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Universal conductance fluctuations in single-crystalline RuO, Nanowires

student : An-Shao Lien Advisors : Prof. Juhn-Jong Lin

Institute of Physics
National Chiao Tung University

ABSTRACT

Recently, as progresses in computer instustry, the electronic devices are made smaller and
smaller. In such small systems, classical Boltzmann transport theorem is not applied and quantum
modification must be added. As a result, quantum interference phenomena have been important
topics in physics. The weak localization effect has been studied for a long time and has become a
convenient tool to determine the dephasing time. On the other hand, there are less articles about
universal conductance fluctuations, which has been pointed out having great potential for researches.
Due to its sensitivity to mobile impurities, direct observations to atomic or even subatomic
movements of impurities is possible and can be applied in many fields.

Using the e-beam lithography process to make four-porbe contacts, we measured the electric
properties of individual single-crystalline RuO, nanowires at low temperature. \We observed
increasing conductance fluctuations as temperature decreased, which has been thought as a feature
of universal conductance fluctuations. By analysis, the UCF should come from a one dimension
system. But with thermal averaging effect, the data can’t be fit very well. We didn’t observe the

reduction of fluctuation magnitude in the present of magnetic field.



In R-T data, the increasing resistivity at low temperature was much more larger than the
contribution of weak localization effect and electron-electron interaction, and maybe caused by
two-level system Kondo effect.

We suppose that the universal conductance fluctuations are due to the two-level systems

formed by point defects in nanowires. Results of R-T data also support this argument.
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HHH

HHE




2-1-1(C) % f# T 193
# T 1207 iy (thermal averaging effect) & & 7 3 & T KT = FIp i £ T35 H T 4 '

Tae T+ - w 2R AN 7 R DB I > 3%w £ % /& 5 Thouless energy £ Thouless
width

E.=— (2.26)
3 KT >E P> 83 73 “rac i Plenit £ KT <3 - B E, > @ % F Thouless width 2. F'“m@%]
E g Flpt g A KT/E B2 4+ m@iﬁ%]sil,ﬁ./ & B fBIE T T EREE DT
TR T 2 o

T_& — ik & thermal diffusion length

hD

T = kB_T (2.27)

Pk T>E 7 $H 5 L,>L o st @ TAREBETFHUCE < | A4 BRI ks Wi
. 2 . 2
& wtr ol i p<<(l/L,) »:8G,”/G* & £ %% + - thermal smearing factor (L, /L,) ; &

5 2 \ > d v Lo
B ok fi T p>>(I/L¢) » thermal smearing factor % (LT/L¢) y HYod G kA o

2-1-1(d) ¥ A chR F
d 22 UCF 235 i s e cnd B 4l A dp b > PV PR g ERar 2 10 > 50 2 i}
UCF & ugge3ensg it » A i * cooperon £ diffuson s 4 [9] -
B 2-6(a) ~ 2-6(b)~ %] & diffuson channel ¥2 cooperon channel ¥ & B3 32 &K 4+ ¥
s % 7 & BT o Diffuson channel * #i 5 4+ -7 < (particle-hole)id if - 4R 2-6(a) » 35

B AR ERAT SR ST HP R G AL ki (e/h) [Adl > 29 A

vector potential > + # /& % % € %> F]y diffuson channel 7 % Fl&35-8. 8- 4p & ¢h> cooperon
channel(* ¢ % #+ -#=+ (particle-particle)id if ) % » X DIEF R L > 4o B 2-6(b) #7771 » it FF

REFAY RN AR e E > LIRS TREERA RS FREER

12



MF WA 2 P TS 35 R R G A0

Diffusion channel ¥2 cooperon channel ¥+ UCF = - ﬁvﬁjl?eﬁﬁ o NP B AR BESRE
5G. =6Gr, > ¥ J& p *Edf 4 (spin-orbit scattering) # 3 el 0 B 3SR

Ha~dy/ A (2.28)

(#y=h/2e> A 5 coherentarea- 4 - afin™ 3 Ap=LL,» L Z&%)i®* ™ »d 3 cooperon
channel o grif % » SRR 4o TEARTT WM | 5 0G) =35C), o FREIEAH < ;
H,, = 2hD/ gz, L * (2.29)

He g% gfactor> py 5B~ L* S & 2Bk L 5] & d 3 Zeeman splitting 3 3%

spin-symmetry breaking » % % 5 & & - > 5 6G2 =15G) -

(b)

[ 2-6 (a) Diffusion channel ¥# (b) Cooperon channel -+ &, Bl[9]
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2-1-2 Local Interference Noise
EARE A T RECEDE BT o SRR Ak Y i B frag & enfe ¥ v local interference
model [6] % 2 o aptrdpenicE & AR AP EI>>L enif e - 27T F A BlEpR

FE2ZRF s A fpiaRE A T3 A kAP id e Loy f@ﬁig?l(ballistic transport) » ",f 1A

Bz g Be - R T o i U Sk B AR 15 GG R
PiE T R ER D A T L R ] RS SR 8 R B AR O

Bz, SRR R e A m LT e R F P AR R PFRE B B |>>L FOF oA o

Local interference(Ll) model sk & 3k 5 @ £vs 7 F it Sodicenfp + 1> o Se T H 6 97ig
R TIRNT 0T S H BB R R s g Rt o

FAAPY REE B n? TrgT AT

p=@¥}£ 2.1)

€Nz,

ETIRN

B g, 2 8805 20 7 B adlrg =Uz+l/z, » 1z ¥ a2 i 5o T 5 $H i anfg st o

(cross-section) % £ 7

<

1
;Zazﬁi (2.2)

=t

B QLM BEFAPBRR -V opaRFiAv#dad P 2 RHFmeFy - 215
R G R 5 So~B(o) 0 BE- ol Lind (- R AaE s 02) (o)~4n/kS” 5
T 35 s-wave AT E 5 0 RIS AT S g $H3E 0 5

s(Uz)

WﬂzzMWM (2.3)

N, 5 4k sagers e g o
F4HEQ23)F B Btk bR E LY F- ¥

B0 4eR 2-1(8) 0 Bt EHMBARA G AL TREE o FRFOEE ALk E Ol

Bl b - RRT =00 R0 FF A ApARTHE 0 4oB 2-1(b) 0 * & F EBH

32 B AR:T grain boundary > 4ot - kS A B I
4



PeEI- 23R %fgi‘%‘u‘{local interference model =73 & #£ 4 -

% local interference model # > ¥ # # 32 [ eh 3 Ap ARIT 27 & B $2 @ W s HHALIE W BE 420
&4 > TP Rop E A g ot locally interefering impurities -

d Eq. (22)% Eq. 23) & B 7, <<z AP F U EF IR ILehip RS S

, 2
s’ _pB(z,/7) (2.4)
p’ N '
s Eq. 24 v 3 5
o5p° 2( N,

He l=Ver » n=Ny/V > o~d4rx/k? > n,=p(N,/V) -

(a)
° ° ° ®
vacancy
° ® O °
™ ® ® ®
y I,
————— %
{b)
® @ ® 3
- - N ' T
] L]
K tn ¢ K*-" I\?rf/ kDuT
a —— // e —
e
-
° ° ° @
® e ° °

Bl 2-1 2 LI model j2 #3054 6o 3d = T Fikj% :

(@2 feF 2 A 20%E (D) pBMBRTHET g~ T EF%&T o
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2-1-3 1/f Noise
1/fnoise &~ fAH T efeil > A3F 532 FATABE D ¥ A5 BV R Ak

A_f Power spectrum ® #f A% g RARK > TP AR €5 UferppielM oA AR DL

6‘34

TR RY o W AR T ey i ® FkE 2 local interference model 5 i A 2 1/f noise -
t 3 1/f noise sh= Flm 4 i & L 3% Lorentziannoise > &3 — BEWF 2 ¥ - BH -
FHcpER ¢ o P ¢ 18 3] Lorentzian spectrum

T
S~—M 2.30
72(272'f)2+1 ( )

-~

|- i Lorentzian spectrum> d >t % st¥ B 5 3F § 5

-
E-)
T

e
=
h=

o)

|

oy

54

753

X

s

q

4k

™

gl

ﬂ'\t

e

[

2% #a -~ % D(r) o Ft B8 e power spectrum ¥ B =

TD(T)

S~}——~——dz. - 2.31
Irz(Zﬂf)2+1 23D
ERIE R E 0 JeF o f L Rea & 4758 5o thermal activation - Flpt 7 ¥ OB &
AE
ex J 2.32
37 p{k T) ( )

BY AEZ e ol ¥ - R 97g chic £ 57— 4

AE i - T hegis # o5 o

)

D(AE)d(AE)=D(z)dz b % » da # EQ.(2.31) 5 15 € 48377 Uf )50

EMERE > FIZEARTREDRE L S A RRTHE RS FRIILIEFT

ol FRMR A AV B A A BT § T H G

1/2
T =7,€EXp (thcizv ] } ’ (2.33)

BV 5 - T AE 0 K& EQR3L)E S TARE S Uf 5
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b haF AR R IR R SR R FRT S DE S L R B
cEEBHY I ATICaRE LG S PFTF  EmT X

E
R2DREBE AP ZHBAEE - BAPNKI BRI EBDRERRR > AigEDE

B kl>>1 gafhpkl<<l adhEsaBitdd 2B ERF FEKI21 4oB 2-12 -
7% duts EEE 953 % &
i X 44 P X M B
GE &) (558 8 &) PSS
kpf>>1 kpef=1 k p£<<1
| MN | J\/

Bl 2-8 R+ InficSd 2 pR/Id ABT BE-H Y 3H5RIET

3R

ENC)

=
£
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RS E bR R SR ERR R S SR S SR

AR EARY LA SEF A RS F A A AR R 0 - KB

Bite EFprpF oot ¢ BRETE S W REBAREEE ST bl4rR 2-8 ¢ 35
ST 0 AP RE Y EREE S 2R TR OBFAERABFH O RTF A

-

O Bhchils G 4o £ 2t 8 T 5 2 AR UL O Bh» FIt S en I M 4o o I
BABUEHTESISHB T [18]
e’ 1

quasi-1D Aa:—sFE(L¢ -1)
2 L
2D Ao=-sE In=2
zh | (2.34)
2
3D Ao=-s2 |1 L1
2zh{ 1 L,

# ¢ spindegeneracys=2 - S 5 fk&FE G0 L A iAp+ K R -

RIS £ g g R B L A T R A MR A er (5 A
VTJF\:’?}\)J’ gr]r-‘ﬂ_,"' GRS

% % ehig 1 4o [19] :

-4.91, d=1
2 4 3 kT d/2-1 Tr
o (M)=— (2 2%l ] xJin2E, d=2
0 (=2l 2" o d (2:39)
0.915, d=3

#9d5ksgsciaik o 4 thermal diffusion length L, =\AD/k,T i-%_ > F £ % »cenit i 17
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2-2-3 Z B AR

B 2-9 = itdg k senpid v & FI[12] B 2-10 - it A SLERRF LB
2 e [12]

Bl 2-9 % = it &k Su(Two-level system, TLS)ew £ B - i H: T E - B R 5 e B “f‘

eni e 2 B (R F ) A B e 2 opedp d ) B AR up s ERI R Y P AR

(ground state) =it & £ (energy splitting) A i%-]-"» 3 ¥ it & i £ 20 FF kv B (8] 2-10) -
B P RPEIER FRT o R A BLALTEEORG L 8

(1) #t;%% (thermal activation) :

AREEOEE R RS cEid M P R T R i Y RS -
v B =[12]
1 E
— =~ oexp| ——2% | > (2.36)
Tthermal (T) ’ ( kBT}

Oy 5B - B AR TS F A E, T SRR T EE TR AT -

)‘7

* PRt 1 R kelvins &R g R o

(2) &+ 7 " (quantum-machanical tunnelling)
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FORREARE SR EOR RS P A ERER FP MR T AR RS S
7Rk 0 R+ 8 4 p 87 sk (spontaneous tunnelling) sEE 8 4 [12]

1/2
. ! ~ @, exp[—w(ZMVB] j:wo exp(-4)
z-quantum h

BY R EWE VB iRt - MERFEE > A

(2.37)

v

% Gamow factor » ¢ §r:8
PR 1k -

R AR R A A
quantum - = REA L=

Rp -

(2) Slow tunnelling (zum )_l <10° s?

Bt R YAk o energy splitting A g o H

- FRE ErEROTERTT D S
Es Rl el RIS R

(b) Fast tunnelling 10° <( quantum)_1<1O12

# % B energy splitting A %) 2 ImK 3 10K s B>

>+ d  electron-assisted tunnelling
process #T ¥ s eiT %R & T, PRiT sk (Kondo effect) 1 7 i # 24 o et R P E G 7
it ¥ 3% TLS Kondo effect 7% ¥ o

(c) Ultrafast tunnelling 10* s <( quamum)fl :

Bt % B energy splittingA g+ » xR+ AT *rs@t./g,xix;u_

TLS Kondo effect 2 ¢ % 2 > » &

L R el - 3

sud TLS #735 = engg 17 p >z (pseudo-spin) et % % 2
AT o

17 % »% s (Kondo effect) = 1964 # Kondo #7# & ¥ ¢ % + & localized spin = 3 17 7 % 48
R %R G MEBERT LB EET

§ologT Ap iz ch@ e b 2 o 158 k7§ 4
dE R R A BT F R (electron reservior) g gl g F 1T T -4 4

(two-channel Kondo effect) >

= Jlgﬁ%?;t),@
e d 2007 & Potok % A 11 F sk

TLS 8228 2 B g2 f » R @ § energy splitting A 3] p > & 1 i 5
B #: i p ¥ (pseudo-spin) > E 7 & F B TLS R 3 %% Ty £, 7 gt 5 =

AL 1E ﬁ%&a ‘3&{ ’
st aEd TLS ¥ 3% ehiT %2 i3l 4 TLS Kondo effect -
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4 TLSKondoeffect E R T reF 4B Reni3 1 p B AF 2 FEAEAL S > L4 T,

BARE 0 TIEREE R D% 1 X R eR] 2-11 0 F T, <ApF » TLS Kondo effect 7 ¢ % 2 >
%8 T &% Fermi-liquid behavior & & M1-T?ehér {7 5 & 4 T >APFT § DT Foe ™ 0
logT B % » £ T 1T B1-T &4 § T >>APF% 7 387 logT & 1GR1-T & foh > 0

B %57 - B 1-TY24p iz conon-Fermi-liquid 7 4 » #v % = i i 1T $ e o g i 4240t % 1991

# Affleck £ Ludwig #& &1 2 2 R X AER B ch% it 5 [25]

3n, _ .
Pux(T)= 4zh[eN (0)v; | [1 41\/_1-] (2.38)

HE¥¢n i TLS e & > N(O);ﬁ; ‘%"' FmOHITEOR LBR lz(TQCK)_l/Z .

—~31

K A T A TK T A TK T

%]2_11 E; TKL;’E’A@ l/,/Af‘E'ij P\-:' ’ ?JF_ELKEIE_&E{j%iLv}; ! P\?'E’fjf’?%\[lz]o
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3-1 $&HI

eI EERE- RUO 2 AMNETHFT AP FRAZARIYTL e BLIE A

FREAFRDEA S E BN & AR WITT R s R A

BAAG R KR AR TR S HT 4R 12 AutoCAD ¥ Bl Rl SaiEck ¥ Bk > 518 3
Fod g SR A S BRITNEE o AR * 2 L5 400nm F it & (SIOy) e FhiE 0 1FE
T AF 0 i B R sk R W AR (B 3-1) A i s 4R ik B 4% 10nm sh45 22 60nm
dhg o HP 10nmendc i - §F P B Aol FR 0 SR8 |18 > NPT LD 3F S Ao
32 g o R NBLIF L A EA AR ORI ARad AP LN MARF P izl
FRA R0 2R T HBAA L Bihk PGS S R2EERr BREAY
FBMOE £ PF A Ft at hT R B R IR bRl v R T Ly

AZ o

12456 2185 X127

wam]] ][] ililﬂ

--

ok

i

1
!

[
:

$i0, > |

I
siwarer > [N

-

6.525% 5. 545

R
)
i

Bl 3-1 ke @WAR A2
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o =]
o o
——————=
o =]
C—=7
- — R
o =]
——————5
o o =]
o a o
oo o oo
B 3-2 Pre-patterned.Si/SiO; £ =
THRMEAAAREE LME A R > P P2 @ a3 AT+ ik

o AR EA B R B R R o A ip g B AT 5 AR T AR FE T fia (950K PMMA
AD)» A &d RRA A BAPEY R FAGREC MR I FEHSF AL LT
Er R AT S EHPMMA G 5 0 SRS RAE G F A T s S MR - R R
B3 R i e SHPETIREF AT IRLFR o d N7 3 hp Tl & - &
M REGE R R T T S AT R SR E T MR R R 0 AL
S F

P RCE B AR GEMB R FIF S o

#e K 2 KRR btdd R " AR SI/SIO A FiER S 3 K ﬁgfgd B A
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HE AL AL SR B T 4 SUSIO A ARG 0 2 B A
FEAEIRATRYE FE o FAEE PR RT S HF Y s ?,{%r} #F T REAGE
AFEFFHT Rz AR FIHFLAFL -

EF R G

-
NH

CARE_ oo AR R B 2 R B kst JSM-T000F 14 FE A Rl T

¢
L

SR AFTORFTE T AR BREBEEG Y o LU RTRFR O A L RS

B Bhep i g o R E R R AT 0 & AUtOCAD Bl ¢ R R im0 3 F e

¥ heB 3-3 0 1452 K ez o A AutoCAD K i 0T iR 0 4o 3-6(a) ©

VIR (R 3-4) it 2K MR L G- BT eA o B354 - B A

sk g el S PR P AR LR 4o 16 1500 rpm dadF 15 ) 0 0 HoA R i §

3
=3
4y
|=

A > % FEEC4cid 3.5 5500 rpm da4F 3545 0 MREER P ehE R R B R ER
Pl R PP L R 0 Aot AR b ek e B 9 250 nm 3 300 nm > ?f:f:%i:?iu 47 %
e e 180 R - A4 BB IO PR SRS DT AT R R R

Fredld BoRavE iy o S e B auE N T Acg R FEfy WHHRAF Lo TG EAS o

gk Xenos o F g F ok Bk i XeDrew s ML B FRRAF 5 7 5 B e JSM-6380
KT F AR 7 AL A R B T e el B B e XY L BRI B g

FEFREPE T+ R DT e Freh %@ﬂiﬁﬁiﬁﬁﬁﬁ%ﬁ%ﬂﬁ%éiﬁ’ui
o A2 3¢ 52 & e+ (Beam blanker) FRFAED PR ENTREE Bjitr € 4e— B R R
FRAPEF RS > ABTF AP REFN I AOR R RERE PR T LERY
sy 30 iz AR o Al (Methelisobutyl, MIBK) @ £ 5 A (Isopropylalcohol, IPA)=1:3 ;2

EenlaR 1l ~48 £ %@ IPA -;,%K,ﬁz;% TR MERAF AT T AR DT IR o

Frp e * IPMMA 5 ] B4 3] - B & o#| € (Doze) > T H =g F o~ M T
Sl o JHE BT S ARk E — ghend g pEd(increment) ~ 2 F pF R (dewell time) e T
kT on(beamcurrwnt)d B o % - @ T FIEAIEARIFARERE O TERAE N F X

B ERE - GEPE RS - K Pt o BT R E A SEM TV G ¥ RRAS



© RAF R B R o AN A F A AR P R A4 10 nm 427 100 nm ¢h
E0FERBEATIZ AN D F P ORES AR EREY DENE S GE L R

AEHWEE D F R ATHES A4 T R - RETFIAETR -

PEGEORFEUAMREEGEII - ATERF  REEARDENEAL B AT A
TOT IR AP GRS LR R A &N 1T gt A AutoCAD
WEHTERRT) > AL U I HMERATERAT ZFUE 2 A RALT A7 BRe BT

& > 4ol 3-6(b) -

(©)

®l 3-3

@) = B3 & MenfhdF o SEM B o
(b) #p T3 A e T B -

(c) ™ AutoCAD T i1 2 K &Liz} o

25



PMMA

- -
pumping pumping

W 3-4 S} g1 F 5

L5

el (#9)

B 3-5 &g 4 i fe i $HpF 7 annt (2[26]

B 3-6 (2)2 AUtoCAD %3+ T 182 ()2 &+ A Al iz % enfe 5 -

26



32 MR THER
3-2-1 #¥p#

B A PRPARUO 2 F AL EBBE AR DI > RR AA M) T RE
Fef B2 HA AL R TR RA  BRE FAET S TS BAP TS AP RS

ArA g TG FRAFRAS BAYES L AR TR ALEY A LT

K?;Efﬁfir‘%#ﬁi@ ’ _‘?—‘]LLF}'%;"‘E‘:‘J’J;P-%&K E¥ £ R e AR -QJF;I%F"UT;P-%& .

ol

DF a2 PET IR R L A4 T E

o

fh-

=

QS LA B RIF 3T T EE P o UEREERESLET

@ ErTFREDLE RETRIHE , 2ABMFLL DRI S

¥

(4)% % & B pIEARY Tk ¢ P GRAT IR E rhadR o
G) 4P k2 BAT MNP LEFTAL o
6)2 Ewrd iz s B o

3-2-2 *He B 45,38 % HelioxVL

Fopert REE S AIE R DR E - & 7f'F‘ 5 MR 12 R B (cryostat) » A F AT * en
cryostat % Oxford 2 # e HelioxVL 4 s> 1 & *t 4B 3-7(a) > L B B H-A SR EF

ne

fed r2z o sep 3Nk e He BT % 16 0.3K0 X Y T A BB HHE 52 0 1) 4 Tesla
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4.2K FLANCE— 3He wumT/:A v.-».ﬁmi/mrm vm._rln/ I
WV _’IJ“

e .

h 420.0

— SECTION A-A

(b

(V2+501mm)

—{_IFTING LUGS
©\
is=

\ . [ scAlE 1:5
3He DUMP SLIDING SEAL TUBE SLIDING SEAL (NWSO

V3dK _U_Vm PICK-UP LENGTH) M
H<nP TUFNOL

IVC GUIDE

S it

=
¥

® 3-7 (a)HeloixVL ¢} @22 (b)IVC p
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##He pot

=k
S
a0

/, //}
Vi
/ /. '// /
711 *
V
P 7.
P

B 3-8 HelioxVVL =1 sample holder f#§ Bl » o @3> o HE o o fiic =8 7 4 5 L3 2

B

=
\1:3su[ A X013

1200

1D.62.0

114 cm

MAX LHe LEVEL

\_:JSS:A 39Vi0LS A
V1S0ANI NOLOMISSIA

MIN LHe LEVEL

135cm

@ 3-9 HelioxVL *xi&% % § p eid 4L B
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3'2'3 ‘§ /_u_’i ﬁl# .1

BANP A R ARG R AT ERDAFE TR RN 12 BRI U
#4747 0 N-grease 3= £ 7] %_& HelioxVL = sample holder €2 g 3-<& + > 4@ 3-8« %
WAL FET T A o NPT R F 4R4E 2% 4T Kl B dy 22 sample holder b cdg g o @ F

B N ML EYrL o

%+ B 3-7(b) > HelioxVL =7 sample holder >+ IVC(inner vacuum chamber) ¥ » = <8 % »
FRIVCENI > a3 IVCw » 200 ¢ i gles 150 B4 2 pFrr o i@ 2 acdip
P F A 0 L E PR A IVC P o R S e 0 A RGR T R E S A
AF B IVCP BB E ke A MERIVCEE RRHAFEZAM AIAPR E5ED
B 1R 6 0.3K(base temperature) > F1 5 & 4.2K 72T IVC “h o e i § oy TR 0 d TP
3R B N R A Pk RS F IVC ¢ § B g 4 5 $ R sample holder £ ¢+

(2K e fe 3 )7 8 5 e 3k R IEREZ LA TIE o
3-2-4 B REE N

HelioxVL ¢ % 300K % base temperature s"# R 34213458 & % B 7 b 4~ 5 BB IS
oo d— BRAERATTE HelioxXWLHE %5 R R AE 7 RY » Al d 7TTKag & i®
pre-cooling = i® » %) 30 4~ 45+ £ % J§ 300K "8 1 X 80-100K - # & 4% » & it £ 7%

R ARYHRAEF R F S 0 2 i F B (latent heat) 5 160kJ /1 & < 2N i 4 h

T

- L

5y

2.56kJ /1 > F]pt A 80K 2 b ik Ak % 1% pre-cooling ¥ & 4 T < & g%

o
NS

80K 12 i g HelioxXVL 2 » ik % 6 ¢ > 4§ 3-9 > ;%%E} 22 42K e fk 5 T

~ TR R K B 6~TK o

yiel

FRBEI AL TIERNT o L FR @Y FREESSF o F 310 5 *He 2 °He

2

[
ETIZ G

¥

R R M d BV e tHe s URMEE A ML & APRCRY R HiT
“gﬁ ’}ﬁ%igi,%

d ¥ B4 i HelioxVL » ik ik % ¢ B ¢ 58— 44 (needle valve) 3] 1K plate 4 $E#c®] » 2 ¢ 5
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i§ 3He pot {& £ A4 I HelioxVL- 5 i f& 4 S & RE4 € Fp 7 i@ IKplate "% 3 1K = 1 -

1

R BRAARM > 4 AT TR E S AR T cooling power A% i< F]pt 11 4He 1E R E R
AP E AT S EE SR 12K 24 ot B 3-10 *He ¥2 *He ehd A7 #F 0> Al hE
F T PHe crif B i *He 14> » pAREF PRt ‘He 2 SHe R » V18 AT T 1K
Mooma CHedp g HFF 2 ek 0 A ALY HEOBIRETE AR TS B ARELS 5 2
ZE AP X 2 4P o B 3-11 5 HelioxVL = I[VC p mf#sf—‘r 2 B > °He #% 7% f HelioxVL ¢ & e
HFEEEY > & lKplate * = e a3t a F G sorb A e 5 1T 5 sorb pump ciE g > 1K plate
T = £ 3He pot > sample holder 2 41 247 chim 5 45l = > @42 & Hepot ™ = o f st iR 5f
B 3 base temperature # > /f % i condense s 1T > 2§ A7 *He R EE b BF > 4o £t sorb
2% 30K ¥ aiF g 30 A4 ot pF LK plate 2 T 2 eh Hepot v g A 2K 24 0 - &
F R pE *He e g ) 319K > Fpt F Bt e He SR AT ¢ R SR L ik & CHepot ¢ o
Condense = & 2% * 4= sorb pump saheater B - » 2 PFsorb ? E A FI LR R TR € B e

v OHe FAREA 3 o EFIRRE R ek o G FERT R T base temperature 4 0.25K -

10°F

10%}-

10'}-

10°F

Vapour pressure P [mbar]

10 1 DR, LB L | 1 1 L
0.2 0.5 1.0 20 5.0

Temperature T [K]

B 3-10 *He 27 *He chz 7 BR¥E B h% v o R[21]
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'He sorbtion pump (‘sorb} —]

Te3DK — T«<3K

- -
1-:",19&55'.”9] "\-.\ Needle valve for 1 K P|Iti‘ -___|___-_‘_‘1-h_ tpumping}
-
-~ -
1 K plate and coil ‘\‘B_
Condensing "He -q__l 1-"""'—-'H: vapour pumped
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NCTU 3 SEM SEI 15.0kV X18,000 WD 95mm Tum
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15.0kV  X43,000 WD 10.2mm mn;: NCTU 3 Si S 15.0kV X7,000 WD 10.0mm 1um

081002a_EFGH 081116d_HGED

B 4-1 RuO, z F s~ i+ 7 SEM £ ifc

Sample No. [Sample name  [Length (um) |Diameter (nm) |R;q0« (Q) P300x (HLQ cm)
1 081003a_DFGH |1.027+0.366 47 3710 781+205
2 081002a_ABCD ]0.691+0.412 54 1405 583+218
3 081002a_EFGH ]0.73+0.521 120 102 20083
4 081116d_HGED |1.493+0.277 67 605 182429
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¥ B+ o e Keithley 6430 source meter 72 2 H % et # 2 (<10 Kohm) > #73 % s 432

% LR700 2 i T IEAR R iR 7 3 LB R AR ILe £ LA pe fF endg it 355 & % 100nA

e excitation current » 1 FE (% B F g k4 o
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081116d_HGED
: ' : _ B=0 Tesla
B ] - RTO09
450 RT10
445 RT11
RT12
440 RT13
: RT14
43518 RT15
430 1 RT16
= | RT17

x 425

420
415
410

405

] 4-5.4#% & 081116d_HGED = R-T ¥ &

Sample No. |Sample name Pmin (KQ M) |T(Rmin ) (K) |R(300K) /Riin  |Ro.3k/Rmin
1 081003a_DFGH |594+147 42 1.34 1.039
2 081002a_ABCD [442+165 39 1.34 1.091
3 081002a_EFGH |164+68 59 1.23 1.024
4 081116d_HGED |122+19 66 1.49 1.096

2042 FERABT I RT

d 2% % RUO M4 11 2 RUO, % o #en® ipl » 2 440 3 8 % # (100K 2+ )RUO, % +
SN EP e § g jB TN AR HERER R FFE A 80K 2T I base

temperature 0.3K =38 & % ¥ o

95 RT R4e8cdp 2N 7 A= F 30T F e
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(2) i} &7 %% 4 9081116d_ HGED H 2 RE A& TR T A LE 5 > Tt &3
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fo RUO, & %23 ez 48 7 Fe 5§ 300 ~ 400 pQQ cm = + 4ptt ] o d 3R 4ES S B RuO;
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No. |[Sample name  |D (m?%/s) | (nm) |k*I
081003a_DFGH |7.08E-05 0.33 |2.6
081002a_ABCD |9.51E-05 0.44 (3.5
081002a_EFGH |(2.57E-04 1.18 |94
081116d_HGED |3.46E-04 1.59 |[12.6
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081116d_HGED
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p
T_¢_T_S+Tin( )— B+ AT
From 1D saturated UCF fitting B A P
081002a_ABCD 1.64E+11] 1.97E+10| 2.28
081002a_EFGH 1.95E+10] 8.76E+08| 2.11
081116d_HGED 5.92E+09| 4.21E+08| 2.14
From 3D saturated UCF fitting
081002a_ABCD 1.10E+11] 2.00E+10| 4.12
081002a_EFGH 7.38E+08| 8.58E+06| 4.44
081116d_HGED 9.80E+05] 3.96E+04| 4.29
From 1D single impurity UCF fitting
081002a_ABCD 6.32E+09] 5.26E+08| 1.94
081002a_EFGH 9.16E+08| 4.62E+07| 1.69
081116d_HGED 5.29E+08| 3.09E+07| 1.76
From 3D single impurity UCF fitting
081002a_ABCD 6.24E+11| 7.49E+10| 2.28
081002a_EFGH 1.39E+07| 7.53E+05| 2.09
081116d_HGED 2.11E+06| 1.50E+05| 2.14
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#EAri¥ f‘lmL¢ Bk GR A eE ) A 240nm SR E IR H s Rt T L¢L_"1"h§ }i’F'K‘.'\ <~
52



&tk & 081002a_EFGH » &1 - fa4rfr UCF . & 32 o

b AEmIEE A ATk AL << L iERT W A ATl £ ¢ thermal

diffusion length

L, = . (5.8)

AP R BT AL L Gk B - iR 2 d R &-endiffusion constant ¢ it # 23t & thermal diffusion
length ¥1:8 & % v » 4@ 4-22 > 7 128 B3N P 4k & o0 thermal diffusion length § # + i%] »

# dephasing length + -|- 4o2% ¢ 2_ % %% & e % > 540tk &5 081116d_HGED 17 - ‘aé¢ o1 UCF
FEOMET L, % 100nm £ 200nm ¢ 7 s L, <<l 0 B & Y pE TS k] £ F

T Ok A AP E A~ F T Sl KRR A i ol o
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For 081002a_ABCD D=9.51E-05 m*/s
100 [+ —— For 081002a_EFGH D=2.57E-04 m’/s
For 081116d_HGED D=3.46E-04 m’/s

Thermal diffusion length L_(nm)

Bl 4-22 4D 3+ B & Gk Senl, 8 B % 1t

4-2-3 - %4 fo UCF : 4 & T 1oy

L, >> Ly i 7 5 4 f 81T 30y 15 4 - ke e UCF e & 4 [8]

5G,? 1 L' L

L
b =177.7 x| T
G? kF4I2L¢2 LXZLyZ L, (LJ ’ (4.9)

Uk R R L B % de B 4-23 -
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081002a_ABCD |B A

Fit to 0.3K 3.20E+11| 3.96E+08 4.62
Fit to 1K 1.67E+11| 3.08E+10 2.00
081002a_EFGH (B A

Fit to 0.3K 1.14E+10| 9.31E+05 5.10
Fit to 1K 8.82E+09| 4.65E+06 4.44
081116d HGED (B A

Fit to 0.3K 1.79E+09| 6.64E+05 4.45
Fit to 1K 1.31E+09| 1.25E+07 3.06

% 4-5 SG(T) 44 » BT 32503 1 eh— M fr UCF + | it & B %

d LSV IR d 3 4o x = M Ar o i T 40 thermal average factor L, /L, #%5%
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W 4-27 d % 081116d_HGED 116G (T ) # - @A &r UCF + /| i£52 & 77 L, (T) -

BB R S B HUE T L, de feed 0 A 1000m £°300nm - d g & @ Blenl, i R &N

HfcE BArT & 4-6 0

sample n (m®/K)
081002a_ABCD | 10%° ~10%
081002a_EFGH | 10%* ~10%
081116d HGED | 10%° ~10%°

4 4-6 AT LT - Mk b e UCF (T4 £ 352 n chilcd & o

TRt g AP RUO s+ %R 9 5 10° mP[11] > F R 2 55 > &0 B
2

BT L, ~1000m o I~1nm > & Flépfoar § v B e e 5 8§ 107 x(1/L,) ~10° m®

gz T AP A e B AR TR A N =0T SR Bt K o d RIS P ATRLRI T 0

UCF ke it e 2 &2 THRTKAT i 43 -

61



4-3 5G'ERaHcng 1

d ILSH A P S § Pl e T U BT R DT SRS H R AR
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# *+ telegraph noise st ds > FRAPEFER R F 5487 S 4ak > {ig- #4702
% telegraph noise ® # B ¥ BB T L B REE RS 0 L p Ep- ER(T) . AP d Riodic

o B dad F iy 75 R(T) » B~ 3515 4o B 4-30 (logT scale) 2 Bl 4-31 (T*scale) -

’F_

b o BRSORT)E AR ARG ERS RS S B G
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No. sample JT dependence | logT dependence
1 081003a_DEFG 0.8K~2.5K 1K~8.5K
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3 081002a_EFGH 8K~37K 22K~40K
4 081116d.HGED 1K~5K 1.4K~8.8K
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1.00
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1.32E-006 -
€ 1.30E-006 |
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4-5 Power Spectrum Density
20 Lk~ #7 f2 RUO, N Bk T S 1L A AR R T SR T RS B 2

& 3% (Discrete Fourier Transform) » #& 4% = Power Spectrum Density (PSD) -

d AR UE A T R I > PSD iy A 45 erE S F P rU B AR K > L BRI K eh
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