Jhih Hong Advisors : Prof. Juhn-Jong Lin

Department of Electrophysics
National Chiao Tung University

ABSTRACT

Kondo effect can often be-observed i dilute ‘magnetic alloys. Because the level of
concentration of magnetic impurities in the alloy+is very low, there will be no interaction
among magnetic moments. However, the "conduction electrons will scatter with magnetic
impurities, so that the resistance increases with decreasing temperature at low temperatures
(e.g., below 10~20 K). As the level of concentration of impurities becomes higher, the
impurities will interact with each other indirectly via conduction electrons, and this interaction
is called the RKKY interaction. When the RKKY interaction is stronger then the Kondo effect,
the resistance will decrease with decreasing temperature, due to the occurrence of
ferromagnetic or anti-ferromagnetic ordering among the magnetic moments induced by the
RKKY interactions. These effects can also appear in the differential conductance in

metal-insulator-metal tunnel junctions.

To fabricate AI/AlOx/Y tunnel junctions, we deposited yttrium (Y) films by thermal
evaporation on AlOx films which were grown on the surfaces of Al films. The AlOx films
were formed by O, plasma. The Y atoms or clusters with a finite magnetic moment may be
produced at the interface between Y and AlOx. Therefore, we can take the interface regime
with magnetic moments as one kind of dilute magnetic alloys. Through the measurement of
the differential conductance in AlI/AIOx/Y tunnel junctions at liquid-helium temperatures, the
effect due to the scattering between conduction electrons and magnetic impurities can be
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studied. It gives rise to conductance peaks at zero bias. In addition, the competition between
the Kondo effect and the RKKY interaction at low temperatures can be learned from the
temperature behavior of the conductance.
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Bfsds 23223340235 N G AR SR 230 N T K- HcA R o 7T
J= ﬁ(ﬁAS)_z {& exp{— Ap> } —(p+ eV)exp[— Alp+ev) } (2.36)

% kf » AT g 236 84 5 BINA 0 4ol 240 # J&exp{—Aéz}? 12 AR

. SN
FRFERELATIRE2 MDA A J0(¢+ev)exp[— A(¢+eV)2} PTG R

KRB 2in% 48 1 T in R A © bSRA T ], =e/2720(BAS) » § BBV =0pF > &
Toms T4 500
f1* Simmons PTG — B EL S ﬁﬂ&%/%@ur FAPT e 3R Ak daR G -

BTIOF R G G A dof] 25 0 f- fﬁfjﬁéﬁz‘]ﬁm@wvwo/e) ;A
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FTIAIAS=S 0 p=(g, —eV/2) » AT I #-236 N h L

1 1

J=—2X (¢0 —%)exp —A(% —ﬂjz —(% +%)exp —A(¢0 +%j2 (2.37)

2m(Bs) 2
! x X’ ’
fd*ﬁ+xﬁz1+——?;+Tgﬁﬁz’m:t@ug,ggsz’?Ju@@J
1 2 3
e > eV AeV  AleV AleV
= iy {0 ] (0 Jow A 4 AT A
49§ 32¢¢ 12807
(2.38)
eV AeV  AleV)  Alev)
—(¢O+7jexp— Tt ( 3)— ( Z
4¢¢ 3297 128¢4
2 3
;quexz1+x+%;+§;ﬁu3m,!Iﬁmauj,aﬁzgl’éxéﬁfq
J=dVeyv?) (2.39)
2 2 1
2 :ﬁi_ﬁ%a’E@ﬁyﬁ{@ﬁwﬁﬁﬁ°h=ﬂ%mﬂﬁkﬁy’ﬁéﬁﬂ
0

3240
Pa-LARE 1o

23950 A e g T AV sz St d o Aok A g J RV TS > T iR T

HS TR
G(V)=G,(1+3yv?) (2.40)

AL AT L 240 A A TEGICHRBY B M % o
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AS

la
r <
é:a.

[
a
%}
v
v

(a) (b) (c)

B2-5 2 dahRY chfin:a) V=0 AS=S > g=¢,;(b) V<g/e > AS=S >

p=(g,—eV/2);(c) V>@,/e » AS=S¢,[eV > p=¢,/2 - [9]
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2-2-3 BDR(Brinkman, Dynes, Rowell)#i-3|

BDR #3] #_% 1969 & ¢ W.F. Brinkman ~ R. C. Dynes ~ ™2 %2 J. M. Rowell #74& % )
Kero s PG R RBRTOEBARG - BAE A ERY AR BE R R
2 WKBRTO» &5 enf@ 51T %3k 0 fh SR ™ feh T o] £7 ¢

75:’3‘_? %}Ei RSN ‘L% PL.ﬁ{ﬂj’q—tﬁ‘E‘ ]‘i-ﬁl °

drf] 2-6 0 AP ,I'Z—'F’:‘, U BDR #-A3]chiEK > B P gfrg, » WA AT 1 fra & 2
B R o d L EPE R NPT LR T RN 2R J 3 AN

:%%JZGXP(‘%J: {[¢(X’V)—Ex]2m};dX}<[f (E)-f(E-eV)lE,  (241)

et
hr

o(x V)=, +§(¢2 —eV.—¢) (2.42)

Ak Edp i e g o E e BDR #-7]{r Simmons #X ¢+ 7 F ig
2 f(E-eV)de f(E) A u] % % § #& 140 T & 2 &7 Fermi-Dirac distribution » A i42 2 #f
& f(E)-f(E—eV)EF 5z dpen8 £ 0 chTin B A > @ Simmons 1/ 4,

12 R P
AR F iR R o

BREART=0K > G35 237> 7 1T

Glv) _-4 A¢ eV +[ 9A°2_j(ev)2 (2.43)
16¢2

HeY Ag=¢,— ¢ > A, :4(2m)§d/3h , G(O)={3.16><10'°E);/dJexp[—l.OZSdZﬁij e

id BB Ao Besr 384 82 &

= g(m/ AOZ);j = 0.649(A¢/ d&;j (2.44)
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% BDR 4] ehif i ® > % T AR d > 10A> 2 Ag/g >0 15> B4 & 4 109

T oo hRl2-7 ¢ o T if ]t g AERE T BDR WA 0T 0260 A -

BB i EER2 vt Et e B2

(a) (D)

B 2-6 BDR #A|7 LBl s bR i3 B2 HAE A5 5 g
@, ;(D)BDR #-3] 4e + 5 B 2 {5 e o
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CONDUCTANCE (orbitrary units)

VOLTAGE [mitlivolis)

B 2-7(a) B Ed=150> ¢=2V > :x % A~ 5% 0~1.0~2.0~3.0V > 4]* BDR #7) #F

% 1150 G-V B - [10]
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CONDUCTANCE {arbitrary units)

VOLTAGE (millivolis)

Bl 2-7(b) T P=2V > AP=2V > scd A 4 % 10.0~15.0~2504 > §1* BDR 3“4

9 1 G-V ] © [10]
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CONDUCTANCE (arbitrary units)

200 100 0 100 200
VOLTAGE (millivolls)

B 2-7(c) %% d=15A> Ap=2V > Ei%‘aﬁ/»\ L% 1.5+2.0~25V > §1* BDR #-3] %75 O

G-V Bl - [10]
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23 RS HEA T B

IR A AT IR A BT ¥ oy § 113 Kondo sl 0 14 2
RKKY < ©

2-3-1 Kondo »<

Kondo /& #_1964 # 4 Kondo[11]5d Born[12]#c3] 17 v 1 ¥ 37 10 3| = =X 38 #7118 7
Gk o F lRITF PRSP RTEfET T IRIEY  ERFTF I

S

PREEF FEHN MM HB PR B2 H=H +H' > 29 H 227 ki

FEeag £ 0 @ H, B E_pdg chig & 38

H'=-J) 5,8 (2.45)

k

SN BRI R LB SRR » HF BEb TR <0 6 L%

TR g o S LB B 0 o 58 Born 4] 8 I8 fesiE 5 %
27 2 H HH/
w, =\ [Hy + Y e |0 S(E, - E)) (2.46)
i h k#i ,'_Ek

TP A SRgsea R o T3 AR RGEE - B R B AR o e

qgT -kT>|M>:> g Tq >|M :‘---qT~~k'T>|M> ........ )
qT-~-kT>|M>:> kT ok >| j‘...k'T...qT>|M> ........ 2)

(2.47)
gk TMy=|g T qlM+1)=|-g Tk TM)-(3)
gk My= |k Tk DM -1)= | kT g L)M)- )

B 247 3¢ TR R3) s (D) AR E FOp RF I g 0 HRR G R 4 #
P REH o EI AT I AT BB AMATEG AN EFTHERT
&7

—logT ek % o & 2 d B 2-8 ¢ » v 1y 'ﬁ F] Kondo »c g 2.7 %P %k ¥ i % o
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TEMPERATURE (°K)

TS
.5 &

1
012 013 014 0I5 016 017 0.8 019 0.20 0.2
AG(0)

Gp (0)

 2-8(a) Ta/TaOx/Al 5 %% % G-T) Wl & ¥ 7t 5 5] & 08 B 5 G fr logT 2 ¥
MR oo [13] o’

0.24

0.20

0.6

AG (V)

Gol®) 42

0.08

0.04

-0 -8 -8 -4 -2 0 =2 4 6 & 10
WV (MILLIVOLTS)

B 2-8(b) Ta/TaOx/Al 5 "7 % G-V B o /& ® ¢ ¥ 114 7| Kondo »c/is t F /R et i
AREREARTEA LA ATREARTERE - [13]
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2-3-2 RKKY

%ﬁﬁwﬁﬁ@ﬁﬁﬁkﬁﬁiﬁsﬁﬁiﬂﬁg@a%aaééiéjﬁw,E
T‘ £ 473 A RKKY »cfis 0 & Wyatt [14]eda 7 > AP v - - i 8 s /o
LI AEH ARG SR R R - BORBST fiiR(s fi.};szondo Yol BB S T PEL )

hoBl 2-9 T o HPEIEA PR P RT TR R Pl BB H P H+dH 2 Bl oG
P(H) > = EP(H)dH:I Chek R X R - BRI - BHT WA SA T E S

G(V,T,H) » 78R psem r1 BT 5 N GRS fi A o o ¥ - % oepsT s T8
G (V.T)=G, + Nj: P(H)G(V,T,H)dH (2.48)

H Go ﬂ‘\#ﬂ L_JIFQ-EJ’—-"‘J e F @%E&ﬁmﬁt—/m o

RKKY »cfis e P(H) 7 12 8 & loréntziah# &_gaussian A i 97558 » 2\ i g i 2| ¥/
- AN AT R L PH) TN E SRR S A PR T A

¥ 2 iEH gaussian 507558 kAT

2
2.80 gfH
PH ~| = 2.4
(H)= KT, p{ (kTHjJ (2.49)
Ho P(H)EgE R 5T, 2P (cE3eTkR) » Flt PO) R 3t o

#FFJ1* Appelbaum [15,16]#73+ & T 02 (H - je 8 ¢t 4o 237 0 Born #5317
) TBF| = X8

G(V.T.H)=G,+G» +G® +G!Y + GV (2.50)
¢ —p_M) r(A+eVJ+F(A_eV) 2.51)
25(5 +1) kT kT
GY =cl1+ <M2> + (M) r(A+eVJ+F(A_eVJ F(ev) (2.52)
: 28(S+1)  28(5+1) kT kT
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: (M*) (M) (Avev
Gg)_E{1+25(S+1)+25(S+1)F£ o jF(A+eV) (2.53)

M? M -
G§3)=£ 1+ < > + < > F(A ev) F(A-eV) (2.54)
2| 28(s+1) 28(S+1) \ &T
#He
2
D= hpirrs(s +1) (2.55)
C =-2DJp" (2.56)
(x)= & 1= 2xe” (2.57)
1+2e" +e* .
+ kT
C o i (2.58)
Ej b))
<M>=lcothi— S+l coth S+l A (2.59)
2 2kT 2 2)kT
1Y YA 1 A
<M2>:<M>2 - S+—j cosechz(S +—j—+—cosech2— (2.60)
2 2)kT 4 2kT
T, R d $ehEr @ 5 e g o J LTS F Sw R TR TR chEt A g
ARG R IR B (A= gBH ) > S KBRS 0 50 p e pf 4 LA BTN

FACE AR AT R 2-10 ¥ g 9 RKKY 632363t BB (H AR 2.48 5 e A

ORI §= L
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-l P /
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-03- -//ff
| Tir=18

~0:4—  T/T.=1/16
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@ 2-10(a) RKKY »cf™ Born fi%) - it i ] - 8 %43
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10y s

Ti7=1/2
— TIT.=1/4

C TiT.=1/8

G " rin=ili6

4— -
2_ s
0 | | | -

. =] 0 ! 2

lq CeV/] &kTy)

B 2-10(b) RKKY »c/&s ™ Born ficf] = =t @l - B $#c i C=1~ S=1/2~ g=2-[14]
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49:4 | [T F T ||
F interactions —
T 492 7
. a _
() ey
S
E ] /f
c 490
S . Interactions (7,=7-5 K)
48+ 8
| | et At o
0 02 c-4 06 08I0 2:0

Voltage (mV)

B 2-10(d) RKKY »cs G-V 7 % B o iz ] * AVAIOx/Ag %323 kR Tio

BPRTEAL G 23 F% A @23 F% @I REE o [14]
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49-4

e No interactions
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G 492 / -
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3 — //—q—\\
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£ 49.0r

Interactions (7,=7-5K)

438/
| | N |
2 3 4 5 67 89I0 20
Temperature (K)
Bl 2-10(e) RKKY »2& G-T § % Bl o {1* Bl 2-10(d)4p e 95 "g g7 3] 0§ % 55
% o [14]
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3-1 # Fenfl] i

AP R AR ARG A E DT RT R R A gk e (F

FRASZBHF ALY -

3-1-1 # 74

BREZORBT A AME RHEEF A B ERYEL e > XRFLRE T EY o
B AT e AP R R DR DA G o FR B LT DiE i AT
ARIEEZF ¢ RS > X0 R FEPES F WA T SRR A F L BT ¢

CERE R

oWl 310 Mg Zag A fas A S R h b 2 X ISem o ¢ R B IR

gy b A g R TRRA IR RO T TSR S LTI OB 2 B A
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3-1-2 B4k % i¥[17,18]

Lkt 0B R M o 4oF 330 17 B TR T FHA

F SR livhE
HO g G AN nE R ARGCE S L E i R RS § o R

R AN R
B 5§ iv4r e

AP LAY A F F o SR A RS T AT GAARE L S f B
Forig Ple dHk s B E R Ay R R r ARl ask s BAEL . g—gﬂ"}ﬁ
NiE e  F PRI RT T ERFINAB LG D frrig > ZIMET L IR
T TN FESE B4 AR RS o fdlE PERT LSRN R AR F

L gm o
3-1-3 7R AR

A BRI iTiAE o A5 9.6mmx5.9mmx0.5mm > i&E_EF 7 fie & KR R AT
Er R QISR A PR R AR A AN B R L iR
CREREY GG FHEYRIARIRY RZO-10 A& 218 FF Herag st
H¥ie

*“‘L
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2-\

AR AFF LR AT RS 0 FEEY AR AR 3-4(a) 0 BF 1 4R
WHE T AL f TRy % BRSPS H4(99.999%) c mmEAEFF LR 2 EARA
ool SR 2 ERT RS M) hE f R T 4AX10 torr 12T (9
4] P K BRI en i lichod 3-10 B An R ARAE 0 FAEE R S B R 250A @ F 3A/sec
2 EA1 PP 2R 25 F o T BEFI RS RS A 0. [torr 7

R T AT R 0,03 F s BAE M AREIEGCEES K AR R
GRS 2k) it R2 - FEFLM ] P ST EER o %*%ﬁ%%’ﬁﬂ
EY ~HE PR TR IET =R £ > TV R4 FHIET
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Bl 32 § 4rdbh-® BLHEAE e RE- KT L am- R HBY G
g BT AMMmY > ReEEES BT v b oo

Material Symbol Density Impedance
gm/cm”2 10"5gm/(cm”2sec)

Aluminum Al 2.70 8.17

Lead Pb 11.30 7.81

Yttrium Y 4.34 10.57

31 R Rdch o
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3-2-1 RARE

Btk 54 300K % 3 03K T ok RiEARG & S BAHB KRS o

1. 300 K-77 K
PP R F b- 2 FRT AR TTK G B 2 $0 2 N PR e i
FLF FORTFYSBEEL  BELEREL AT B ARG R

FIARE X2 DT AR E RS AME R M LY o R &
AP AT RPIEL N B> ok HB DY SR e d g <Ry

o FBs Ay g AbpE A o

2. 7T7TK-42K
IR E F - A FRTAE 42 Ko G #en@ 2 02 N aE PR e
it 2 1908 & jFm g4 TW%XKamerhngh Onnes g+ = # hjg it 1§ 5}? v {8 MR F B 49

3] 300 K #7731z

gy
L

LR R o R F it SRR D AR Kt 4

ﬁvéﬁiﬁﬁ%@é_lﬁ LA F L ﬁ’zév’ﬁ*]’*'i?%’;? LTI E R F e ok o

3. 42K-1.5K

ﬂw ;ﬁa@ BB e ok s F D)L ARtk o b'“r5§ m/ﬁg&@ %R /T;Kﬂqf 1’#1‘)‘%7 FL;}‘;, A%

FEGFH G A0 RS ER > d F3-6 He o FIT 40 B4 51§ ¢ (7 ‘He

ﬁ,‘g;‘!;,'r L2
4. 1.5K-03K

i # *He #+ B % % > 4-®) 3-7 > ¢ *He dump ~ sorb ~ *He pot &= » = ﬁ#ﬁi  fe g
RIRE p - BHP k5 Hedump * k57 He # 48 o sorb P 22 B A AL A
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Upper A point
(T = 1.769K, 29.8 atm.)

. A=ling
Liguid Hel
10/~ Liquid Hell Critical point
Xpiln (T = 5,20°K, 2.264 awm.]
i (T = 2.172%K, 0.0497 atm)
= | | )/ ] _El!___-—"‘T'Flu gas |
¥ 1.0 2.0 3.0 4.0 5.0 6.0
TIOK]

B 3-6 “He 48 ) -

39



Condensing 'He s E

T=30K

"He sorbtion pump (‘sorb’) ]

| T<3K
outgassing) . Needle valve for 1K plate —_]

[ | (pumping)

1 K plate and coil

~1L_%“‘\’He vapour pumped

by sorb

Liguid *He at base
) 3 temperature
*He collects Hepot — | /

\“\ ® /

F3-7 “He 3P 55t o fsorb (B 4 30 K BF 5

He # M enit 4 > o p5 1 Kplate £2 8 B (v #4518 @ “He st n

FSF e N 3He
pote % sorb if B ¥ F| 3K T EdEp i 4 B 5 0 @ “He BRI -
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3-2-2 A Hridd

Fliikd 53 ABEE A PR QRS R RS REH AR ER
T T ERARELE  BREEE § R BpFTEd che F P=IR4 5B Flt ¥
BABA D § A2 R AR R i A S RE 2 BR Y RERBPL LR
BB - TERFERS P ABBEARELR I AR R EEF RS
ﬁ:‘}z’l F&ﬁgp%«_" ,_J_/w\}%xﬁ o

R ATERMT R R AL LT IREE L B Sl ek 32007 B TR
A0 e B heater € AT EESUR AT E L 0 4o 390 WM TR ETIRR IR
WEARBEINA o RN PR TERF 0 o heater MA@ T M e PIACHE A 0 RSB H
T o i~ persistent mode(Ag F T v AT M E R N> H £ 72 €454 -

Superconductor type NbTi
Central magnetic field at4.2 K 4 T
Current for central field at4.2 K 48.165 A
Maximum rate 12.041 A/min
Inductance 0.2517 H
Switch heater current 50 mA

%32 REBBRKEE -
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* ¥ ¢ imF purge 1 Kplate 48 § ¥ )33 *He pot ;8 & " F] 100 K 127 (4 30 A 48) -
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#-sorb ' crheater 4v » 8V T B o @ sorb g A P A > B E P A3 25 K {s#T R
4v % 3 8.5V(sorb B T HmE & K 30 K)o 7 B 42t pF 030 A 4a (S SHe &% 2 = » % heater
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FohERiE TEARERZ2 vt WM TR 2 RQERBSS LA BB
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SER AR R BEE

3-3-1 BER
A i PHe & s¢ chsorb Ecic & Allen-Bradly ;8 & 31 K plate 2 “He pot *z & RuO,
sensor > AP A FEAiE i BE AR HAEOER > TS BEARARF SERD
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& emg R0~ W E_Cernox sensor fr RuO, sensor © i&= #& BT R IE R R
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