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Abstract

Project Code : MRG5080115

Project Title : Some Properties of Impure Superconductors
Investigator : Assoc.Dr.Pongkaew Udomsamuthirun
Project Period : 1 December 2549- 30 November 2551

The purpose of this research is to study the effect of impurities scattering
potential on critical temperature, isotope effect coefficient and the nuclear spin
relaxation rate . We use the Green’s function method to derive those equations
including the impurities scattering potential. The exact, approximation and numerical
calculation of critical temperature and isotope effect coefficient formulas contained non-
magnetic and magnetic impurities are shown. We find that the sign of magnitude of
second-order Born-scattering have shown the great effect on the critical temperature
and isotope effect coefficient of impure superconductors. We also show the nuclear spin
lattice relaxation rate formula contained the random impurity in case of weak scattering
potential and strong scattering potential in the simple form as the power series of order
parameter and temperature. The numerical calculations show that there is coherence
peak in the weak impurity scattering potential but there is no peak in the strong impurity

scattering potential.

Keywords : impure superconductors, Isotope effect coefficient,

the nuclear spin lattice relaxation rate
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s o Ql [l 1 a dl dld A [ 1 (=3 1 & 1 ~ & U
e dsnuuTesInswaInwasI Nl st esuuiuwimanuaz luwainan o9la
A v A o .
suuupzassunInindiAsaiued Haran uaz Nagi
NWIBVBIHIIL[21-23)] leatunsaa e nUITasI WA A, )NUgUADE
INgA(T MmmmmoamﬁmaﬂmUl"ﬁﬂ’nwu’muuamuw N(&)) wul van Hove

WA LULBNTHNRY I@ﬂlmauﬂﬁmawamnwaamummmu BCS @8

2 F i N(e) tanh( /(e —E)°? rNT) /)

Voo, J(E—E)? + R(T)
A [ 6a
I@]U Wp A8 WRINTWDBD Debye LLRe Ef ﬂﬂ waamumauwa‘m

ad

WUINDAIEIUD aoﬂj'aa’mwé’amuﬁ'uqm%gﬁ%nqw"[ﬁmﬂmsﬁﬂm Wi

a a
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Prozorov Waz Atke [24] T proximity effect lunsaTuny 8asd1uv89789319
WasNwNUgmrnTAngfvas MgB, lasannwuin MngﬁImda%ﬁdLﬂwﬁy‘uq watile
s ukanmanadldida A, ~2.61 mev w3a 2A, /T, =1.54

Pringle ,William waz Tallon [25] AN®NaV8INTLAL LAz mIseNaasulseans

aaglalslnduasaqsin m@@&qm%gﬁgﬂmﬁmwwm LUWRDIUSONNRNNNT

N(E) = N, + N, '”[|EEO|

=N,, E,<|E|<E,

1. |E|<E,

2.2 apn1sHanAagslwdastaf s
@ Qs 1 A a = v Io ‘V 1 ﬁﬁ o et
muiesaMIHeuamsalusesiiedos udeyandanyednimidmiy
a%mslél"smiwmmﬁaqnmgﬁﬁﬂmga laguaadfaan¥meInIsiia Gap opening WY
o A { o aa o a . . .
miﬂi:@‘!umadmmgmmﬁaﬁaumﬂimnmmmﬂm (Nuclear spin-lattice relaxation)
) a 27 . ' A
nnmMsansluanIaieIads ~ Al 289 Hebel uaz Slichter [27] wuiniimsiiafialu
Qs ] Q 1 =) Q o QI g: =) J { ~a OI 1 aa =)
myiaddanmidenamsaluludiimiadnuuauduiunuinadinitgunniingd
Tylizaanaainunged) BCS Juaun
a weR s 1 A a a A Ao
Saauuazga [27] lddnmadannmidenamoslusasiiiefvaialiouns
ASenuLaafie (Nuclear spin-lattice relaxation rate, 1/T,) v84@23181add lawld
ad 6 a
ATWINTUNTW
weR > 1 A a a [ o n' d'd
e [28] leAnsaamMItauaasrDutasiados luadiheiadeni
i L o a . o o A a {
AMURWILUBROTBZULVIWNUAANIIVBS Line-nodes VaIatng2adishanani
A = ~ & & & R .
Wals19% thiamnasuazand [29] 1aAN®IHNa0IANURIILUBETIINULY
a9 9uasahladinuy liasfunidesannsnewaaeslusasiiefoslalouas
Mnnuuaais  lasdiudymneg BCS ausasliidwiludiiheaduunliaad

Ad & a & d a v o aa
WUNALRN 9 Lﬂ@muﬂﬂilﬂmlﬂas] ﬂUQMﬁQN’mf}@I
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ar & AR A ¢ A = an o o a da
luﬂqujﬁ]ﬂﬂiﬂu'ﬂﬂuﬂﬂﬂizaﬂﬂLWE]?fﬂ‘lﬂ"]allll@]Uqﬂﬂjzﬂqimaﬂ@nuqﬂ?@‘lﬂﬂﬂu

ssidonmengud iwaduuwimslumsldeiunanalnmafasniwieads

3.1 HagaYEITRaNNnMNNINY A
= a & | & & A & _Ada a
mdnravasmadansuuyldiduudmanuazuuiuudmanniidegunn

[
A A

a a @ o a & a%’ & =i ' A ¥ o
IMNga 1%@]'3%’15]’3@8\‘] AIIN Lﬂ%ﬂ"liﬁﬂi&ﬂ@]a'ﬂﬂﬂiﬂix‘]ﬂﬂiﬂﬁﬂuwﬁ I@ﬂﬂix‘l% N’J’%FJVL@%W

2

A

WUU3N8B4284 Haran waz Nagi [13-17] TINNILULF1889289 Openov[19,20] LiNaWa W
o Y & a & & o R & “ & a & AL o A
wuviraasldauysalinndaunsiazdisiismarasdndniInindmununiunvusluus:
V) A d ' [N o o a
LiaunuatluninasasulauaIa1ia1a 8
slumﬁ%’Uﬂ%’@ﬁ;ﬁ%’ﬂﬁﬁuﬁwmiﬁﬂmm:mumiﬁﬂmwamaamnﬁaimiim
AI % dl €A = a dy
Budunasialniow auLuULad BCS @99

H=>¢ga,a,+ Yukok, oha,a., + Vkka,a',a,,a., (31)
k,o

k.k'.o,0' k,k'

lasardufiumassa@ae) a (a,,) swibdianaseundieuadn k wazalluun
. & A [ A o [ v & A &
unu z-axis 1w o =T nia |, WRIUDDINIARMAIANNWANIRANDLON 2 1T
VL |J e a . r I < a 6 a A&
g, =& —u (awnuatn) Lulk,ork’,o’) 1 wNaINIVBINIINTZIIIVIBLANATA UL
gy nanue (k' o) Tdaanue (k, o), uaz V(k, k) Lﬂué’ﬂﬁmaamuﬁ@ﬂmao BCS
lao V(k, k') = Vee(k)e(k') ia V, unwssnuwmaiad uaze(k) 1w real basis
U
function

WSV N wINA1WI AR Green’s function 1agiin®ua normal La

%

y H J
anomalous temperature Green'’s function @J%

G(k,7)=-<T.a,(7)a,, (0)>,F(k,7)=<T,a’__(7)a,, (0) >,

7 —k-o

Gk, 7r)=-<T.a’_(r)a, . (0) > F(k7)=<T.a,(r)a

0 —k-o

0) >

—k-o

\IBuLNAINEV8d Green function @14 Nambu representation 1))



G(wk) —-F (a),k)J

G(w,k) = (_ F(o,k) é(w, k)

@9%% normal L&z anomalous temperature Green’s function LARLNIFILIONT

AR UILBEFD W b1

Gle,k) = —— o+ &y . (3.2)
& + &2 +\A(k)\
F(ok) = —2K) (33)

&2+ &2 +\Z(k)\2

\a @(k) 1 renormalized Matsubara frequency L&z Z(k) 1T renormalized order

parameter

° @ N O ®. > ¢ a AL o e
fnuald uk, k') uandvasansiioNIununaesadnt ausuns
u(k,k’) =v(k,k")+J(k,k" (3.4)

do vk k') dndiluduiuadn usz J(k k') Hwnaniieanadlu
fnualilamauainnzidsmansanenaudslaauauns
V2(k,K) =v2 +V2 £ (K) f (K') (3.5)
3% (k,k) =g +379(K)g (k") (3.6)

Wa Vy(v,),Jo(J;) AoUandfaenain1inselasuuusuaIag (isotropic) L4a431n

s Fauuu i duusimaneduudimnan)
L ~ J et =3 {
f(k),g(k) AaWenTupaInMINTZUULIWNLAANY (anisotropic) LHadan

sdouvuliiluuimanuasduudman Sedadomannestves fK) wee g(k) 9z
dendugud, < f(k) >=< g(k) >=0 uaze1 normalized \u< f?(k) >=1uaz
<g?(k)>=1 Lﬁaﬁﬂﬁuuuﬁwaaoﬁm'}mauqumﬂﬁmzﬁmu@ 1% g(k) = f(k) nan
lunsduwim G'fiaNaﬁwfﬁvlﬁa:mamqwﬁzamﬁﬁ g(k) =x1f(k) waz g(k) = f(k)

N TNazasmTiIauuaheladsuuy liananasauguns [19,20]
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G H(w,k) =G;* - M (@,k)

do M (@ k) =< u(k,kYE(@ kK’ k) >.
agld @(k) waz A(K) [30,31] NuENMT

v2(k, k') + J2(k, k)

o(k) = o+ aN, [dS, n(k (k) —= _ (3.7)
L @ (K') + A2 (k')

A(K) = A+ N, jdsk,n(k')Z(k')"z(‘f'k'F Jj(k’k') (3.8)
s V@ (K') + A (k)

lag  w=aT(2n+1)

T dugamnll wazn (dudwindu

& Tunasnuad ﬁaagmﬂ

n, Wuanududuueiasiae

Tas  A(K) 1w order parameter UL LINLABSAA ANUFNNS

A(K) = A e(K) (3.9)

' . ] X o ' ' ,
\Wa e(k) Iu basis function NUWAL 1INLaasaan uaz ALllu order parameter 7114l
L o e A a A . & 2
AUNY LINLADTARY WAZXI8W 1NTT normalized 1w < e? >=1

~ A .
LAIBNIANNEY = NiNadlwad second-order Born scattering Tuaunisvad order
& ° A o = a o @ = '

parameter \Junuuineivedfian(31,32] Fvazlanuimaglunsfiansanaunietng

o ' ~ o \ = - a £ ~
10 wazed linailaslanuawladnnan 309918 VAN 7+ RINIOLAAUK LA NI
d' =1 s A{ A |J Rt a 1 Aé’ Rt a dl' “»
7 Anavasrasdnaa T donuy lNUnnuaTwaINAIUUUNIUAUET W LaTaIRNIE AU “

a o A A o £ a 2 e A @ ! AL o A
LMNONUNITH Nwﬂmaﬂmaﬁﬂﬂ@ﬁqilﬁ]aLLUUVLNTuﬂUﬁUuuaUﬂ']']LLU]JV]"lluﬂ‘]Jﬁﬂu

o v = a { 3 o QI/ =3 a
faualy MIduAinIavaIINaaInaL Id3k/(2n) AsErMILTI AW asH
At I BBUNG laaa8 NOJ'dSkn(k)J'dgk lasd N, uanunmwinunanius
FS

a

ARUNesH uaz n(k) Wuanunwuisanue angle-resolved NRAIWSH uazlidanla
113 normalized 1iJ% IdSkn(k) =1
FS

ﬁrmaumwaaﬁaadnwé‘dam’mmamm@miﬁjmuamdéau
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Ak
o +EL+

AK) =TS SV (kK (3.10)

A & A AL o a a &
wWa V(k,k" Lﬂuﬂﬂﬁmaamsm@mma% LULNIWAUNANIILAzIRUNTITLT W
V(k,k") =-V,e(k)e(k") (3.11)

ﬁﬁmmmawmimaaqmﬁgﬁﬁﬂqmﬁlﬂu

In(—) 27T Y Al f (@) - 5} (3.12)
lag
[f @ = [450000 e((kk)){“")} 319

A & Aa a ) A 4Adn A a
Lla TCO Lﬂuqm%ﬂuu?ﬂﬂ@?laﬂ@’guhlU']@Uﬂﬂvlullaqilﬁ]ﬂ

wnualuannsazlagunsa pvgmnniing@iu

In(%)=(1—<e>2)[ll’(%j—\}’[%+(FZ;?O)]HS +S, +8S, (3.14)
lag
<ef > I <ef >(w+I,+G, £G,)F < fg ><eg > G,I;

S, = 24T
" ;(mr 1G,) (@+T, +G, —T,)(@+T, +G, +G,)* < fg >2 [,G,

S _127[_'_2 <eg> G, <eg>(o+I,+G,-I)+< fg ><ef >GTI;
? CS(@+T, +Gy) (0+T, +G, +G))(@+T, +G, —T)+ < fg >’ [,G,

>0

S, =<e>? [¥)-¥(+ G°‘G°)]

Wo T, =mNVvZ , T, = m NV, G, = NyJ2, G, =2, NyJ7 1Tu 8a3n1inseias
Anaan isotropic non-magnetic, anisotropic non-magnetic, isotropic magnetic, and

. . . o & IS J 04 a A a =) ai
anisotropic magnetic YU T3 G, war G, NATUNUVWIAFUUNLNAINNFIIHIBN

& = a A @ a @
L ULULARN I@U"ﬂzuLﬂjaﬂ%NqUUQﬂaUlfﬂquLﬂU’J"]Ja\'i
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aum?naaqmwgﬁ%nqamﬁﬁmﬂuaumimaaqmwgﬁ%nﬂammﬁaﬁﬁm@@aﬁﬁ

A & ' = | & ' & Ada @ \ o &2 .
mimmmmﬂmmmaﬂLLazvl,aJLﬂumeaﬂmmsm:ﬁnﬂmLL‘uuqu lanitanauad spin
exchange interaction @28 u,a::mmsnmamquawmwaaqmwgﬁ%nqﬁﬁiﬁmmuam

NOWLLA?
1 %) =Y g
3.2 uarasaTdanadnilszd@nsvaslalalni

{ aa A o e = Qs‘
Lﬁﬂ%’]ﬁ&lfﬂﬁ“ﬂﬂdqm%{]u’)ﬂﬂ@@’mﬁ&lﬂ’]ﬁ(&14) WA UAFNUIE’IN TV

lalalndlasandaainusunus

_dInT, 1w, dT,
dinM 2 T, da,

ke

2 + +
ﬁ=l_(1_<e>2)ﬁ \P’1+F0+GO _<e> \P'£+Go—GO GO—GO
a 2xT 2 2T, 2nT 2 27T, 27T,

c c

_zﬂTCZ 1 é Fo +GO +2(1—~1<ef >2 ¢Gl<eg >2)—2A2w(a)+ro+GoiGl_rlj
0o+, +G, | Blo+TI,+G, B B Ty

>0
(3.15)

&

{ (=1 Qs a Q‘ L= o t:il { ~a a
W a (a,) \Iu audszdntvaslalolnivasdsheebsniiaaiawiagnd) uas

A=(0+T, +G0)(F1 <ef >* FG, <eg >2)iF1G1(< ef >* +<eg >2)¢ 2I,G, <ef >< fg ><eg >
B=(0w+T,+G, G, w+T, +G, —TI)*I,G, < fg >

I a £ 'Y a £
FUNNTVIRNUITE AN DI TE AN TVR te lalndauanni3(3.15) azlNauaIrnTilanuy
Lﬁflul,l,;imﬁnl,l,a:l,mu"l,&iLﬂul,l,aimﬁna%iﬁam NIHEIITINHAVAINIINTZLIIN LU FUNIATURZNA

289NN HaINNIE T UUBIFTI 802

fmiunTdiNmtelanwueauunasdauisannwsaananan leindinavad T,
uwaz G, was g azmansnlfmadszinmld lasnszae S, uaz S, luglaunsu ud

ﬁﬁmtmuﬂ'mauLLim]:VLﬁaumimaaqmwgﬁ%nqalﬂu
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In(;——cj:(l—<e>2 +<ef >* +<eg>? 2<ef >< fg><eg >*P[%j_l}l[l+ro+eoﬂ

0 2 24T,
—| <ef >* F2 G, <ef >< fg ><eg > \P(Ej_\y i+m
126, 2 2 24T, )
_ e
[ cegs? g —Ti|<ef s« fgs<eg> \Pﬁ\y 1 [+Go G
G, 2 2 e
+
rees?|w[l]-w 1 G %G, (3.16)
2 2 2xT,

o =) > s a nf YV &
uazlurinwaadganusnansnwnsudszansaadlalalnd et

ﬂ:1—(1—<e>2 +<ef >* +<eg>? 2<ef >< fg><eg > L+Gy P iJrr(’;Go
a 27T, 2  2nT,
o <ef 5259 & <ef >< fg ><eg > TotGo=l |1, To*Go =Ty
G, 27T, 2 27T,

G, 27T, 2 27T,

c c

* +
+£<eg >? —2[ FlG J<ef >< fg ><eg %{M \Pr(lJrroJfGo—GlJ

+ +
—<e>? M ! £+M (3.17)
27T, 2 2xl,

WUIENNI(3.16) WazauNN3(3.17) mansaaagtiuaunsvasgungiingdua:

guNedaNUszans lalolndvasnsdinyiuuail laagnsieninguns(3.14)uas(3.15)

Qo

3.3 HaYDIANSRNNAadAIINISHOWAANYd wYBIR AR E

s aa s

1 A A a
— WUBNAUAINILINULUIAND

lunmsAnmsanisraunasalurasiilafaa( =

=

va 1 1 A G 1 & o a A
VL@’I‘HEI'UJ’J"I — Jaudsnuaruanuriaztdn (W PYAINIINAUAIVIFT UV

n—>m)
1

a A L o r = < r Aana % s

WILARURINNRO IS |n> VL‘IJU\‘]E‘IU']%Z |m> mmummmvlﬂ aWAINILINIINIUAIVDN
A 1 a a a Aa o o [} | n:? a

FUBITHINFUBVIUARURUADLANATARA Azt whau1Inid ﬂ%l%gl]"ll Al

WattunIuzaseumeaiae vasrzuudianateslasmunsndionlaiiuzg
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W, = 2h§‘[< |I‘[|1 >§)r(r;|(lz|c:)>]+m']ImO[iw(Q)—>a)+i5]

{TZ[ ( i’ J)G() ()(RJ’RJ)+FW(S)(RJ’RJ)Fu() o(s) (RJ’RJ )}eXp[ia)(s)n]}

o C=(-87/3)y., 7

V..7, fa diasarvasaandinwudinanlalswasdianasanuaziianios eusau
I, A sUuvavliefug

o(g) fo anwd Tasfl w(q)=2q4T

8 ol laofl w(s)=(2s+1)T
q,s 8 Sy lagd q=123,... uar s=0,12,3,...

on ﬂimmmmuam

S
—
w
~—
ll D)k Db Db

w ﬁﬂ ﬂ')']llﬂ“/]Lﬂ@’l"ﬂ']ﬂﬂ’)']ﬂJLL@lﬂ(ﬂ"]x‘]"]Ja\‘]?ZﬁUWéT\N']%%LLNu (Zeeman) VBIRDIUL

In) uaz |m) laonmily o azddsies
A ' o @ a M v &
uwazillaunududidagdaunts munsadousumalnaleidu

W, =(C2/27zh)%;[<n| 1 [m)(m[1; [n)+cc.][dE (E)[1-f(E-0)]

x[ImGER( R )IMGE (R, R, )+ImFE (R, R, ) IMFX. (R, R, )]

i i IR

(3.19)
LL&Zﬁﬂ’J’]ﬂJ%%’]LLﬂ%ﬁﬂ’]uzﬁladgﬁﬁ’]El’)@]?id%’]vlﬁﬁ]’]ﬂﬁllﬂ’]i
N(E)=—1|m[Gij(iwm—>E+i5)]=NORe S (3.20)
§ Ve

A A ] A [ s [ X3 o a
Wa N, fa anuwwiniusauenizaunasnwnosilugaiueilng
suMIdaTININauAMBalwIadtIedus T, Aaulsiuan anunaztie

(W PaimMInaumrasaluvesiiuaiog namue [n) ludseaue |m) deuu

nem)

NI R lF N NRNANI[33]

T =2 T )W .21
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FATUNWILTUHILHINNIANBNATDIRN T I aNTdadas N SHanaaN /T uYa
A a o o a A ada A o ° =
fuedva luaiheredswuuaiudniansie lasaldaunis@.21) lwnsduwim &9
& o o o o a A A A A A ey © AL o g A A
L WRNNITENNI LA LA BILLUA LT a7 R auas a7 300 b NIRAWALWIRTWATUN
PINIATUITU

a W ° o coe A v A = a

BuaumiwImarsmImWanTwnIw lagldalalniiien 2a9ngeg) BCS wuy

AN A
‘V]v[allilafljl@ﬂ AINTUNIT

_ + + oAt
H = kzgkakcraka + %ka'akﬁa_kia-kw Ay (3.22)

Wa 5 Ao wasnuladvasdianasan  c; (C,. ) fa Mduiunsai (vhaw) uas
M @ o e a & o A aa 7 o A &
Ve A WAINUANGAIa098IANATaRFEIA Tz TuNBLANATOUNIRDIMINd L as
lagenunnuf BCS azmwuald v, =V,
a = ° g A o o a AV A A A
nadalnilsusunsndiwimnd WangunIusasariieraden bidasie 1
o [} A o ’ v &
dwnly rifipuny r’ leidu

. 1
Go(la)m,r,r)z—aZe

2 2 2
K o, + &, +Ak

() 10y + 673 + ATy

(3.23)

A a - 4. o 10
Wa 7, Aolun3ndLwia(Pauli matrices) 1ia i=0,1,2,3 lagf 2'02( ,

01
01 0 i 1 0
T, = 1 0/ T, = 0 W 7, = 0 —

@, A9 ANUDTATUTE lasf o, =2m+1)7T $9 m feswiwdy m=0,12,3,...
A [ £ Aa @ o A [ [ &
g @0 waamumaomagmﬂmimww k Tagiafaununassnwnasy
A, A8 TOITWWRINU FMTUAINLIABIRULARUA
Q fa USuasvadsszuy
6 o =) a o n' d'd A % = a 6
TunrWenTunInTaIaingIadInda T3 aaz TN TUse i Uy A-Lun3Inet

A A
SINNEL].] LUUOUTUNIT

. . . 1 .
G(iw,,rr)=G,(im,,r,r')+G,(i®,,r,0)U - G,(im,,0,r'
(i, ) o ) o W7, 1-G, (iw, 00U,z o )

(3.24)
A A @ o ¢ a A A
Wa U =U,z, A8 WRIUANGNIINIZLTIABIINENTLTD
NFNNNT (3.23) WNUABIIENMT (3.24) AzrNsarmNanTunIuniansia la

ﬁmu@lﬁmsﬁaag’ﬁ@‘mmm Fr=r'=0 A%
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2
. i, +AT, 1 [ i +AT

G (i®,,0,0) = No”{ m k1J+ . NOHUOE”‘HJ
2 2 2 2
@+ A oy i, +A,7, [ N oL+ AL

3

o +A,T

2 m k1
+N,7ug (J

O+ AL
(3.25)

, o o A Aa A @
LLE‘]:@]’]ﬂﬁﬂJﬂqi(?).ZO) FINNINAIITUR BB UR DTNV BIAIUIIIAUINIRITILID VL@I@'WJ

JUNI

N (E) = —ﬂNi IM[G,, (iw, — E +i5,0,0)] (3.26)

0
LihagnWIRTUNIUAINaIaLTznay 11 1w

W UunuaaI9: cﬂgﬂfﬂzvl@i”

N, (E
Nimp (E) = % (3.27)
1+uZNZ2(E)
o E - . . a
wa N (E)=— A ﬂ’)’]&l‘ﬁ%’]LL%%E‘TE]’]%KY]VL@H]’]TW]E]BQ BCS L8y
e
U, = No”Uo

luarsheladuuuaa dX2y2 azﬁamwﬁaadwwé’amua;Jisl,ugllaumi
A (T)=A (T)sin20 w38 A (T)=A (T)cos26 lwsznuuuuaasdid 1o A, (T) 1 u
] ! o AL o A ¢ A & . ! [ A
ToIwaRLUUNIuA U anduazIniaatedn uaz A(T) Lugesinawasaui
£ o A . & { & '
Jurvgmnnlviuu uaz 0 (duyaiiannunu k, Wousuns(3.28) ndidu

N, (E.6)
1+uZNZ(E,0)

Nimo (E, ) = (3.28)
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Tag N, (E)= deN

imp

(E,H).

imp

ddd

MAARBTIAIRILLIRA U AINEST uiaRsann A SanBauuy
gou lan N, (E) <<1 ludvhmabuunedudfifilesaouuy 2 §3 9n

FUMNT (3.28)  ENNIIOMIFUNNTVBIANNRMILUBED U I T

2., A, 2 A A o
N, (E) =~=K(=)-=ul(l+—=)E(= Wa E>A
Imp( ) e (E) . 0( EZ) (E)
z—EK(i) o E<A (3.29)
e K(E) uaz E(E) i the complete elliptic integral of first L&z second kind

ANAIAU

FNTUAN LA TILLUAAUE WU W anuaun3(3.19) sunsasdawlaidu
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I 1 s v o a e & dl v
g, h ifudiasdy  wazldmadwoudsiisedluigaasle

W 1 A A A
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T ( )(e7n) [ oT (2T)] (3.41)

uazdnIu A(T) > 2T aztdu



21

123(4_”) (7.7,)* NSTO. 1333( T 00286(—) +0.7351(-21)°%]

T A(T) A(T) A(T)
(3.42)
InFuMITaseaTMINawaaesDwasiefos T, luarihenadouuuaaud
NUR1998 aNENNI(3.33) (3.34) (3.38) (3.39) (3.41)uaz(3.42)WuNaaulsdeny
o gt o =S 1 [ 1 et dl a o nl
RINILNIATUIUABMTBIINNRINUNUNNNA Y A(T) madmIn A(T) a3
INMItAna A(0) U8y @, URIUNURIIWENNI(3.43) thafwiomn T,

f ds tanh(g/ZT) 1 f ’ GT i Nimp (£, A(T)) tanh(y/e? + A*(T) 1 2T) (3.43)

—op Jei+ N (T)

waziAN Lo unuaasluaunis@.44) iadwimm A(T) da'ld

jd tanh(g/2T) 1 jder N, (£, A(0))

oo —wp N e+ A2 (0)

NIRFNNII(3.43) UAZAENNI(3.44) NADFUNIITAITNNAIUANNG B BCS Niun

‘.l.li“’ilﬂ@ﬂ‘liﬂfl.l@]’)%’]U’J@]UGLL‘U‘U@]E‘I% 813138



UNN 4

NaN1IABIMILaZN1IaNUI8NE

{ v o a 1 Aaa a Q/ a QS‘
Tuunfsuldusaimsdwandssumivesdigunniinnd audszdntlalolny
1 Q 1 ) & ¥ o =Y L= {
LAZANEATINTHERARBVBIFETIY T UUNAILUFAIHANTAWI B TIAILAVVBIFNNNTN
dwnldinadinnziuazaydnadaly

a a

{ 1 ’ o =
4.1 HavavEIIdaninaamuailingAuazdadseansvaslalaln

u

q
aa a @ o A Aa =
"mﬂﬁ&lﬂ’liqm%{]&nﬂf}(ﬂﬁ]E]{'l@]'l%’lﬂl’)@]UGY]SJ@’]?L?]B@]’]NE?NT]’]?(3.14)

T 1 1 I +G
INn=)=(1-<e>)[¥Y| = |-¥| =+ (>—%)]+S, +S,+S
(Tco) ( )] (2} (2 ( 24T, )]] 1 T9, 9,

o a £ o o a A
wae FNUTERN Ve balolndvasdirineiadindsnsiiaauaunis (3.15)

2 + +
ﬂzl_(1_<e>z)[ro +G, \P'[1+r°+60]—<e> \P,[E+GO_GOJ[GO_GOJ
(04

27T, 2 2T, 27T, 2 27T, 2T,
_27Z'Tcz 1 é F0+GO +Q(1—wl<ef >2 iGl<99 >2)—2A2a)(a)+ro+GoiGl_rlj
o \o+l,+G, | Blo+TI,+G, B B 2

Q 1 dl v v v a é dl o g; o
lasaaudsaa9nld lauaasuarluunfenuun TadleiaunIniaaInidiIwIm
VEIAILRY Namiﬁm’gmmmmLm@avl,@i”é'agﬂﬁ 1 gﬂ‘ﬁ 2 WA gﬂﬁ 3 TFIN9 3 3ﬂ"|,é1”
LRAIHANIIAIWIDALILIRINLATEINANY ” + WAz 7 - “ VBIANNI(3.14) WAz (3.15) T4
Id a % 6 a d' A d'é’ > =y 1
LW ANINNNIAAT WAV IANINIINIZLTIL D INN AT D oL U UNVWAUNTE T e al
J % =y d' a %3 6 a d' A .J [
AWNUNIETH lagtaTasnanguln LtAaandngn1InIzidaitasannasdanuulaawny
A 1 d'ng/ a =y d' a % 6 a
NI UUINATBLLNIRALNNIED W wazlauiaIadnunaay tHaaNangN1INIzLa

dl A |§ s A v 1 AJ et A
L%ﬂx‘]’i]']ﬂﬁ?iﬁ]ﬂLL‘]J‘]JVLSJ?J%ﬂ‘Uﬂ’ﬁBTﬂuuﬂ UNILLUNTIWAUN IR 1



23

Iﬂﬁgﬂﬁl 1 ugaINamMsFwIslasinuald A(K) = Acos(2¢) Zw'l? =20,
T c0

n(¢)::E%;,e(¢)::~ﬁfcos(2¢), waz f(4) = v2c0s(24), 9(4) = V2 cos(2¢) Taazle

<e>=0,<ef >=<eg >=< fg >=1 LL@zEﬂ‘ﬁl 2 ugasnsm g(k) = f (k). lasldaaudls

o, —i _ i :ig
2ﬂ@4“”@_hﬁw V2cos(2¢), f(#) =2 cos(2¢), 9(9) ﬁwﬂw)

a

@ 3 \ a A !
VL@] <e>=0 , < ef >=1 , < €g >=< fg >=—. WU’J’]I%ﬂinMﬂiEN“N’]UU’)ﬂ ﬂ’]‘llﬂx‘lqm%ﬂll

410 u
a a o o A Ada A A L e o A AN A = o ~
IngAvasmiieradsniiasiaauisaisunnitavineieden liizansiele wasnydl
a o Aaa a o o A Ada A A v S A A
iwsasnanpavizlidnvasamngiingdvasdihmadsnimailefidtasniidiieiaim
A A P A A £ Aaa A AL W & ad
lifanidennen nefillamadelidnanniugunniingfzldiesaimizasnsdidosen
o o o { o ' o o [ a £
ARAINUNANIAN I HLAZNANIINARAINUNLFWANIOWILED NANIFIWI EULTZ RNV
Y ° o { ' d o a £ d
vLaImIﬂﬂVL@gﬂmLauamgﬂﬁ 3 WUINIGATaInINLaUFULsEANT Y la lalnUnyding

A A \ AN A A \ A A oo a £ A
f1I3aziaruInnInIakliianside walunsdiaTasninouinlasulszanvaslalslndda

#agnin



24

15
N --- = "#/26T, =001 G /24T =0 G /25T =001
| —--— e r2eT™ =0 G fonT_=0°G j2AT =81
— - AT2nT0 201G 25T =0 G f25T =0
——— 2T =0.01 622t =0 & j2T, =0
« | e T 12T =0 G j2xT_ =001 G J2xT S0 and T /2T =0 G f2xT_=0. G /2xT =0.01
TN\ - l‘/2nT o =0 G2aT =BG f2nT 1=0 afid "+ G f2xT 1 f2xT) =001 G /3xT D
N
3 SO AN
IS SN\~ S
- N >. \
N \\ N N
N N N \
0.5\, SN\ S
N N N N \
\ N N
N “ NN\ L .
\ N N
N\ \ N \
\ VRN A
\ \ \ \ \
\ \ \
o \ ! \
0 0.1 0.2 03
FO/ZnTCO

. ] L . o o
3UN 1 ugaIHanM IR I T, SnTunadl “+ uaz < lasduinlida 5 _I'f =20,
/A

c0

nw=$w@=ﬁmww1@=ﬁww@mw@=ﬁww@.

15
— oo L TY2AT 0 G2AT =0 GyJ2eT =01 case 2
77777 1 2nTo =0 G j2nfo=0 G f2xTo.=0.1 case 1
77777 "I 2nT 20 G J2nT “20.01 & /2t =0 and T /2xT =0 G /2xT =0. G /2T =0.01
- r /2nT B Gy2nt =BG j2nT =0

1.0
> AN
A N
3 AN

,_ N

e N

= N

N
N
N
AN
N
0.5\ . SN\
N\ N N N \\
AR \\ N\
AN N\
\\ . \\ \
\‘ . \\ \
0 L) L
0 0.1 0.2 03

FO/ ZnTcu

d o o gt a)
U7 2 ugaInan I wIts T, §53unsdl “+” uaz " lag The case 1 fi 5 _? =20 ,
T c0

n(¢)_— e() =2 cos(29), T (#) =2 ¢0s(24), g(¢) =/2cos(2¢) .uaz The case

=

2 Q8

MT—mn@~—ew V2cos(24), f(¢)=~2cos(29),

9(¢) = TCOS *(29) .



25

\ \\ \ ‘\\\
\ v W\
\ \\ \ ‘\\\
\
4 \ VY \\\\ --- - " T /2:Tc=0.4 G /2rTc =0
\\ A\ —_—--= +F1/2nTC =0 G /2ZnTc =0.4
\ o\ ——— ""[1/22Tc =0.15' G /2xTc =0.0
\ A "+ 1 /22T =0.05 G /2xTc =0.2
\ \\ "\ —-— "+"[/2xTc=0.05 G /2xTc =0.05
5 \ A \\\ ——— r2xtc=0 G f2xTc =0
\ \
\ AR\
Cll N N N
; NS
RN
2 S \\\\
\\ \\\\x\
~ SS \\\{\\
\\ \\\x\\\\\\
T~ TSI S
0
0 0.2 0.4 0.6 0.8 1.0
T/T
= SETE “« o« ¢ 0 =9 o 1
3UN 3 umas o lunsdh + sz - @ wisfldfa =20, n(¢):2—,
/s

c0

e(4) =2 cos(24) ., f(4) =2c08(24), 9(¢) = %eosg (29)

>

4.2 HavaIEISINNABDAIINNSHORAA LA WYaIRILARYE

o | A A a 1 @ o a A ada
InguMITaseaMIdewaassluasiiefos T, ludrtiheiaduuuaauand
{17130 NIMNNRNITITDULUBaUMNFNNNT(3.33) Uaz (3.34) A
fWSUNIH A(T) < 2T asld

2 47[ 2 A A 3 A 2 A 4
— =—(— NsT<1+0.3504 — —-0.4534(—)" + (-2 + 0.3060 —)u, + (3—0.00961—)u
= ( ) (7e7n)’ { o7 (2T) ( 2T) ot ( 2.|.) 0}
(3.33)
URZEATUNTH A > 2T azle
%:3(4—”) (7.7.) N2 {o 1333(—) +00286(—) +o7351(2T)°86 1694(2T)018 2+2994(2T)°°°32u§}
1

(3.34)

LRENINARNTIRBUULITNAINENNTT (3.38) Wag (3.39) A



26

fMIU A(T) < 2T 1Tn

1 2 4rx 1
e (?)2(7e7/n)2N($T{u_4

2 [(1—1.2759A —0.0657(-2° + 0.3333(A)5}
T2 : o 2T 2T

+i6 —2-3.1710-2 4 0.0930(-2 ) ~1.0219(-2)°
2T 2T 2T

Ug

+i{3—1.8466A —0.0329(2y° - 0.4272(A)5} (3.38)
e oT o7 o7
fTU A(T) > 2T 1du

1 2 4rn,, - 1[ 2T, 2T ., ZTG}

2_flr NZT{—=| 0.0333(51)2 + 0.0036(>—)* — 0.0451(>—

T ﬁ(s)(J/e?/n) O{ug (A) (A) (A)
+i[- 0.0500(21)? — 0.0045(21)* + 0.2965(2—T)6}

u A A A

6
0

+ ig[o.ows(ﬂ)2 + 0.0013(5)4 + 0.6732(5)6}
Uy A A A

(3.39)
waznatifilufmasamuauns (3.41) uazaum(3.42) fa
MU A(T) < 2T 1Tn
1 2 A4r., 2\ 2 A(T) A(T),s
—=—(— N;T[1+0.3504 ——= —0.4534(—= 3.41
T ”(3)(79%) oIl oT (ZT)] (3.41)
uazdInIU A(T) > 2T aidun
L 28Ty, Y NZTI0.1333(-20)? +0.0286(-20—)* + 0.7351(~—)°%]
T = 3 A(T) A(T) A(T)
(3.42)

WaLIEMIAUIHANNENNNT(3.43) LAzRNNT(3.44) TUMTFUIAAIANTB I
WRIIwNamnNAa1 g A(T)
q U

NANIIATU) mua@ﬂﬁé’agﬂﬁ 4-8



27

P -7 = ~
7/
80 7
----- 2,(0)=200 K , T =84.4894 K , u,=0.001 e
_-— Ad(0)=100 K, Tc:42'3979 K, u0=0.001 //
)
7/
60 /
/
. /
o /
22 ’
g /
5 // 7T
40 J -
4 7
’
S
7
7/
20 s y /
7 /
- - - . . - /
- - - /
e
e e
0 0.2 0.4 0.6 0.8 1.0
TIT
c
A 1 A A A '
31]7] 4 LR Tl ﬂqu%QNﬂima’]iLﬂaLLUUﬂau
1.2
0.9
P_H
= 0.6
—
0.3
0
0 0.2 0.4 0.6 0.8 1.0

TIT

3UN 5 usas (TT) ™" Augampinsdiaaifeuvudau dudsiernugun 1 udld

£ =1
NIMWNLRULAE



28

0.0100
/|
/
/
/
7/
/
00075t | ----- A,0)=110 K , T =96.1325 K , u_=10 ’
——— a[0)=80 K, T =70.0619 K , u =10 ,/
Vi .
)/ /
/ //
—~ /
“»  0.0050 4
@ e /
£ S S
— y /
S
/
0.0025 d
v
./
S
./
4
0 ™
0 0.2 0.4 0.6 0.8 1.0
TIT

c

JUN 6 usas T, nugamninIdiansiaauuuidy

1.0x10™

0.8x10™

0.6x10™

T T

0.4x10°™*

0.2x10™

TIT
c

3UN 7 uses (TT) " Augampinsdiasifanvvdeudmudnduiniuzli 6 udle

v =
NIMIWNLRULAED



29

12

0.8

1/T1T

0.4

0.2 0.4 0.6 0.8 1.0

TIT
c

sUN 8 uaad (TT,) ! nuamwniinathlbifiansiie
U 9 U

~ = a AAN A A A A
NNauIUN 4-8 RIUNTINUNA LA T LTl lsnImin Lians198 waznItiirIIea
atnvdaw weaz lwulwnidinasfanuuidy
INNAINAWIBWLIENITINURA LA T suluaieradsnuy liaaan b
o ' o [ ° a A a a o o a
wiaz liseansasnunamavhwigaanged BCS Anszwuialaidaisuluaiieiads
LUUAILANLYIN ﬁaﬁwamﬁ%’uﬁ'u%’hmmLﬁwaam‘sﬁaﬁﬁagiué‘sﬁ']m@ﬁaﬁwa@ia

A A v A v o = ' ~ a o o a & )
nItiane lastiianudutwinnnag lbaunsanunalalguswluarving1a 9k e



UNN 5

agﬂwanﬂiﬁﬁﬂ

[
v

Aie1a 80 dwanIN lasuanuawlatdwat N lwn IR ENFV IV IuTI NITh
A & Aa e Aa o ° ') o
hasanniduansndsutavinawlanaisdsznisnduw litulunisvinldwamw laagng
NIV

Ao & Xa ¢ A X wn o o A Aa A

‘lummﬁmmauw@ﬂizmmwaﬂﬂmawmmoﬂizmwaammm@mmmswa
MINDB LNeWAINANNS mmnmfaLLazaﬁwaaﬁmﬁuflmisluﬁaoﬂavlﬂmil,ﬁ@amw
MenadlazNatadIrITIantdasuan N Englwatingads iNatwuwinaluwnisls

aTUNLNA NNIILAARNININEIA D

IMNNANTAW? m1uuwﬁshummma@wamﬁif LT uRT AN L ANTRUNT

%

J

=1

a
5.1 a;ﬂwamaamslﬁaﬁﬁ@iaqmﬁgzﬁ%nqaua:ﬁuﬂszﬁﬂﬂafﬂﬂﬂ
=< a & | & ' = A = ' & A4A .
INMIANENAYaIFNTR anInu Ut widaanuaz UMDl anNNsa
Aan a a a n§ £ ) n:' g: dw 1 dl a =}
qmmgmﬂqmmeuﬂsmmmaﬂa‘[ﬂwﬂummmmmmm WUILH NIRRT
& ' & o AR & A AL o A & o A ° )
LUV AR AN AU DTN AT IR aNTUNURT ez IARAUET W Vil L
LISV UINLAZAUNRNAITANINIZLT IV ILATY LLazﬁwaﬁﬂﬁlﬁawmsqm%gﬁ%ﬂqa
o a & A ' o A ' AV o A A
uaraNUzEnTlalolndnuandlanis smwm’mumiﬂvl,@mmmmamqummma 9ALa8
AMTILRUANILE?
1 Aaa a QU a Q{ Qs o t=l t:lld =)
wuhamnpiiinguazdulszansveslo Iy Inlvasdrimebniianaia
A ' 9 ' o o a d A A v & AL o A ~
RNUNTDTANNINNIIAZRDLNTT 23820 8IN LR RITIF 8 eI wAULATaIRNN T
A = I 9 v A A ] 1 ) A A o
Ao Fadlumaaunu vy Wieeanneuands ilinamssnalanannsasudunaln
nawnsoi Iigaungiidngdvesdnieineiatauuiasivegenitvesdnieiaoay il

A 9
3199 19

Q

5.2 a@wamaamsﬁaﬁﬁda AIINTHARARYFLBUAIRILARYE

=< A Ao a ') L o AAa s @ . A
nnnAnmHazassianiimISnimuuuguiddedanmienaaoaluas
FUNARYR LG ULAAINANIIAIBI U NIINYDIANUR NN BT IZH IO AN THOUARURTI 1
A a [ A = a o o a & a
Vo uARuanUgUAN S Tagsnansawunalaidasuluarsingradanuuliaaa el
AAN A A A A A A ' ' ' AddA A v A
NI hidsnTanaznsminiansidanuvdan uaaz luwulwnIdinisns@anuuidy GIua

o Py \ Y o o a A a a
ﬂ’limu’JmVIvL@%vL&Jaaﬂﬂaa\‘mllwamiﬂﬂuﬁElm&mt]ﬂg BCS Y]’J’]ﬁ]‘;WiJWﬂIﬂLaUL‘mlu



31

Miwaduuuaadurius agelsianlainguussnannesssFuinmsdunuie
luﬁaﬁwmﬂﬁmuuvl&ié‘dLaugﬂﬁnauamﬂﬂulﬁa AIBUNANTANUI N AUNLIIFDITONE

msmaaaﬁuﬁummgﬂﬁaa

AOLAND U

1.5 09INNANN TR I EIRIUAI TN LA D ILUURBITDITNINRIIY LazAIA2NY
AMNTanII LA LLa:;ﬁ%‘U@Tmmiﬁuﬁmﬂmm;}ﬂﬁaaém%‘umrﬁﬁaadﬁwé‘dmmam
a o o & = NIy o & &
CaRL muum"luvlﬂgﬂmmualumm

2 diasmsdayanamInanadiiaduiunnugndasramgugniiaus



32

LAN&E1ID19DI

[1] Kamerlingh Onnes H., Leiden Comm. 120b,122b,124¢ (1911).

[2] Bednorz J.G., and Muller K.A., Z.Physik B 64, 189(1986).

[3] Maeda H. et al., Jap.J.Phys.Lett. 27, L209(1988).

[4] Nagamatsu J. et al., Nature (London) 410, 63(2001).

[5] Bardeen J., Cooper L.N., and Schrieffer J.R., Phys.Rev. 108, 1175(1957).

[6] Cooper L.N., Phys.Lett. 104, 1189(1956).

[7] Budko S.L., and et al., Phys.Rev.Lett. B 86, 1877(2001).

[8] HinhsD.G., Claus H., and Jorgensen J.D., Nature 411, 457(2001).

[9] Dahm T., Phys.Rev. B 61, 6381(2000).

[10] Udomsamuthirun P.,Physica Status Solidi (b) 226, 315(2001).

[11] Mierzynska M. and Wysokinski K.I.,Phys.Rev. B 67, (2003)

[12] Udomsamuthirun P., Kumvongsa C.,Burakorn A.,Changkanarth P.,and Yoksan S.
PhysicaC 425, 149(2005).

[13] Haran G. and Nagi A.D.S.,Physical Review B 54,15463(1996). ;

[14] Haran G.and Nagi A.D.S.,Physical Review B 63,12503(2000). ;

[15] Haran G.and Nagi A.D.S., Solid State Commun. 106,775(1998). ;

[16] Haran G.and Nagi A.D.S.,Physical Review B 58,12441(1998). ;

[17] Haran G.and Nagi A.D.S.,Physical Review B 63,12503(2001).

[18] Ohashi Y.,Journal of the Physical Society of Japan 71,1978(2002).

[19] Openov L.A. ,Semenihim I.A.,and Kishore,Phys.Rev. B 64,12513(2001).

[20] Openov L.A. Phys.Rev.B 58,9468(1998).

[21] Udomsamuthirun P.,Ratanaburi S.,and Yoksan S., J.Sci.Soc.Thailand 22,169(1996).

[22] Ratanaburi S.,Udomsamuthirun P.and Yoksan S.,Journal .of Superconductivity
9,485 (1996).

[23] Udomsamuthirun P., Ratanaburi S., Saentalard N.and Yoksan S. Journal of
Superconductivity 9, 605(1996).

[24] Prozorov R. and et al., Phys.Rev B 64,180501-1(2001).

[25] Pringle D.J.,William G.V.M.,and Tallon J.L.,Physical Review B 62,12527(2000).

[26] Hebel L.C. & Slichter C.S. Phys. Rev. 113, 1504-1519 (1959).



33

[27] Leadont R.and Suhl H.,Physical Review. 165, 596 (1967).

[28] Hasegawa Y.,Journal of the Physical Society of Japan.65, 3131(2007)

[29] Parker D. and Haas S.,Physical Review B. 75 ,1(2007).

[30] Maki K., in Superconductivity,R.D.Parks(ed.),(Marcel Dekker,New York,1969),
Vol.2,pp.1035-1102.

[31] Udomsamuthirun P. and Supadanaison,. Physica C 468(2008)929-931.

[32] Udomsamuthirun P.,Supadanaison R.and Yoksan S.,(submitted)

[33] Matsumoto M.,J.Phys.Soc.Jpn.70,2505(2001).



Output

1. Udomsamuthirun P. and Supadanaison R.,”The spin exchange interaction effect on
T, equation of anisotropic impure superconductors.” Physica C 468(2008)929-931.

2. Udomsamuthirun P.,Supadanaison R.and Yoksan S., “The spin-independent and
spin exchange interaction on isotope effect coefficient of anisotropic impure
superconductors”, Submitted to Superconductor Science and Technology .

3. Udomsamuthirun P.and Wanghunklang J.,” The ratio of normal state to
superconducting state of spin lattice relaxation rate of unconventional
superconductors”, Submitted to Physica C .

4. Udomsamuthirun P.and Meemon K.,“Effect of Impurities Scattering Potential on
relaxation rate in impure d-wave superconductors” , Submitted to Superconductor
Science and Technology.

5. ifaszauLugilnaunmsdnes 3 a



ANANWIN



Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volame $68. issues 1112, 15 June 208 1S54 0921-4534.

b

SUPERGONDUGTIVITY
AND ITS APPLIGATIONS

Editars:

W.K. KWOK X. OBRADORS
S. MAEKAWA H. ROGALLA
V.A. MARONI 5. TAJIMA
V.V. MOSHCHALKOV H.H. WEN

Available online at

e AN N
*.“ ScienceDirect
www.sciencedirect.com hitp://www.elsevier.com/locate/physc

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Physica C 468 (2008) 929-931

Contents lists available at ScienceDirect

XD TS APRICATIONS

Physica C

journal homepage: www.elsevier.com/locate/physc S

The spin exchange interaction effect on T. equation of anisotropic

impure superconductors

P. Udomsamuthirun *, R. Supadanaison

Department of Physics, Faculty of Science, Srinakharinwirot University, Bangkok 10110, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 18 January 2008

Received in revised form 24 March 2008
Accepted 8 April 2008

Available online 15 April 2008

PACS:
74.20.—z
74.62.Dh

Keywords:

Spin exchange interaction

Impurity scattering

Anisotropic impure superconductors

We study the influence of spin exchange interaction of impurity scattering on critical temperature of
anisotropic impure superconductors. The model of random non-magnetic and magnetic impurity are
revised to cover the effect of spin exchange interaction. The sign of magnitude of the second-order Born
scattering has been changed after consideration of the spin exchange interaction that also effects the
form of T, equation. We can get the general T, equation that can be described well by anisotropic impure
superconductors and covers all models done before.
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1. Introduction

The results of impurities that introduced into the superconduc-
tors are found in a change of the superconducting critical tem-
perature. They modify the quasi-particle spectrum, interaction
parameters and induce pair breaking in superconducting state. The
non-magnetic impurities have little effect on critical temperature
in s-wave superconductors [1] but they exhibit a strong pair break-
ing effect in the high temperature superconductors [2]. Shiand Li [3]
study the influence of non-magnetic impurities on critical tempera-
ture of the layered superconductors by using an superconducting-
normal layer model with d-wave pairing in the superconducting
layer. Haran and Nagi [4-7] proposed a theory of non-magnetic
and magnetic impurities in an anisotropic superconductors includ-
ing the effect of anisotropic (momentum-dependent) impurities
scattering. They consider an anisotropic superconductor with ran-
domly distributing impurities, treating the electron-impurity scat-
tering within second Born approximation, and neglecting the
impurity-impurity interaction. Although Haran and Nagi consider
the effect of anisotropic (momentum-dependent) impurities scat-
tering, they do not consider the effect of spin exchange interaction
of impurities on T, equation. They get two kinds of T. equation.
Firstly they find T, equation [5-7] that similar to Openov [8,9] and
secondly they find T. equation with having the extra term [4].

* Corresponding author.
E-mail address: udomsamut55@yahoo.com (P. Udomsamuthirun).

0921-4534/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.physc.2008.04.007

Openov [8,9] study the effect of impurities, both magnetic and
non-magnetic, on the critical temperature of anisotropy supercon-
ductors as function of potential and spin-flip scattering rate. But
his equation do not include the effect of momentum-dependent
of scattering potential and spin exchange interaction. Recently,
Haran [10] also revise the model of anisotropic impurity supercon-
ductor by giving the condition of non-negative magnitude of the
second-order Born scattering potential.

The previous work of Haran and Nagi [4-7] and Opeov [8,9]
have been described the effect of non-magnetic and magnetic scat-
tering on anisotropic superconductor but all of them show theirs T,
equations that having extra term in [4] and difference in some
term. The physics behind this effect is not clear. In this work, we
revise these works by considering the effect of spin exchange inter-
action of impurity scattering on T, equation that we think that it is
the physics behind. Our model contain both non-negative and neg-
ative magnitude of the second-order Born scattering potential that
do not been considered before. After our calculation, we can get the
only one T. equation that can describe all of the T. equation of [4-
9], especially we can describe the extra term of [4].

2. Model and calculation

Within the framework of BCS model, the Hamiltonian of a
superconductor containing both non-magnetic and magnetic
impurities is as follows:
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H= Z ska,makr + Z

ko kK .o

+Y V(K K)ajat,a y ay, (1)

kK

u(k,o; k', o)ai, ay.,

where the operator a;, (ay,) creates (annihilates) an electron with
the wave vector k and the spin projection on z-axis ¢=1 or |,
e = —u is the (spin-independent) quasiparticle energy measured
from the chemical potential u,u(k,o;k',¢’) is the matrix element
for electron scattering by randomly distributed impurities (defects)
from the state (K, ¢’) to the state (k,o), and V(k,k') is the BCS pair po-
tential. V(k,k') = —Vge(k)e (k') where V; is the pairing energy and e(k)
is a real basis function.

For the formal procedure of T, calculation, we define the normal
and anomalous temperature Green’s function as:

Glk,7) = —(Teai,(1)a;, (0)),  F(k,7) = (T.a*,_(x)ai,(0)),
Gk, 1) = —(T.a’,_,(004,(0)), Fk,7) = (T, (1)a4,(0))

The matrix Green function in the Nambu representation is
Gl k) = G(w, k) :F(w, k)
G(w, k)

—F(w, k)
We can get the normal and anomalous temperature Green’s
function averaged over the impurity position and spin directions
as:

i + &
@2 + & + |Ak)]?
A(k)
s
@2 + & + ‘A(k)’

Glw, k) = — (2)

F(w,k) = 3)

where @(k) is the renormalized Matsubara frequency and A(k) is
the renormalized order parameter.

Although the isotropic impurity scattering can describe the
impurity effect on superconductivity well, the weak anisotropic
impurity scattering occur when the Fermi surface average of the
order parameter is non-zero. We can go beyond the isotropic scat-
tering cases by treating a small perturbation of the isotropic scat-
tering as [4-7]. The anisotropy impurity scattering can be found
in case of extended magnetic moment impurity (magnetic impu-
rity scattering) and the anisotropy of the crystal lattice (non-mag-
netic impurity scattering).

The momentum-dependent impurity potential can be simplify
into model as:
uk, Ky =v(k,kK)+Jk,K)S-o (4)
where w(k,k) is the spin-independent potential component and
J(k,K)S - is the spin exchange interaction. S is the spin of mag-
netic impurity and g is the electron spin density. We assumed a sep-
arable form of scattering probabilities.

where vo(vq) and Jo(J1) are isotropic (anisotropic) scattering ampli-
tudes for non-magnetic and magnetic potential. f{k) and g(k) are
the momentum-dependent anisotropy function in the non-mag-
netic and magnetic scattering channel. The averaged over the Fermi
surface of f{k) and g(k) vanish, {f(k)) = (g (k)) = 0, and are normalized
as (f(k)) = 1and (g%(k)) =

To consider the effect of impurity on anisotropic superconduc-
tor, we set the equation [8,9]

Yo, k) = Gg' — M(w, k)

where M(w, k) = (u(k, k’)&(w,k’)u(k’,l()).
Finally we can get the w(k) and A(k) [11,12] as

V2(k,K) +J2(k,K)S(S + 1)

(k) =w+ nniNo/ dsyn(k)a(k) — (7)
Fs (k) + A2(K)

A(k) = A+ xiNo / ds,n)ag) VR ELKKSS+T) g
Fs

@2 (k) + A2(K)

Here w = =T(2n + 1), T is temperature, n is integer number and n; is
impurity concentration.

The “+” sign in Eq. (8) play an important rule in this model. They
depend on the spin exchange interaction of magnetic impurity
scattering that effect to the sign of magnitude of the second-order
Born scattering. The effect of magnetic impurities scattering contri-
bution from both spin-flip and spin-conserving scattering of elec-
trons due to their exchange interaction with magnetic impurities.

The “+” and “—" sign mean that we consider the effect of non-neg-
ative and negative magnitude of the second-order Born scattering,
respectively. After consideration the spin exchange interaction term
in Eq. (4), we find that “+"sign can be occurred in case of spin-con-
serving scattering that J(k,k') S - ¢ is equal to J(k, k) S - ¢ = J(k, k')S”
and spin-flip scattering as J(k, k )(—iy,)S* or J(k,k ) S’. And the “—" sign
[8,9] can be found in case spin-conserving scattering thatJ(k, k') S - &
is equal to J(k,kK)S-o =]k k)y,S and spin-flip scattering as
J(k,K)S* or J(k,k ) iy,S”. Where 7, = +1 and —1 for o = 1 and |, respec-
tively, and S*, $ and S are the Pauli matrices of spin of magnetic
impurity. The “+” sign in Eq. (8) show the orientation of electron spin
through y, contributed from spin-conserving exchange scattering of
electrons due to their exchange interaction with magnetic
impurities.

Taking a separable pair potential V(k, k') = — Vg e(k)e(k ), that Vg
is the pairing energy and A(k) is the orbital part of the singlet
superconducting order parameter. We defined as A(k)= Ae(k)
where e(k) is a real basis function and (€% =1, where ()
denotes the average value over the Fermi surface that f ) —
No [esdSkn(k) [dé, and (..) = [i dSen(k)(..). Here n(k) is the angle—
resolved Fermi surface den51ty of state. Ny is the overall density
of state at Fermi surface.

We can get the critical temperature as:

In (TT_O> —(1- <e>2){w<%> - w<%+ <r°2:TG°>)} S S5+ Ss

V2 (k, k) = v2 + V3f (k)f (K) (5) )
Pk Ky =J3 +Jigkgk) (6)  That
(ef) Iy {ef)(w +To + Go F G1) + {fg)(eg)Gi Ty

1 =2nT,
% U)+FO+G0) (w+l"o + Go 71‘])(&)4’1‘04’60 :FG1) F (fg)2F161

G1(eg)(w + Lo+ Go — I'1) + {fg) (ef )G1 Ty

= 42xT, Z o (eg)

P To+Go) (0 +To+ Go F G1)(w+ To + Go — 1) F (f&)°T1 Gy

oo 9]
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Here Iy = nmNov3, Ty = nmiNgv3, Go = nNgJ3S(S+1) and G =
7miNoJ?S(S + 1) are scattering rate of isotropic non-magnetic, aniso-
tropic non-magnetic, isotropic magnetic and anisotropic magnetic
channel, respectively. Go and G; depend on the magnitude of spin
exchange interaction.

The Eq. (9) is the critical temperature equation of anisotropic
impure superconductors that include the effect of random mag-
netic and non-magnetic impurities, and the spin exchange
interaction.

3. Discussion

In our model, we can get the T. equation that can describe all
case done before [4-7,9,10]. The effect of spin exchange interac-
tion are to change the sign of magnitude of the second-order Born
scattering shown by Eq. (8). And they effect to the critical tem-
perature equation by changing sign from plus to minus of Eq.
(9). The occurring of “+” sign in Eq. (9) (in Sy, S, and S3) depend
on the sign “t"of Eq. (8). In case of “—” sign, we can get the result

of Haran and Nagi [4] especially S5 = (e)? [‘P(%) - ‘I’(% +22n—%)] that

they think it is the additional term. Within our model, we can
clarify that this additional term come from the spin exchange
interaction. In case of “+” sign, we can get the results of Haran
and Nagi [5-7], and Openov [8,9]. The term S; equal to zero in
this case. The new term of S; and S, have been found by our
calculation.

For the above discussion, we can conclude that the spin ex-
change interaction can change the form of T, equation, and the fi-
nal T, equation can describe the critical temperature of anisotropic
impure superconductors well. In this work, we will not show the
numerical calculation because it is a special case of our consider-
ation that has been done before by others.

4. Conclusion

We have revised the model of non-magnetic and magnetic
impurities of Haran and Nagi [4-7] and Opeov [8,9] that considers
the problem of non-magnetic and magnetic impurities in an aniso-
tropic impure superconductor for the case of anisotropic (momen-
tum-dependent) impurity scattering in  weak-coupling
approximation. The effect of spin exchange interaction of impurity
scattering on T. equation is included in our model. The spin ex-
change interaction effects the sign of magnitude of the second-or-
der Born scattering that also effects the T, equation.

After our calculation, we can get the general T. equation that
can well describe every model done before.
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5 + el +[AK)[

e @(k) 1Ju renormalized Matsubara frequency L&z Z(k) 1T renormalized order

parameter

fvualit u(k, k) DudnfuasmiBefiduwinnneindu susums
u(k, K = vk, k') + 3 (k,K)S - & )

{ o M & o A = - & { a .
Wa vk, k') fndnldaunuatlu waz J(k,k)S & Hwnaufiiiaan the spin
. . o ~ & . . o 6 A . &
exchange interaction L8 S LIu classical spin VadANgvUBIENTRALAE o LTW

electron spin density

ﬁﬂ%%ﬂl%ﬁﬂﬂ’]&“ﬂ 29NNINILLIIFINIDULNG LLU?VL@T(?'H&IE(&IT]TS

V2 (k,K') = V2 +v2 £ (k) f (K) (5)
J2(k, k") =35 +37g(k)g (k) (6)

dl = a a . . ‘ﬂl
Wa Vy(vp),J,(J;) AouantagasaIn1insziisuuusuunas (isotropic) Lodan
A [ [l (<3 & [ [~3
sadauuy liidunsimanduusimnan)

£ a J @ A . . {
f(k),g(k) AaNenTuuaInITNILIIUULARALAANY (anisotropic) LHadan
A P & | & = & - = a 4 a &
f3de asanaadeauuy liduuimanuasiduudinan Seanassniuweiiues
f(k) uaz g(k) szlendugud, < f (k) >=<g(k) >=0 uaze1 normalized Lilu
2 2 Aﬂ. o v o = g [-3 v
< (k) >=1uaz< g°(k) >=1 LwawﬂmLLum’maaummaau@lumnmm:mﬁm 14
1 o d! e €d' v c?; dn:l'
g(k) = f (k) daulumsduwio smNaawwvl,mzmamqummmw g(k) =xf(k) wa

g(k) = (k)



NNTHAVBIR TR aUUANeIadsuuL lsuasaNENAT [5,6]
G (a,k) =G;' — M (@,K)

o M (@,k) =< u(k,k")G(@,k)u(k',k) >.
ld @(k) waz A(K) [8,9] ANENNNT

v2(k,k) + J2(k,k")S(S +1)
Vo (k) + A (K')

v2(k, k') £ J2(k,k)S(S +1)
Vo (k) + A (K')

(k) = w+mN, j dS, n(k" (k') (7)
FS

(8)

AK) = A+ N, j dS, n(k")A(k')
FS

lag  w=xT(2n+1)
T dugamnll wazn udwindy
& M DunaUYa Naauna
n, tuanududusaisnie
& AL o e A
lag  A(k) 1 order parameter NUUAL INLABSARY AINENANT

AK) = A (k) 9)

- , A e - .
e e(k) Iu basis function AUWAL 1INtaasaaw waz ALllu order parameter 7114l
J o 6 A A A . I 2
UL LINLAaTAAY wazdidanlunns normalized 1u <e? >=1

Lﬂ‘%lawmsl + *ﬁmamaa second-order Born scattering lusgunsves order
parameter Huuuudnaasvediay Feazdanuidylumsfanonaunmsagniunn uas
galaindlaslaanuaulasnnen tinannnIRasaduasNIeN spin exchange
interaction  1@3a9wane wan "+ sansafiedwldlunsd A J(k,k)S -5 1w
Ik, K)S-6=3(kk)ST  wia I(k,K)(=ir,)S* wo JI(k,k)S' uas

WSa9wing au < fatunsd 71 J(k,k)S -6 n
I, KNS 6= I(k,K)y, 8% wia I(k,K)S* or I(k,K)iz, S Tav y, =+1 uaz —1

#9350 =T waz 4 euday, way S*,SY,S? il the Pauli matrices U8IRILIDWUL

LULARN



o v = a { 3 o { ~a a
fnuald MIduiinIavadInaasnan .|.d3k/(27r) nseynuSIMRNesa

At I BRUNG laaas No.fdskn(k).[dgk lasd N, uanunmwinunaniu

ARUNesH uaz n(k) Wuanunmuisanue angle-resolved NRAIWSH uazlidanla
nInormalized Lilw IdSkn(k) =1
FS

ﬁrmﬁmmwaaﬁaadnwé‘dmu’mmamm@miﬁjmuamdéau

Ak

o +EL+

AK) =-TY SV (kK

A & o a AL o a a &
wa V(k,k" Lﬂuﬂnﬁmaqmsm@ﬂ@ma% LULNTWAUNANIILRZIRUNTLL 0
V(k,k") =-V,e(k)e(k") (11)

ﬁwmmmaumimaqqm%nﬂﬁﬁﬂﬂmﬁlﬂu

In(—) 27T Y AL (@) — —} (12)
lag
[f @ = [a5.000 f“(‘z)[“k)} (13)

1

a & N a v o a a
bl TCO Lﬂuqmﬂguaﬂqmmaa@au’]m@mwvl,&mmm]a

unwanlugunisaz laaunis avgamnAInnaLln

T 1 1 TI,+6G
In(=%) =(1- HY = |- = 0 S, +S,+S, 14
n(_l_co) (I-<e>?) (J [2+( 2T )J]+ +S, + (14)
Tay
<ef > I <ef >(w+T, +G, ¥G,))t < fg ><eg > G,I;

S, = 2T
' °Z(a)+r0 +G,) (@+T, +G, —I)(@+T, +G, FG,)F < fg >* I,G,

>0



_+27ﬂ_z <eg > G, <eg>(w+Iy+G, -IN)+< fg ><ef >GT;
‘S(@+T, +Gy) (0+T, +G, FG,)(w+T, +G, -T,)F < fg >* I,G,

1 GO_G

S, =<e>’ [‘P(—) ve+ 0)]

Wa T, =m N2, T, = N2, G, = N, I2S(S +1), G, =2n,NyJ2S(S+1) 1iu
2031N13NI2L39 NLAAaN isotropic non-magnetic, anisotropic non-magnetic, isotropic

. . . . o w4 - .
magnetic, and anisotropic magnetic e13a1aU B3 G, UaT UMUBNUTUIAVEY spin
exchange interaction

awmsmaaaﬁm%gﬁ%nqmﬂﬁa usunrvesgunnii ﬂqmaammm@'ﬁaﬁﬁ

A & ' = | & ' & Ada @ \ o &2 .

mn%auumﬂmmmaﬂLLazvl,sJLﬂuLLaJmaﬂﬂumiﬂi:ﬁ]’mmuuuqu lasdnilsnauad spin
exchange interaction @38 LLaza’m’liﬂﬂaUﬂQuaumwaaqmﬁgﬁﬁﬂqamﬁﬁ%auam

AOULA? L aN]N3E1989[1-4,6-7]

AsanlunsdiiaTasnunsauas laaunsy psgmnniing@iiu

In(1T—C)=(1—<e>2 —<ef >2)[\P[%J_\y(l+(r +G°)J]+<e> [T(zj IP{L( 2G, )J]

. 2" 2T 2" 2aT,
1 1 TI,+G,-G,-TI
+<ef S2[P| = |-¥| =+ 15
[ (2) (2 - 2T, )j] (15)

W Te (Teo) ugmmniingdvasanhmebuvuiisada(lifiannie) uaz P (x) 1iu
]UN1T digamma function LLAEFUNII(15) 198 w12 Waw

2G,
= Nagi "Lummmaiﬂmn"l,@ el

S, ~<e > [¥() - ¥+

LLuuﬁﬂaaaﬁmmmagﬂ"tﬁdwmmn spin exchange interaction
A sanluwnIdiaTadnunauIn WUIN9ZATOUARURUNIIVAY Haran and Nagi[
= @ a £
2-4], U8z Openov [5,6] T4 tnaw S, 1w gluﬁ uazldinan S, uaz S, 1iNuauIN lag

g9 luAn1IEIwI LAz LR WA



AMIINITHOBAAVF L UVDIBILAR Y,

mMstasasmIdewaasaluvasiuedos Iudeyandagydniy
a%maéf'smm@@oqmwgﬁ%nqmga lasuaaifdansmzradnsiia Gap opening WAz
o ~ { o Aaa o A . . .
miﬂiz@!u“uaammgmmﬁaﬁaummmnuLLa@mﬁj (Nuclear  spin-lattice  relaxation)
= o o a 27 ' o o a & .
nmsAnmlussaingaely Al wuiigeaesasnungef  BCS  1iuadiennn

Wuldanuleasdwllauauns

Ti~exp(—A/kBT) dla T<<T, (16)

1

Tl a.a. 1967 Aaauuszya [10] lddnmdanmsauamoaluvasiiiaios
A Ao Aaa o PN . . . & o
WaNauaINILINULEaNDT (Nuclear spin-lattice relaxation rate, 1/T)) 2239141876
89 lagliswWenaunIn

lunsAnsaannisienaasalurasiefuaialonasnsonnuwaniia e

it R=YT,T dedanadmvasanuinaziu (W 22ININAUAIVBIFL UV

n—>m)
= a Q o Qs dQI/ a aa Qs %
#iedes  anamue |n) 1 gaaniue Im) fATUNIHM M AuaIATLININAUAA
=) 1 a a = A & a o ] I3 a? A
PDIRTWITWINIFT WU IRLARIFLRLBLANATARAIN AU T wHhEI NI U b
wanvasNaiTunIuzaIanNTauvataumalael , G, uar F) wedszuudiinateu

LLUU"L;iQﬂsumu Tentlu

_cr Ll mm[tmree] o
= 2 T exp(f0)] ImO|ie(q) 5]

X{Tg[% (Ri: Ryt ) Gogorota) (Ri R )+ Fuy (RioRy ) Fogrougey” (R Rj’ﬂeXp[iw(S)’?]}
(17)

e C =(-87/3) y.y, 1’

2 A1AIAIUDIDATIRIBLNIAAN LA 1 IVaIBLANATOUUAZTIIARLR AUEIAL

8 sUnvasiARYE
o(q) fa anwd Tasfl w(q)=2qT
o(s) fa anwd Tasfl w(s)=(2s+1)T

D

°

g,s @8 UIULAY I@ﬂﬁ g=12,3,.. uaz s=0,123,..

=1

S,n e Usunmnleas q



o A9 AMUDNLNAINNAMUUANAIIVBITLALNAIUTUNY  (Zeeman)
vodgnuz [n) uaz |m) laemild o exfidlen uazmwnsaiwualdlen

WiNAL ﬂuﬂ@ﬁ”
NI RN AN tet

W, =(C?/270) 3 [(n[1;|m)(m]1;|n)+cc.][dE f (E)[1-f(E-w)]

T

<[ IGE (R, R, )IMGE , (R;, R, )+ IMFE (R, R, JImES ¢ (R R, )|

97N Green’s function VaIANLINE

~

. 1 ik(r—r" o +&1,+AT

"N _ ik(r-r) '@ k‘3 k1
G, (im,r,r)=—=>"e —x3
Q% W, +& +A,

d a - a A . o 10
V) 7, A8 WNSNBIWR (Pauli matrices) Wa i=0,1,2,3 lash ro:[ J

1
01 0 —i 1 0
fl{l Oj, ff[i Oj - ¢3=[O _j
0, Ao auddagus: lasll @, = (2m+1)7T &5 m fedwamdn m=0,1,2,3,...

=) e né dld s Qa = Q % % 6 =}
& Ao wmmumaommgmﬂﬂﬂmumm k I@]El']@lmEl‘]JﬂlliZ@]‘]J"lla\'iﬂﬂU‘ﬂ']\‘]Lﬂll

AMURWILUBRDTUZDIATN U?@adﬂﬁiﬁﬁlﬂﬂﬁwﬂ"ﬁ

N(E):-Lm[eij(ia)m—>E+i5)]=NoRe E

2

i VE* 1A
dll A 1 dl o o 5} o a
Wa N, Ae Anumuuduan ueisziunasiwesi luganiuzindng
. v 1 . .
fuald a; =—=Im[G; (i, > E+i5)]

w
aanuaz Lo

E

N(E)=a; =N,Re
B[]

2



aavwauNIANNwIazLdn (

n—m )

) ludemauz |m) Tuaouztingaads @eowldiu

0

P2ININALAIVAIRUUVIRUARYT NI

W, = 27rh )( (E))(aﬂ(E)azz(—E)—alz(E)aﬂ(—E)) (19)
AU L9 Re 1 uar W= famushonebendn Vs =1 fanme
(T.T) T, T @)
dng Wa_ azler
T (TlTXT—TC
& _ (TlTXT=TC
R, (TT
inldunudnardasdlng azla
-1 w
(TIT)_l j sech (E/2T)/2T (20)
(),

lainsdnEInIINanaa U Wy IRl AR RN AN A UATAS N UGN

Tudheaade La,gSr,Cu0, (Waswmmiugud (Zero-field) dinwiiznay

' 1
A
L.\I‘Srﬁ:C‘;O: ' %
6" ]
= )
T :
o ! A
5 Jy
g .l
Ly e
2 %4
: /
£ a
| &
af !
£a L
-4
nﬁ-—&@ ay ,
0 20 0 &

0
Temperature (K}

o a 139
awdsenay weey 1/T, NUgWANNTBI

A%1: Mehring. (1989).

IMB J. RES Develop. 33. p. 349.

139

La

La lu@2i187a89 La, 4Sr,,Cu0,
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' a & { a aa { A o
ﬁlqﬂﬂ']‘WWU'J']I'ﬂ%ﬂ (Hump) %m@"uuﬁmnmqmﬁgmmm LLazﬁQMﬂQNQW

1 Aaa o 1 A a a =3
nhamngiiinge danmideuamsaluvesfiaedos (U/T,) szaaasuuuidndlliug

L o ' a a o [
Bua TeaMINauaansaluuaiiinfos mmsnmmm"l,@maumi

% 4;(%]2 * [dE (Ez%iz}f(E)(l—f(E)) (21)

S

A =S g 1 a a a o n'
We 1T, fe aeanmsnenessaluvesfiinfsaluaniningiais

f(E) @ea Wirkfumiuanuasuuuiwasiizasaymaniingsnu E
1

e—s/kBT

Toofl (E)= =

K @8 @1a9a? Knight shift

udl a.6. 1996 oM [11] l@ANBIANUAUILUBEDIRVBIAINEIATIN

>

UNUNANI9Va9 Line-nodes MWIATUl a9 B0 19NN RRIWaTHU 201N 810 B9 THha AR

e

'
=S

N FININTUYITaIT AR TURDIULLTI2 e ualag A

)}

k. polar = D9 COSE LB

cosf =k, /K tmualdduiuneiiidunuuninay munIndauanunmniuanIu

__E
\/A ~E?

o a A < 1 o 6 ] [ ,3’ o
PYaIgDUzIUNG Ao N0 Jud10907  LasWINTuYaITad319Wa% Ak BN

aungef  BCS llay N NI LN aAMUAWILUUE DTS

AEneved k Lrnw

] = vV &
AMURILLW RN UL EJHVL@Lﬂu

_EaresinZe gl E>A,
A, E

ANHITDATUI NI A HUNLMUBA DU A MTUADUT BT 9919TRE

ki —k;
A|<,x2_y2 :AOW
= A,Sin*6cos2¢
2k k,
WaT Ay, |k|

= A, sin’® gsin 2¢



1"

& A a A o qzd%’ a 6a

Y 2 ®ONUE A FDIUZALILWBLIN (degenerate) by ﬂﬂ"lVi%@&LVSW‘%N'JLW APEN
&) 6 o ' ' o a 2 2 | 6 v
W wLuUNIInay WINTUVBITOIINIRIRTURDIUS X -y L‘].J%fji%ﬂ UWLRY

k,=k, unz k,=-k, uniuiuneil waziduilaziiduasisoange (0,0, k. )

v
[

AR LLﬂ%ﬁﬂ’]uzﬁvL@T mmmﬁ’]mmv[ﬁmﬂawmi 9%

N, ,(E 1 ;
L() J-dum Lﬁa X <1

x|+, K(u)
=—||du ——===+
N, 7z~([ Ji-xu g u(u+x)

Xl/x K(U) p
== | du——=% Wa x>1 22
V4 ;[ v1-xu @2

Wa x=E/A, usz K(k) #a Worfsudadudn vian 1 law
72
K (k)= de; (23)
; 1-k*sin*@

fmiu E<A, aeld

(24)

Wa a Nenidn 16.0
o el 1 n‘g L o & s o
fMATUANURIILUREOUENTUAY  Elog(aA,/E) 1uqmauwmvlﬂmaamm
ﬁl J Qo =3 L 1 1 ¥ =) =Y { )
HIATILULAWIUNANIIVAY Line-nodes  MsWINTUUAITAITNUWNURUNATT ALTII D

o o Aa o . a & o | ! v &
lﬂi\l | ﬂUQ@W&Jﬂ’]?@]@NW%‘UBG Line-nodes ®&14130 LTU%WGﬂ?ﬁ%“IJBG“H?N’J'NVL@Lﬂu
A, ~ A (25)

A ai ai d%’ a 6Aa o gl
I@maanmﬂﬂawuﬂawaa E unr @ NAUIERVUBNWRUNDTN §1%TU

x=E/A, <<1 aNuUAWILUUEDIULTad Line-nodes Nwnle fa

N(E) ~N0jd§jdn|m _
L4 (Ao‘fﬂ) - E?

1 1 x/ &

X 1 1
=4Nyx| [d& [dp —=+[d¢ [ dp —
! { V= (&n)’ I ! = (én)’
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E, 2A
=2aN,—log—=2 26
0oy 109 (26)

0

FNNTDEWIAND AN UANLFD VI IR RN BN D UATAIINULAATED,

UT, faduuldlay

(Tﬁw:szE(_af(E)j (Nl\(lE)jz{Ml\l(E)jz @n)

(Tl )super 0 ok 0 0

(28)

fmiunsdlasaheiaduuliaandn azld M(E)=0

4]
%

N(E)/N

0.5F ]

Andsenay  URAIDININTUYRITEITINRINBEIRTLED UL X° — P

n: Hasegawa. (1996). Journal of the Physical Society of Japan 65(10):
3132.

lul a.a.2007 thfanesuazand [12] ladnmianunmuiuwaa1nuuuengg

PaIAINEIABILUL AN 1agiSNAINNNITRIIDNFUNITOAIINTHOUARERTI UV DI

tuefumilafiduninionivuaafio, 1/T, lasuudymgu] BCS ihauaaslwiAui

s o n' ,3; a A A =3 a &’ d' a U e aa
I%GI'JRWU'JQUGLLUUVLN@GL@N YTUNALRN € mmu‘nmnmslﬂas] ﬂuqm%ﬁuﬁﬂﬂ(ﬂ (TC)

AINTWUITNay
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Lipdg

T (Sec’)

01

2A (0= }‘..Z’.kBTc
r=2

0.0

MNUsznay  LRAIDINALDY 1T, luarriheads Li,Pd;B
fin: Parker; & Haas. (2007). Physical Review B. 75(052501): 1.

TagSuNMINIIFINNT

() _fae N2 (E)sech? (E/2T )/ 2T
-1 = (29)
() |
fwna LA F(E)=N(E)-1 azla N(E)=F(E)+1
WAz N?(E)=(F(E)+1) = F*(E)+2F(E)+1
Tagfi TdE F2(E)=0

dE (1+2F (E)+F*(E))sech? (E/2T)/ 2T (30)

O ey 8

‘T =T;

%

a o , AN o a Aa ~
W"i]']im’ﬂ@Ul"ﬁauﬂqiﬂjqUﬁquLuuﬁﬂ’luzﬂvl(ﬂﬁnﬂﬂf]E’Q BCS ﬂMEﬂLLUU A2

N(E/A)=N(x)= Re<W>

A A 1 A ﬁg‘ Aa A
Weo () fa dlafsuuiuiunesd
A o AL o
wer f fe @udsilunuaw
Aa v A" ra a a 6 a [ aa d'
loslwowddess  ldRsandaladousud uTowlndg gunmniinga (T,) 0

c

LNAMNAMUAMILUBBED U 3 NITh ?IE]G@I/’Jﬁ’]U’J@]aGLLUUVLQJ@TGLaQJ Ao
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1. ANURWILUBEIIULVRIAKEI0 DI TRanaue (d-wave) : Aaswndu 2

22D
h3))

~ .
lasfl  A(k)=4,sin@
' a 3 A I Aa
2. ANMUAWILUUEII VDIV aLIadd He A-phase : warsanndu 3 46
Tasi i
AN A(k)=A,sind
3. ANMNRWILUBIDIUVDITAITHNNRIINWNL Line-node : Wansanilu 3 3d
lasf A(k)=A,cosd
TR AN AU U BT WS RINNTDR LA aaTh

ATmaeladishanana (d-wave) la f=sind uazNasandu 2 §a

sz ler
X
N(E/A)=N(x)=Re —
_LZH dl9
7o i Lsinze
X
dx o
Al — =F(x,k 138 k<1
jxll—kzsinze (x.K)
Gt N(x):iF(Zn,lj
27 X

Taufl F(X,k) Ao Legendre elliptic integral wiiaf 1
1 Fiztg,k)=2nK (k)= F(p,k) o K(k) Ao Werdudaqudn wiien 1

Wedn @=0 uar n=0 esvuazla

F[Zn,ij:4K££J ,1<1
X X X

i
N(x)=i4K(£] X>1
27 X
:EK(EJ X>1
7 \x
LRZINN

1 .
K(E = KK (k)+iK (k)
FRTUANNAIBUBFDI U HITNNTLRNZEINDTI AI1bh

N(x)zng(x) X<1

Tun qm]zvl,éf
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N(x):gK(lj x>1 (31)
T X

2

X (x) X < (32)

dalUazduwIoann '[dE F?(E)ech?(E/2T)/2T uaz sech’(E/2T)=1
0

dl o v 2 ISP v a g; v
L%ﬂd"ﬂ"lﬂﬂ']‘ﬁ%@l'ﬂ&!ﬂ"ﬂad sech Uauad § mumzvl,@

IdE F?(E)sech’(E/2T)/2T :%TdX(N(x)—QZ

0

sz o3
= 0.4743(%) )

nIhad lvasnde *He A-phase
QI 3 v - =) a A
nstivadlnasnais He Aphase b f =sind uwazRasaildu 3 06 asnu
Azl

sin@

> \/(x2—1)+c0320
X dy

27 (x*-1)+y?

N

J' ij 2:In(y+w/y2+az)+c

y +a

N (x):gln(y+«/x2—1+ y2) 1

=§In( ] (34)

1+ X

1-x
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o lUazduiomn jdE F*(E)sech’(E/2T)/2T
0
lay
< A% 2
dE F?(E h2(E/2T)/2T =— |dx(N -1
o (oo 127) 27 =2 ox (N ()-1)

wlolielis))

A [o 607489 + 0.214978]

1+ X

- 0.822476(Aj (35)
2T

]
S A

a1 1 o aa .
NIMTDIINNAININLULUY 3 3@ NN Line-node
P
N

NIATDITNINRIIY N Line-node l&@ f =cosd wazwarsonin 3 N6

AL Lo

472'00 X2 f2
=1J'd9 Xsin @
24 cos? @

= j m (36)

\lasandi ly|<1 1%l X>1 uazdmiu x<1 usz x>y Aazild

1
q aW X
sums Wuessld  Resan dwdunsdl x>L N(x)==
N I du —sintY ¢
a’—u’ a
Gavi N(x) = 2sin- (lj
2 X -1
=xsin1(1]
X
fRTUNIH x<1L N(x)zﬁj dy (#MIUNTHh Real part)
’ Xz_yz
xpoody
N (x _EJ' -
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= xsin*(1)
Gt N(x):%x
§wiu N(x) nadidastendsnuuuy 3 58 A8 Line-node azld
N(x)=%x x<1

= xsin‘l(lj X>1 (37)
X

¢ialUazduIomn IdE F*(E)sech®(E/2T)/2T
0

e
< AT 2
dE F?(E h2(E/2T)/2T =— |dx(N -1
Jo (s’ (£ 27) 127 = 2 fa (N ()-1)

0

- %[0.251671+ 0.025638]

- o.2773(£} (38)
2T
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2.1 The effect of spin interaction on Isotope effect of impure superconductor
2.2 The effect of density of state on coherence peak in superconductor.
2.3 The relaxation rate of impure superconductor.
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