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Abstract

The purpose of our research is to study some properties of MgB, superconductors as the
isotope effect, specific heat, energy gap and anisotropy property. There are 3 models used for
calculating these properties. The two-square-well model, the anisotropy model, and two-band
model are used to study the Gap-to-T, ratio, specific heat ,and the isotope effect of MgB,
;srespectively . We find that all of our models can describe properties of MgB, well depending on
the value of their parameters . From the recent experiments and numerical calculations of MgB,
,they show that MgB, is the anisotropy two-band superconductors. In our work, we have
already done the two-band model without anisotropy term that its result agrees with experimental
data. However to cover all of properties of MgB, , the anisotropy two-band superconductors will

be done that may be in the next project.
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B~ C

3 Ivarone tha AR (Ivarone et al.:2001) 1HNATiA STM 11MIIAFDIININAINUNDN
o 1 1 v [

uunildenlalulsd Hresdawdsnu 2 arfde A, =23 mel uaz A, =7.1meV

£ 1 ==} o v o A 1 1 o 1

ganaaauuniiden'la Tulsaitludie19gauure I naI N uia1e¥e

Sharoni, Felner 182 Millo (Sharoni,Felner, and Millo:2001) IHmaiia STM Ja%99914

[ ==t 4 (= 1 1 = Y 2A(O) A [
wmammamuﬂmcﬁﬂu”lﬂiuulm NWUNNADYTTHIN S5 N 7 meV v —T ~3-4 yugu
B~ C

[ ==} o I ) A a A A a 1
'NLLiJﬂuL“]flelulﬂTUUlﬁﬂLﬂuﬂ’luTﬂ’Jﬂﬂﬁ‘lﬂuﬂﬂaulﬂﬁﬂM UOTINTYUVVDDOU



Szabo LAE ABLE (Szabo et al.:2001) lFnATiamMIIAUUUMIaLROUUDIDUAT I
1 o 1 1 @ 1 U [
(Andreev Reflection) WiNuun i@y 1o Tu 15A 090 9719WE191U 2 1D1 ¥ WNAINULY
< [ 1 @ %
@an A, = 2.8 meV uazgelnuanasuuaunin A, =7 meV gwaunindivualndifes
AUNGHY BCS
. . 1 A A =Y [}
Lie ttazae(Liu et al.:2001) tauouuniiden la Ty lsalanyazvoauaundaay
v Aa 09/’ [ Aaa Aan A l Y B~ v o A

HUURWIZANNN W UNd 1L lunuuaeaiauaz A NLa wiee1nan laiududnireasa

1411 Mutiband

-
o

Ensrgy $ap {maV)
O = N W k& O3 ~N D ©

[ +] 10 20 30 40 50
A YR ' o A A 4
Eﬂqﬂ 2.3 ﬂﬁWLLﬁﬂQNami‘ﬂﬂam’Jﬂ%i’)ﬁﬁﬁwaﬂxﬂuﬂl’mlmﬂuL“]ffJiJulﬂT‘Uhliﬂ (Buzea

and Yamashita :2001)

2.5 anliaanas
. . o (% 1 1 <3
Buzea 1162 Yamashita (Buzea and Yamashita : 2001) N11N13NAa0IAMNTUIULNIKAN
a a == 4 1 d ) A ~
Ingavewwniiden lalulsa wuiududnieratawnui 2 (Type II superconductors) 1A

F4
v oA 1 <] ] o 1w 1
HEAINMITYUAUTANN(Anisotropy) UBSe NI ANDE 1 TAY TagnuNdadIuvoIaLIw
1 3 a a Ao Hah 1
HUIMANINGA TUsE UL ab () tagTunu o ng)umzﬂu% 0.2 mMANue
C2

PIUT &, =65 deanoy uaz & =25 d3anou



{ ] IS a {
Eﬂﬁ 2.4 ﬂﬁTWT@QﬁUTNL!NLWaﬂUﬂQ ﬁllﬁﬂ\?ﬂ\‘]ﬂ:nllllllﬁllll"misluﬁquﬂ?ﬂﬂQLL?JﬂULcﬁﬂﬂJvlﬂ

I‘]ﬂjﬁ( (Buzea and Yamashita :2001)



UNN 3

HUUS I IVLKUADE 2 Hig

YA v

A = A 1w o A A Jdo <3| 1 4
Arvetianurendniluansdszneununiideonlalulsddsnuiluguesgulesa
= d’ [ a Q‘{ s 9 1 o
nquq BCS 1lpannduilszanivectsingmsal le e Indianiesniimssiuiuaiu BCS
E2
lijann 9nmsneassiagesinnasauannsnd lddangresianasauvesmniiden la Ty
J I ' = ' o o
Isaflunnugnsemnnids liansaldngui Bcs duimlaonseldrzdedinsilivilie
V1DEH
o 4 o
nnmMinaasdinlsingmaaivesle TaInlvewwnniideulalu’lsd las Bud’ko waz
4
AN (Budko et al.:2001) 18z Hink 11az AN (Hink et al.:2001) Wi Ndulsz@nsvesloTaIni
a0 & A A Y a ) A Ao aa
Hanlszum 028 Fusanefzszylaina lnavesmsinadniuziheingdiounsnse
1T adg [ o A A Jd o ) a
seninsanasouuaz Iiueu iunalnadwguazuuniidonlalulsa iudnhernsauy
S - wave

MUNOBY BCSHATIEIUVDIFDITNNAINIUAB N NINGAVDIANNEINTWVY s —

oo 2A(0)
wave NNFUA ITUA

&£ 1 % 1 A
=3.53 gaiumnian meﬂwamﬁﬂﬂamﬁumuuﬂumffJaJUlﬂ
C

Tulsdveq Rubio-Bollinger, Suderow 181¢ Vieira (Rubio-Bollinger,Suderow and Vieira:2001)

2A(0) 2A(0)

~1.2—4.0 uag Schmidt 1482 A (Schmidt et al.:2001) NUN ~1.25

B~ C B~ C
wazluunalasaadalamiciu 1.5 wag 3 A Sharoni, Felner 1182 Millo (Sharoni,Felner and
2A(0) 2A(0)

NUN

~3 -4 aweaglIdmves Tununiidenlalu'lsd fiaeg

B~ C C

Millo:2001) 1¥an

1 1 . 1 1 Y 1 Y 1
U955 119 1.2 89 4.2 uaz vunil@eu laTu'lsalseeaandsnuseetios 2 M
Y
1 PEXY [ 1 1 1 [ 1 an a
Tudmiigiteaulafny1oas1dIUv0ITOITING NI AOYUHYNINGAVDS
A A J 1 ] [ =3 o o d'
uunildenlalulsd luveuansinugedseoumungui BCS Tasaziimsfiuiiie
Aa o 1 [ 1 @ ] an a A A 4 )
a5 U ATIEIUVBITEIINNAIIUR U iIngAvesunTiFey laTulsq Taeldunwy

o o ) o o o A A (A 1 1<
UV UHANANITIINQY ﬁTH‘i‘]J@I’J'LHEJ’JﬂENﬁﬁﬂWﬂﬂ’JUL!‘UU@’Du azu s — wave

3.1 MSAIUIN

MNAUMITFDIINNAINUVDI BCS
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1 Ve A, er+ A
A, :—Z——tanh — (3.1
2% e+ A 2T
o Y a o A Ay Id
fvualina lnvesmanaanimiedasdidndiiu

9 [

Vi =V, —V, iy e, | wag |e, | < @,
=-V, dmiy w,<e,| vay | | < o,
A
-0 U (3.2)

{2 & o I a . . & o @ I
lunfild ¥, iudndinnaein electron — phonon interecation g V, ilusndla o Ny
Y] = nm Y a X . 3 9
wmae bildinann electron — phonon interecation Q¥ o, U o, Hunaaanu

o_w v o ' 1 1%
cut-off U3 Debye LlaY V2 AMu[INY uazmﬂﬂﬂﬂﬁi’ﬁmu %3ﬂ1ﬁuﬂiﬁﬁ%ﬂﬂ31\1waﬂﬂ1u

L‘]dj‘L!

9 o

A, = A, dmi g |<o,
= A, dmin o, <lg|< o
_ U 9 (3.3)

a

< 1 o A -1 @
Tas A, taz A, Wlumaedinvuiugugil

QU

a

uNUAAUMSI(3.2)102(3.3) a9 luaumIFoIINNaIIuYes BCS 12 ldaunsvesgumgi

Y

Ingan lifimsyszananilu

J— - (3.4)
A+ U
A
el u = 2 (3.5)
1 - A1,
§9 1 waz 1, faniu
- 2 4 w,,
1,(T,) = Z—ltan — (3.6)
" aln+— 27T, | n +—
2 2
2 - D tan ' i (3.7)

1,T,)=) ————tan — |- —_—
2( c) V’Z:(; 1 1 1
nln+ - 22T, | n + — 22T, |n + —

2 2 2

uaz lAaun3v99599319NE 991U (order parameter) Tnatmuald A = A (0) uaz A,
4
=A0) a4

@p

L . | @ ) @
1,(0) = sinh {AI(O)J uag 1,(0) =sinh (—Az(o)j sinh [Az(O)j (3.8)




11

3.2 wamsminamazagy

Ya o

Y
fde 1933 masurausaaay Tae 14 115031 Mathematica 12 INALANITNIEH

U

. . 2A,(0) y o 20,(0) “
(1D Newton 1HAITAIUIUNIAT — HazIAeNsUsEmIIn — UMY ug
c c
BCS AN 3.53
10
8 L
6 e
=N o7
< /
41 J/ -
: v o v AS(0) o an A 3.53T
N 3.1 HAAIANUFURUTITENIN AZ—() nugunYNINgd Iag A, (0) = TC(— ---)
1
3.535T
wag A (0) =—"C(C -- - )
9 o A £ [ o 4 1 AZ(O) o an a
lamanmsdmunugii 3.1 Fadaaanuduiusszring N NUQUNYNINGA

1
9
(%

Tagld A, (0) amaums(.8) nuh A, (0) e Idiaiunnnd1 A, (0) uazesndr A, (0)

8,(0) 4
A,0)

Yy 9
% o

AR 1 o d'o = ~ Y] & 9 1 1
MUVUDY UmuTﬂﬁﬁuﬂiLﬁﬁﬂuBu1uuﬂiﬂﬂrﬂﬂUﬂUNﬁﬂ1iﬂﬂﬁﬂQQNqﬂ 7198

1 d' ) 1 1 U 1 2A
FENIN0.24 D90.41 7 T. =40K Tasansnuterosnandsnueomilu 2 mde T—‘ ~4.0
Cc

2

2 =W 1 3 09: 1 =
nay ~ 1.2 %30 A,(0) nandesna Al(O)Nuummmﬂszmm”lﬁ”n A, (0) um

C
Uszmnamungug BCS

3.53T,. 3.535T. - 4

1NN 3.1 wenldsunn A, = dlu A, — V3N A, (0)

1 Y d T o
toon A, (0) azildsunn T, ~20 Kiilu T, ~ 38 K wan'ldlndifesiumsnans

NnAaAadN
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v o o J o Y] 1 1 1 [
ﬁiqﬂ”ﬂ fi)'lﬂﬂ"lialclgijL‘U“]J%']ﬁfNLL‘U‘iJ“HQZJﬁﬂfJ 2 N MUIUDATIAIUVDIYDIINNAN

LY an a v o Q' ~A A 4 1 d‘ 2A](0) =W
NuiuguugiingAvesdnherasuuniidenla Tulsq woduiie 2= fanlszunw
C
ZA 0 1 3 1 1 1 2A 0 H
353 24 24,00 Han'lanannniaziiosnii 3.53 uazmmmmmmmﬁ nlow
C C

24,(0)

' YA g9 4 v o
N713.53 ]lﬂLﬁ@i%Tc ~ 38 K uag =3.535 aalndifeanunansnaass

C
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UNN 4

!!‘]J‘lJi]o1ﬂi’JQ!!‘]J‘lJ"lN'ﬁ3J3J'Iﬂ§

9
N gYa v

Tudauiigidevz dunvdraewuy luauunas lumsanmauifvesanuganuiou
A A s = v
vouuntiFoulaTu'lsa Tas1nmsAny1ve9 Seneor LtAZABE (Seneor et al:2002) WL
[ 1 @ A A A o I 1 A =
voreenanasnuveuwnil@enlalulsq danvazduuuy liaunas vuuadu s Tagil
o { < < { { '
gosanvariiul1afedunny A% uniaxial symmetry taz vunnil anyliauuaslu
av §y g Y
F2U MINNUIVND1519 7109 Haas 1182 Maki(Hass and Maki :2001) 1ag 41194
Posazhennikova , Dahm tlag Maki (Posazhennikova,Dahm ,and Maki:2002) Fa'ldteruems
o v o a o 1 1 [ 1
faautianiames Inlauidnves Mg, Taglduuuiinesvesresinanasaumyy
AUNIAT LUUAAY S N3 uniaxial symmetry AoN Mishonov, Penev 182 Indeken (Mishonov

_Penev ,and Indekeu :cond-mat/0205104v3) lao1ffetuuI1a8anIdeIfi I Iamdaa e

9 AC ~ A s & 1 1 A
AITNIANITNIDU C_ ﬂl@ﬂLLNﬂuL%ﬂNulﬂTUlliﬂ cmwu’;mammmm%ﬁummuuu uyyunay
N

IS 1

A . . o Y AC
S Ny uniaxial symmetry Ml C_ UADRAIINAIUBDI BCS
N

4.1 MSMUIN

A o

o o a A a ~A A J
Aveihmsiamangemsesuisanuganudouves uunimenlalulsa Tag

Y o { 1 ) [ ) A A J
Glmmuma@muu ﬁﬁmﬂnﬁmmﬂuizum RN(ER] G]’JHWEJ’J@ENﬁfIﬂ'Iﬂﬂ’JULLUUﬂ@u ag
Y

I 1 ) A @ 1 1
WU s —wave wunludanherngslaumdadiuvesnnuyanuiouegluglaums

AC ) 43/ 00>
Cy <f(0,¢) >

Tas <120, §) >= 1 j 7]d9d¢ sin 81 2(6, ¢) (4.2)
4z 5

4.1)

‘UTﬂﬂ”I'i‘]J%/‘UE‘]JLLU‘]JEU’E)\‘]LLU‘U551@1@\‘1‘“@\1 Haas 11a¥ Maki (Hass and Maki :2001) 148 914
VY94 Posazhennikova , Dahm 8% Maki(Posazhennikova,Dahm ,and Maki:2002) Lﬁf)alﬁ!ﬁ 119D
srnaravean s anasuuulussuy ab uas unu ¢ AldedadiuveangAI
Fou'ld lasmuailendu 70, ¢) lmiluaesdnyay

AWNUVIB9UDI Haas taz Maki tierinmlsugiuuvee1a

£(6,¢)=1+a(sin@ cos ¢)* + b(sin @ sin ¢)’ (4.3)
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I J @ o w
Taga uaz b HumA@ININLAYa 1AL b AMUAIAD

917 4.1 uaR931V0IFOITNINEINUA NIV 1909Y09 Haas ag Maki 15ugiluny

udane liansananaveany luauuas luszaunu 16 Taelsdunls a=0.5 wazbh=0.9

Lmu‘ﬂITﬁNﬂ1i(4.3)6lu’d3Jﬂ”li(4. Duagaun1i4.2) ﬁ]%llﬂy

(1+ia+ia2+%5+ﬁa5+152)2
AC 4 43 3 15 3 15 5
Cw [1+§a+ﬁa2+ﬁa3+%a4+i5+&a5+%a25
3 35 315 3 5

$ 30 55,852 T2 052 32 g s 32 s +154]
315 5 35 35 7 63 9

(44)
o . . A o o U
AULUUIIADIUDN Posazhennikova , Dahm Lag Maki LN@HW?J”I‘IJT}J?J‘}JLLU’UGDZUM

£(0,9) = - L
\/1 +a(sin @ cos @)’ + b (sin @ sin ¢)*

4.5)
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717 3.2 uAR931/Y0IFOITNINEINUA MUV 1A0IVDI Posazhennikova , Dahm Lo
Maki l5v31upuuduie 1deunsofanavesnnu liaumasluszuy 18 Taelda@mals

a=05uazb=0.9

unuaauns@4.5) luaums@. Duazaums@é.2) azla

tanh_'wfla tanh_lwfla " ot
+a +a a
+2

£:143x2[ Ja(l+a) Na(ra)? TSk D1 +a)

o 2
+5( )]

Cx tanh ' | a
[ 1 1+a

Ja+a)1+a+6) " Ja( +a)”?

—2tanh ' ,{L . ‘i
+é 1+a +Z ka

2" Na(+a)? =k + D +a)t
(4.6)

)]

4.2 wamsmiawazagy
o { (o Y . .
G]13JLL1J1J%1616\1ﬁﬂiﬂﬂ;ﬂuﬁ%ﬂlﬂﬂ Haas itag Maki Lag U843 Posazhennikova , Dahm
. 4 o ) [ 1 Y d 1
1oy Maki Lﬁammmmmmﬁﬂmummmm@mmmmﬁaﬁﬂmwammmmhfcmmm“lu

szuumans laaagii 3.3 naz 3.4
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’ ’j//f\\\\
/// ! \‘\\\\‘\\
/ ’// \\Q\\‘\\\\\‘\\\
// /// // o \\:‘ ;:_i\\‘\\“‘ﬁ-“—\———“‘_
10t/ /’// / T — —_———_
~S il T
g
/// //
<3 ///
O /l/ /I 77777 s8/la =0
- //’/// --- - a—-0.5
o5 s
——— =01
-1 2 4
Fig.1
a

4 . AC . Vo W 4
511 3.3 P51 — AUAMUTUDIFDIIINAIIUAINLAY x N

u

A0, ) = A,(1 +a(sin @ cos #)> +b(sin @ sing)*)Taw b =a + S Fuile <

iduns i ldazasaiuves Mishonov Hagaiz(Mishonov ,Penev ,and Indekeu :cond-

[
a

mat/0205104v3)
15
7 SSs=a
.
I B
(/ i e \‘><:§i\3i
1.0 &l ' T
/
z | |
o B
2 Y R sla=0
|| ! -~~~ - =05
: ——  =-05
050 ! I
I ——— =01
I, I
|
I I
OI L
-1 2 4
Fig.2
a

d’ ! AC o X ) 1 U d' 1 1
5UN 3.4 n5521I19 — NUAILYSTUBITOIININATNIUAINLNU X N — ANFINE) YBNITUNIT

A,

A0, ¢) =

mat/0204545v1)

\/1 +a(sin @ cos ¢)* + b(sin @ sin ¢)*
a5 ldazasanuves Mishonov LazAme (Mishonov ,Penev ,and Indekeu :cond-

a

. 4 5
Tag b =a + 6 Fuo— =0 1du

A1) VITUMNS
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al

dl 1 qgll =1 Y d' [ = 1 AC o
11n317 3.3 uaz 3.4 nudnivaeansalaz linanasanuaeves L
N

o ; ) , AC )
HIYANRG Lile a=0 uazile = > 0 9z ldmves—— anauilo —
a Cy a

::' é' d! 1 ] =\ o

L NN T U Tag b =a+06 Fawaasnanyliaunasuuuluszunuiinai

1 AC T 1 1 v
Glﬁ}ﬂT;llfNC— AAAY INHANITNANDIVDN Seneor HATANL WUIAVDIFDIINNAINUAY

A
b —0.625 an

unu z 13 A, =8 mevuaz Tuszamilu Ay =5 mevald

C

) o 3 1 U AC 3 19y = 1
NITATUIUMNVUUUIIADINITDIIEWUIA C_ A25921U 1.28 AN MgB, ‘JJﬂ'J']iJll‘JJ
N
a dgl 1 AC AN ¥ = A9 ' dyd 9y 09/1
auasuuulussuumnayua C_ Vlllﬂfl]"lﬂﬂ?ﬁ‘ﬂﬂﬁf’)ﬂi]%llI@ﬂTﬁNTﬂﬂﬁﬂuﬂﬂﬂ?Tuﬂ]’lﬂ M
N

Y v
[

R % 1
HUU ‘U‘ll‘Ll']ﬂ"’U’E)\W]'JLUJS“U’ENﬂ'NiJUliJﬁiJiJWIi
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=
Unn s

HUUDIDUVVFDIDUNAINY

v Awv

v
HUNIYATU

%

' 4

dhenteeg Inanudngiudulszansvesle T Tnl o Apudieun

A S a o o A d o dyd a ) A = ~
LL!ENfl]”lﬂl‘ﬂu‘ﬂﬁllTmﬁTﬂEIJ‘VILTJu9]’J']JQ"]fﬂQﬂaulﬂﬂ1§Lﬂﬂﬁﬂ1wu18’Jﬂﬂﬂ ATUNHHY BCS c1/lﬂf1ulﬂ

a o A a @ an 1 ad
ﬂWiLﬂﬂﬁﬂWW‘u’lﬂ'ﬂ@ﬂﬂlﬂﬂi]'lﬂﬂuﬁiﬂiEJ'I’J'%W'JFI?JL'@ﬂ@i@ullﬁ$I‘V\lu@u i]$cl1’9'f a=0.5
1 k4 '
dmsudnhernsauauay ualudnieinsigungige msnaasanuieg1d o deenii
. Y, a R g
0.5 (Batlogg et al.:1987; Moris et al.:1988; Hoen et al.:1989) a2edFunavuiatdaduarziina
Tamsimaanmiheingsluanieiassgungiiguitaziing lnstiaduiveniilonnduas
an 1 Aaa 9 A 9 Yy ~ a =
ﬂﬁﬁl'lﬁ%‘ﬁ"ﬂ\if]Laﬂ@lﬁfJULLa$TT\IUfJuWWN1LﬂUTﬂ@Q l!ﬁg‘lﬂuﬂ'ﬂNWﬂWﬂWNﬂﬂgﬂ‘ﬁ‘lﬂﬁlfniﬂ
(d' 1 Qdy 1 1 ]

ﬁl]‘l]'H'3ﬁﬂﬁﬂﬁ@ﬂﬂ?Wﬂﬂ@luﬂﬂ%‘]ﬂ%’NﬂnWﬂ LYY ﬁmﬂ%}mmﬁmuuuﬁmumm‘u van Hove
singularity (Labbe and Bok:1987; Tsuei et al.: 1990; Radtke and Norman :1994) I¥msfinzan
M5 aUV09 I UOULLY anharmonic ( Schuttler and Pa0:1995), paring-breaking effect
(Carbotte,Greeson, and Perez-gonzalez:1991) HaU9I¥09INNAINUNGN (pseudogap)
(Dahm:2000;Udomsamuthirun:2001)

a [

) v o o A A A S R A an A
dmsuanheragauniidonlaTulsq aaligungiinga 40 K dulszdnsues
Y . A va o ) A
loTar Tnalwinfiu 0.26 (Hink ,Claus,and Jorgensen :2001) NUaTATuA189R8DY two-
4
band 11z s-wave 29618 191101F1899 two-band 1ag s-wave Tumsosiuteduilszaniuoa

loTaTnlves MgB,

5.1 uyudaeIveIsdial Nty
SMSUE NI two-band 102 s-wavedz1FuLuS a0 v0sa A TniTloudsil
H=H, +H, +H_ 5.1)
Tae H, Huaz H_iflusidalndlenves © band, o band iaz interband ad1ay

= 1 = a =} Yy = [ dy
cm“lmmax band %x;ﬁuauamaimuﬂu"lﬂquychs AU

H = Zakcngcnkc - ZmGk,Tc;Tannfwnk,T (5.2.1)
ko kk'

I_Ip = z €P l-:csp ke z \/;kak’p ]-:Tp ik Lp_k'ipk"r (522)
ko kk'

H, = _Z Voriie (PP LTy Ty + T T (P Pt) (5.2.3)
kk'
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9 9 o A o
aumstauulddulsiianumneaumangunald waz V. L Voo, Vo

< o IR J J o
WUANIAIRATDIAANOT 1U T band, G band 11AZ interband ATNAIAY

o = Y 1 ' [ <

ATUIUAUNIT(5.1D)az(5.2) GﬂiJ‘VIE]Hi;]BCS ﬁ]%hlﬂ’ﬁllﬂﬁsllBQ%@QOTQWQQQTHLTJH

Ay w/s2 A Vel + AL

pk = Z ppkk’ tanh( Z prkk’ 5 tanh( 2T )
2./€2 € T A ank, + A7

A Vgnk + Afrk
_Z Vm'rkk’ 2 tanh( ) - Z Vnpkk 5
v 2 + A, A T
(5.3.2)
N o [ an [ ad 1 J
Tuuaaz band azdmualiouasnseimsdsganuuesdianasouvesgglesisznou

Ank

1080 2 daudle SuashseinsaegaiinannTriueu V., wazduasisemsnagad i ldifa
inﬂIWLli’JLlUC (Yoksan:1991;Daemen and Overhauser1990) Tagil o, e o, Lﬂumammwﬁq
NS UATATITIIR DI Fnumdudndve s unsATen V. amnsodoula
i

9 [

Vie ==V, —Up  dmin 0 <g < o,

=-U dmin o, <|f <o, wazi=p,m,pn
(5.4)
U 09/’ 1
iuresimdsnueniiy
Ay = A, dmin 0 <lg < o,
= A, dmi o, <lgf <o, oz j=p,n

(5.5)
5.2 ANN1FURIUNDHINGH
1 dl ° o a £ ¥ = o
naunarAmuInaNNIsesdNLlsyansreslalainilazfasinisAuanmannis
vosgangNIngAdenou Tagsann T = T. HagianuriuiuaougiuUAINg

N(e,) = N(O) , qaum3(5.3)uasaun1s(5.4) taz(s.5) ity

ATrl (}\‘n + l"l“n)Il (}\‘np + “Tcp)Il M‘IIIZ uanZ Anl
Apl — (knp + an)ll (}\'p + Mp)ll anlz lez Apl (5 6)
An2 “’TcIl anll MT[IZ “‘TcpIZ ATEZ
Ay Mol Hpl, Mol L A
tanh( ¢/ 2T,
Ty J'd an (8 o) (5.7.1)
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_ jd tanh( e/2T.) (5.7.2)

I ﬂ'mm’mmmimm(Couplmg constant)ﬁ 31

» = NAO)Vio A, =N (O) VLA = N(O) Vi =N (0)V;

nae

= N,(OUZ., =N, (UL, =N, (0)UF =N, (0)U"

UAAUMS secular ¥9IaUMI(5.6) 92 1dmao s iy
A
[ =— = (5.8)
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An analytical result for the normalized jump of the heat capacity AC/C is derived for in-plane anisot-
ropic s-wave superconductors within the framework of the weak-coupling BCS approach. Our results
show that within the anisotropy gap model the value of AC/Cy, must be less than the BCS value and the
effect of in-plane asymmetry will reduce or increase the value of AC/Cy of in-plane symmetry depend-
ing on its parameters.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The specific heat of MgB, [1] has shown the difference of amplitude and sharpness between the BCS
curve and the data and has been interpreted that MgB; is a two-gap superconductor. One gap is found to
be larger (4,) and the other smaller (4,) than 1.76 k,T, [2]. A, approximately follows the BCS-like
curve with non-standard gap ratio 24 /k,T. ~4.18 but A shows a marked reduction with respect to
BCS-like behavior with 2A4 /k,T, =1.59 [3]. A larger gap 4, is associated with a two- dimensional
band due to p, and p, electrons of B atoms and the smaller 4, is associated with a three-dimensional &
band due to p, electrons of B atoms. These are weakly hybridized with electron orbitals of Mg atoms.
The & band is strongly coupled to in-plane B-atom vibration and the inter-band impurity scattering is
strongly reduced due to the different symmetry of o and = bands [4]; therefore the diffusion from one
band to the other is inhibited. This preserves the 7. suppression and the large anisotropy of the energy
gaps. Within these observations, MgB, has shown the influence of both two bands and gap anisotropy.
The concept of multiband superconductivity was first introduced by Suhl et al. [5] and Moskalenko [6] in
the case of large disparity of the electron—phonon interaction for the different Fermi-surface sheets. The
isotope effect of MgB, established that the interaction responsible for the formation of pairing is medi-
ated by phonons [7, 8] and nuclear magnetic resonance showed that the symmetry of Cooper pairs is
s-wave [9].

In Seneor et al.’s paper [10], they found that the order parameter of MgB, must be of the anisotropic
s-wave with uniaxial symmetry or of the anisotropic s-wave with in-plane anisotropy. Mishonov et al.
[11, 12] considered the temperature dependence of the specific heat of a clean anisotropic gap supercon-
ductor, which is applicable to MgB,. In Hass and Maki [13] and Posazhennikova et al. [14], models for
the anisotropy gap with uniaxial symmetry in MgB, were proposed. The central issue in their research is
to propose an analytical model for analyzing the thermodynamic behavior by assuming a spherical Fermi

surface; the anisotropy gap functions are introduced as A(k)=A(1+az’)/(1+a) in [13] and
A(k) = A/N1+az’ in [14], where z = cos 6, € is the polar angle, and « is an anisotropy parameter that

* Corresponding author: e-mail: udomsamut55@yahoo.com

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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can be determined experimentally from the ratio of the gap in the z-axis and the gap in the ab-plane.
Using these two models, Mishonov et al. [15, 16] derived analytical results for the normalized jump of
the heat capacity AC/Cy. They find that the anisotropy parameter a decreases the BCS AC/Cy result.

In order to describe the three-dimensional superconducting nature in MgB,, we consider the gap func-
tion of MgB, depending on its axis parameters in three dimensions and follow the weak-coupling BCS
approach to derive an analytical expression for AC/Cy for an anisotropic s-wave with in-plane anisot-

ropy.
2 Anisotropy gap model
Because MgB, is an anisotropic s-wave superconductor, we can use the BCS gap equation as
Vi 1/gkz, + A4
Z 2 : (1)
v \en+ A 2T

where every symbol has its usual meaning.
We assume the pairing interaction as

v = Vof (k) f(K). 2

Here f(k) is the anisotropy function and V; is the coupling constant.
Based on the pairing interaction, an anisotropy gap is given by

A =AT) f(k), (3)

where A(T) is temperature dependent and f(z) = (1+az’)/(1+a) as in [13] or f(z)=1/y/1+az’ as in

[14]. These two models consider only the effect of anisotropy in the c-axis.
Inserting Eqgs. (2) and (3) into Eq. (1), we get the gap equation averaged over all directions of 4, as

4

- L ]i,]siné’ do d¢wjd€ / (H’¢) tanh \/8 4@ 7 (9’¢)
Az 5 i e+ LT £ (0.9) 27

0

Here we use a constant density of states N,, @ is the polar angle, ¢ is the azimuthal angle, and the fac-
tor 1/47x is the normalization factor.
In the vicinity of 7, where (T, -T)/T, <1 the gap is small compared with temperature. Let

ln(T/TC)z (T -T,)/T, ; we find that

&)

£(T) = (T —Tj8ﬂ27f<f2(t9,¢)>

T, )75 O0.9)°

Cc

2r
where (f*(0,¢)) = 4L J. IdH d¢sin 877 (0,4) and £(x) is the Riemann zeta function.
T 00

The thermodynamic potential density in the normal state and the superconducting state are (2 and (2
respectively. Their relation can be written as [17]

1 4;(3) N

Q-0 = -2 (0.9) A (D). Q)

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Inserting Eq. (5) into Eq. (6), we get

Lo L BN TY(S0.9)
TR (1 TJ SO @)
By the relation 2 —Q = —(1/87) H. with H, the critical magnetic field, we get
327N, T\ (2 0.9)
H.(T) = T, [1—-} . (8)
e V(I 0.6)

2
. T. . . . .
And, by the relation AC :—c(%) , the normalized jump of the heat capacity at 7 =T, is

iy o
found to be
AC _ | 0.9 o)
Cy (f'o.¢)

Equation (9) is Pokrovskii’s result for the reduced heat-capacity jump [12, 16, 18].

3 The specific heat jump of MgB,

To show the effect of the type of in-plane anisotropy on AC/Cy, we make some comparisons between
different models applied to MgB,. We first consider the case of the symmetry gap 7(€,¢) = 1. Equation
(9) then gives AC/Cy, = 1.43, which is the BCS result.

In the case of

A0,4) = A,(1+a(sin@cosh)’ + b(sinfsinh)*), (10)
this gives
f(0,4) = 1+a(sinf cos )’ + b(sinPsinH)* . (11)

Here A4,, a, and b are the gap parameters in the c-axis, a-axis, and b-axis, respectively. Within this

model, we get A= 4,, A, =4A/(1+a),and A, =4/ (1+b). For a=b, we get f(0)=1+a sin” @, which

agrees with Hass and Maki’s model [13] in the case of an anisotropic s-wave with uniaxial symmetry.
Next we let b=a+ 0 and insert Eq. (11) into Eq. (9); the normalized jump of the heat capacity is

2
(l+4a+8a2 +25+8a§+;52)

g_c R T 364 = 1283 - 96 (12)
N I+ a+—ad+—-a+ —a+ 5 —ad+-—as
3975 T35 Tas 35
B0 5485 Ry R s 2 5’+¥ as® +1 5
315 57 T35 35 77 763

Our Eq. (12) can be reduced to Eq. (1) of [14] by putting 6 =0 and a=-d'/(1+a); a' is the gap
parameter of [15]. The numerical calculation of Eq. (12) is shown in Fig. 1, where AC/C, shows the
maximum value when a=0 for all 6. When —1<a <0, AC/C, decreases with increasing d/a and,
as a>0, AC/Cy also decreases with increasing |5/a| .

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 1 Plot of AC/Cy versus gap parameter a in Fig. 2 Plot of AC/Cy versus gap parameter a in the a-
the g-axis at various values of O/a in the case axis at various values of &/a in the case A(6,¢) =

A8,¢) = A/(1+a(sin@ cos@)’ + b(sin sinH)*), . .
where b=a+ 8. At 6/a =0, we get Mishonov et al. 4)/\/1 +a(sind cosg)” +b(sinf sing)”, where b=
[15] result. a+ o6 At 6/a =0, we get Mishonov et al. [16] result.

For another case of interest, we consider the anisotropy gap in the form

X0.9) - = , (13)
\/1 +a(sin @ cos ¢)* + b(sin O sin ¢)’

which gives

SO = —— (14)
\/1 +a(sin@cos ¢)’ + b(sinGsin ¢)’

Here 4, a, and b are the gap parameters along the c-axis, g-axis, and b-axis, respectively. Within this
model, we get A =4, 4, =A/(1+a), and A, =4/(1+b). For a=b, we get f(0) =1/1+asin’ @ ,
which agrees with Posazhennikova et al.’s model [14] in the case of an anisotropic s-wave with uniaxial

symmetry.
As before, we let b =a+ 6 and insert Eq. (14) into Eq. (9); the normalized jump of the heat capacity

tanh'l,/L tanh ™ |- » _
l+a +5 l+a ka*™!

Jal+a) 2| a(+ay”? Ak (14 a)
AC 1 43x2 - (19

C
: tanh™' ,/L 5 2tanht -4 e
1+a +5 l+a + a

1
,/(1+a)(1+a+5)+ Ja(+a)y” C Ja(l+ay?  EQk+)(1+a)?

is
2

Equation (15) can be reduced to Eq. (1) of [16] by putting § =0 and a =—a'/(1+4d’); a' is the gap pa-
rameter of [16]. Numerical calculations of Eq. (15) are shown in Fig. 2. The maximum value of AC/Cy
occurs at a=0. When —1<a <0 and d/a >0, AC/Cy decreases while 6/a increases but there is no
change in AC/Cy in the case §/a <0 and a = 0. Figure 2 shows that AC/Cy, decreases as d/a increases.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Discussion and conclusions

In both cases under consideration, we find an anisotropy effect on AC/Cy, which shows a maximum
value at a =0 and, when 6/a >0, AC/Cy, will decrease as d/a increases. This result indicates that the
effect of anisotropy in the ab-plane decreases AC/Cy.

Based on the experimental data on MgB, of Seneor et al. [10], they found a maximum gap A4 =8 meV
for the c-axis film and a minimum gap 4,, =5 meV; this gives 4, /4, =0.625. Our model predicts that if
there is a gap symmetry in the ab-plane, i.e. a = b, the value of AC/Cy should be 1.28 and, if there is an
asymmetry of the gap in the ab-plane, a # b, the value of AC/Cy, should be slightly more or less than this
depending on its a and b parameters. Because of AC/Cy, depending on the parameter, we think that the
effect of in-plane asymmetry may be the cause of non-sharpness in the specific heat curve at 7.

In conclusion, we have derived analytical results for the normalized jump of the heat capacity of
AC/C,, of MgB, with an anisotropy gap by including the effect of in-plane gap anisotropy within the
framework of the weak-coupling BCS approach. We find that, within the three-dimensional anisotropy,
the value of AC/Cy is less than the BCS value, and the effect of the in-plane asymmetry will reduce or
increase the value of AC/C,, of the in-plane symmetry depending on its parameters.

Acknowledgement We acknowledge financial support by the Thai Research Fund.
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Abstract

The exact formula of T,’s equation and the isotope effect exponent of two-
band s-wave superconductors in weak-coupling limit are derived by considering the
influence of interband interaction . The paring interaction in each band consisted of 2
parts : the electronr-phonon interaction and non-electron-phonon interaction are
included in our model. The isotope effect exponent of MgB,, o = 0.3 with
T, = 40 K ,can be found in the weak coupling regime and interband interaction of
electron-phonon interaction show more effect on isotope effect exponent than of non
phonon interaction .



1.Introduction

The isotope effect exponent, o, is one of the most interesting properties of
superconductors. In the conventional BCS theory a = 0.5 for all element.

In high-T. superconductors , experimenter found that o is smaller than 0.5[1-3].
This unusual small value leads to suggestion that the pairing interaction might be
predominantly of electronic origin with a possible small phononnic contribution[4].
To explain the unusual isotope effect in high-T, superconductors, many models have
been proposed such as the van Hove singularity[5-7], anharmonic phonon[8,9],
pairing-breaking effect[10], and pseudogap[11,12].

The discovery of [13] of superconductivity in MgB; with a high critical
temperature , T, ~ 39 K, has attracted a lot of considerable attention. Various
experiments [14-21] suggest the existence of mutiband in MgB, superconductors.The
gap values A(k) cluster into two groups at low temperature, a small value of ~2.5
meV and a large value of of ® 7 meV. The calculation of the electron structure [22-
26] support this conclusion. The Fermi surface consists of four sheets : two three-
dimensional sheets from the m bonding and antibonding bands (2p,), and two nearly

cylindrical sheets from the two-dimensional ¢ band (2p, ,) [24,27]. There is a large

difference in the electron-phonon coupling on different Fermi surface sheet and this
fact leads to multiband description of superconductivity. The average electron-
phonon coupling strength is found to be small values[14-16].Ummarino et al.[28]
proposed that MgB; is the weak coupling two band phononic system where the
Coulomb pseudopotential and the interchannel paring mechanism are key terms to
interpret the superconductivity state. Garland[29] has shown that Coulomb potential
in the d-orbitals of transition metal reduce the isotope exponent whereas sp-metals
generally shown a nearly full isotope effect. So for sp-metal as MgB, , the Coulomb
effect could not be account to explain the reduced of isotope exponent.

Budko et al.[30] and Hinks et al.[31] measured the boron isotope exponent

and estimated as o, = 0.26 £0.03 and nearly zero magnesium isotope effect. The
boron isotope exponent is closed to that obtained for the YNi,B,Cand LuNi,B,C

borocarbideds [32,33] where theoretical work[34] suggested that the phonons
responsible for the superconductivity are high-frequency boron optical modes. This
observation is consistent with a phonon-mediated BCS superconducting mechanism
that boron phonon modes are playing an important role.

The theory of thermodynamic and transport properties of MgB, was made in
the framework of the two band BCS model [35-43]. Zhitomirsky and Dao[44] derive
the Ginzburg-Landau functional for two gap superconductors from the microscopic
BCS model and then investigate the magnetic properties . The concept of multiband
superconductors was first introduced by Suhl[45] and Moskalenke[46] in case of large
disparity of the electron-phonon interaction for different Fermi-surface sheets.

The purpose of this paper is to derive the exact formula of T; ‘s equation and
the isotope effect exponent of two-band superconductors in weak-coupling limit by
considering the influence of interband interaction . The paring interaction in each
band consisted of 2 parts : a attractive electron-phonon interaction and a attractive
non-electron-phonon interaction are included in our model.

2. Model and calculation
The properties of MgB, suggest the two-band s-wave
superconductors(c-band and m-band). And in each band ,it may have two energy



gaps . To recover this fact, we make the assumption that the paring interaction
consists of 2 parts : a attractive electron-phonon interaction and a attractive non-

electron-phonon interaction in o-band and m-band , and the o— m scattering of
interband pairs. The Hamiltonian of the corresponding system is taken in the form

H=H_ +H, +H, (1)
where H,, H and H_, are the Hamiltonian of = band, ¢ band and interband

respectively that

H = zgkcﬂ:l:cnkc z ke T T T T (2.1)
zskcpkcpkc Z ppkk’pl‘:Tptkip—k'ipk'T (2.2)

Z prkk’ (kap PRELETR LS S nan kip kika) (2'3)

Here we use the standard meaning of parametersand V_,, . , Vppkk, s Vpnkk, are the

attractive interaction potential in ¢ band and © band ,and interband respectively .
By performing a BCS mean field analysis of Eq.(1) and applying standard
techniques, we obtain the gap equation as

2 2 ’ 2 2
Apk 8 k' + A ' A Snk’ + Arck'

A, ==>» V . tanh Py Vo tanh
pk ; ppkKk 2W ( ZT ) kz prkk 2 N A2 ( 2T )
3.1
, el + A, , el + A%,
By == Vi — a2 R gy L - tanh( e
k BN 2T v ZJ e + A 2T
(3.2)

In each band, the paring interaction consists of 2 parts[47,48] : an attractive
electron-phonon interaction 'V, and an attraction non-electron-phonon interaction
U, .o, and o, is the characteristic energy cutoff of the Debye phonon and non-
phonon respectively.The interaction potential V,,. may be written as

Vi = —Vpih - U, for 0< |8| < oy
=-U for o, < |s| <w, and i=p, 7w, pn
For such as the interaction the superconducting order parameter can be written as
for 0< |8| < o,

= A, for o, < |8| <m,and j =p,n

3.T.’s Equation
In this section, the exact formula of T.’s equation of two- band s-wave

superconductors is derived . At T = T, and constant density of state N(g, ) = N(0),
Eq.(3) become



Anl (}\'TE + “n)ll (7\'11:1:) + an)Il MT[IZ anIZ Arcl
Ap] _ (}\'Tcp + an)Il (7\‘1) + Mp)Il anI2 MpI2 Apl (6)
AnZ HnII anll unI2 anI2 An2
A, ol TN nol L LA,
% tanh(e/2T
Here I, = J‘dsm (7.1)
0 €
I, = jds tanh(e/2T.) (7.2)

€

and

7\‘71: = Nn (O)\/;)nh > 7\‘p = Np (0)\];; 2 ;\‘np = Nn(O)\];}? = Np (())\/pphTI
and “TE = NT[ (O)UTCE b l"l‘p = Np (O)[J[,Cﬁ Hﬂjp = Nn(O)ng = Np (O)UI():Tc
are the coupling constants.
Solving the secular equation , the appropriate solution is,

A

' B+4C-D
that

A=2(=1 + L (-1 +Lu,) —2Lul,

B =y, +p, + 2L (A, + ) + (O + A1+ L) (1 + L) = Gug))

C=Mh, +A, +1, —Lu (A, + 1) +p (I +p (A +4) L&, + &, +2p))
~Lpn (-2 +1,(A, +1,))

D = 4((-1+ Lu)(-1+ L) - Gui ), =24, — (<1 + LA (u,0, — i)
+ A, L1+ L ) (—p, + A, (=1 + L)) = g (=1 + L)
+ A (L1 (w, + 1) + B(pgh, + 1))

I (8)

Eq.(8) is the T.’s equation of two-band s-wave superconductors.

4. The isotope effect exponent

In harmonic approximation , ®,o0 M '? | and ®, does not depend on mass.

The isotope effect exponent can be derived from the equation
dIn T,

~dinM
1 o, dT,
- ©)
2 T, do,
where M is the mass of the atom constituting the specimen under consideration.
Using Eq.(6) and Eq.(9), we can the isotope effect exponent as below

1/2)
a = ' ' 2 ’ (10)
tanh(w, /2T,) (n D' +p,E +p F)

tanh((o, /2T,)) (L,A" + LA, B + 4 C)




Here
A= -1 (0 I+ R = 1))+ (0 =),
B' = A [2(-1 + L) (=1 + Lu) + L (1, +p, = 2Lpp )] +4p, +2(1 = L)L
C' = (-1 + Lp (-1 + L) + By + Hlp, + g, (<1 + 2L = 2Lpg ]
+ 1 [k, =, 2% (=1 + L (=1 + Tp) + L2l
D'=1}2, — (-1 + LA ) (-1 +1,&))
E'=-1+4+L(A, +A, (1 -LA)+LX ) +pF
F'=20, + 1,2 -2L,(&, + ) + 1, (=&, + &, (=1 + 2L,A) = 21,1")

Eq.(8) and Eq.(10) can be easily reduced to the T, s equation and isotope
exponent of BCS theory .

In Figure.(1), we plot a three dimensional graph of the isotope
exponent Eq.(10) versus the interband coupling constant A and p . Depending on

the measured Debye frequency ®, =64.3 meV [30,49] and T, = 40 K, the
parameters are T, = 40 K, o, =745 K, o, =1.50,,A, =2 = 0.05,
u, =p, =0.05 . The isotope effect exponent is tend to 0.5 at large values of

phonon and low value of non-phonon interband coupling constant . We calculate
Eq.(8) and Eq.(10) numerically to find isotope effect exponent of MgB,, a = 0.3
with T, = 40 K that many ranges of coupling constant agree with these conditions,

exampleas p, =p, = 0.05, A, =0.05,u, =0.142,0.034 <A <0.114,

and 0.01 <A_ < 0.1 .In Figure.(2), we show the effect of interband coupling

constant on isotope effect exponent . The interband interaction of electron-phonon
interaction show more effect on isotope exponent than of non-phonon interaction and
both of them increase the isotope effect exponent in the same way .

5.Conclusions

The exact formula of T,’s equation and the isotope effect exponent of two-
band s-wave superconductors in weak-coupling limit are derived by considering the
influence of interband interaction . The paring interaction in each band consisted of 2
parts : a attractive electron-phonon interaction and a attractive non-electron-phonon
interaction are included .We find isotope effect exponent of MgB,, a = 0.3 with
T, = 40 K in many ranges of coupling constant. These strength values of the

coupling parameters indicate that the MgB, superconductor is in the weak coupling
regime. The interband interaction of electron-phonon interaction show more effect on
isotope exponent than of non-phonon interaction.
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Figure Caption

Figure(1). Plot graph of the isotope exponent Eq.(10) versus the interband coupling
constant A and p_ , the parameters are T, = 40 K, o, = 745 K,

o, =1.50,,A, =1, =0.05, p, =p, =0.05.

Figure.(2). We show the effect of interband coupling constant on isotope effect
exponent. The parameters are T, = 40 K, o, = 745 K, o, =1.50,,A, =0.1,

u, =p, =0.05.
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