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Supraconducteur Tc(K)
Nb-T1 9
Nb;Sn 18
Nb;Al 19
Nb;Ga 20
Nb;Ge 22
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Supraconducteur Tc(K)
Laj 35 Bag 15Cu O4 35
Laj 5515 ;Cu0y 40
YBayCuszO7 95
BiSryCaCuy0s 85
BiSr;CayCuz 0y 110
T1,Ba,CaCuy0g 108
ThBa;CayCuyO1p 125
HgBa;CayCusO¢-; 133.5
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.(parfait
Matériau Te(K) He (A/m) Be(Tesla)
Titanium (T1) 04 0.42*%10" 0.0056
Aluminium (Al) 1.2 0.79%10" 0.0105
Tin (Sn) 3.7 2.40%10" 0.0305
Mercure (Hg) 4.2 3.30%10" 0.0411
Plombe (Pb) 7.2 6.40%10" 0.0803
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Etat normal
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Ha

Etat supraconducteur
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Composé Te(K) He; (A/m) Bea(Tesla)
Nb-Ti 10.2 0.9x10’ 12
Nb3Sn 18.3 1.6x10’ 22
Nb3Ge 23.0 2.2x10’ 30
Nb3Al 18.9 2.3x10’ 32

PbMo6S8 14.0 3.3x10’ 45

[16] 11 & 5 (pe A8 Sla sall any (S B2 sHep Te 1(4.1) g2
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Matériau | Hg | Pb | Nb | NbTi | NB3Sn | YBa2Cu307 BiSrCaCuO | HgBaCaCuO

Te
(Kelvin)

415 | 7.19 | 9.5 11 20 93 110 160
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dadiuall k-points Lladl sxe o N 5 cdibasll 2 & g 5 a8 e RRRYPRE PECUNTN O JNCITEN
0 95 eadll & ganade ju A v g eld Y Ge) s T 5 Fermi-Dirac g Ay 4 fy 5 cclaall 8
[35-34] b A

) AL AU Alme Ay (e 1 e el i Sy

- 16£nm

By ge = 7 (11-54)

ERTERLY 0

Ly ) Jiall Casnay (11-47) sladl) e SN 3l 5SU Jaall Caliag eyl all da 0 3 GO @llia ()5S Ladie
s AUl JSall (11-47) Aalaall s 2 o5 Seebeck ol (e

j =0E —aSVT (1-55)

‘EA&\)AJ\‘:JGB‘)\‘)AJ\;\AJJ‘;&JMAY\&Cqu\(q)ﬁ‘)\‘);j\d&ﬁumju&:\‘j
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q =TJ; =ST] —kVT (11-56)
TS A

Aall Aliac Ay s 5 uilalaall il oladiuls ([36] Onsager 48 (11-56) 5 (11-55) olilabaal) cand
{[35-34] Al A Ania s il 5 ¢ (ic,,) A5 SN Ayl all ks sl 5 Seebeck delas le Jseanll LiSay

S = e;:B _1fd€( aajz)) (kBT) anTnkvn kvnk6(€ e‘n,k) (“'57)
_ "Bde ( af°) (k T) e Trse DrseBn 8 (€ — nx) — ToS? (11-58)

sl sasll s gy
Ol il g s kg

Seebeck Jelre Gl (Say i ela 1Y) ey o Lica 81 130 ela 5iud) Cpe ) dasd o g dm 4d y3 Y sl g el
Jie Jil) Gailad gal s aline asii 3l sl 3 duboand) Zilh o eld Y1 (pe ) iy BN Alias Ay (pa
lede Jseanll oty Sl cliliasl) d8a 5 il ela Sl (e ) Cu sl el 5300 avsly BoltzWann s BoltzTraP

A Saall GISEN 8 Al 3880 A0S e

;;\,3‘)\}3)@&“ 3 gal) clindai 3.9,

oo bl (Sl eliadll Jia cled daadall (S 8 Ay ) a5 eI o) sall aladiiad o5 Mall < )
LY A Cleid Can dgiliadll cliglatll 3 sl s i e lalpall 8 aadiudy ol 56U o hsill il s
Sl gall O G clgillad D50 a5 eSU A sall Lia o1 9385 < jelal Jaal) 138 (B sl () il dagal 32Y)
ol se Juady ol S jaane Wyl & dailia 3 ) ja ol 5 cdillall jmidie o e dile 30 5aal Jasd 4 ) yall
MAddaillt A8 apas jaiae A1 Ulaa Lealadinl say Al Seebeck ) sl

Al Al a8 a il e aaall @llia g dpaldl lle e dweddl lae o Wlamil 3y jall ol S cogd

larall Qi Lgaladiinal oy &5 ey ) jall ) gally senbiaal) ol elpall cililan sf 281 gall Sagad (Saall (pad ¢ Ul
Joeil andans e 53 g sall 4 ) pall cila il y Gl pmss aladia) Uyl (S0 Jiie (S50 3 il 480 <)
sale Y Ol jlnd) Jlae 8w liiall (e a3l a5 cbaniall GV 5 Ls sl (& De dpdal) 481 5al) jlaind 3 5eal

D geall 23S & jaae die 3 ) jall p e
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A8l g guilidl) 11 Sl

:dadia 1,111

cadadll il 50 ¢ DS diald andiin s Al 3l el s o (8 AL 3 e 3 sa A IERY) Galaall Silay S

3ol da o o s g 8y A0 ) delicall b Ol saS 5 5l yad) deglial o) sall & (JSUD A i mdanSl)

10 (e i) dmidia LUC; 5 <LaC2s YCod IS paiall gl e ly ) ISl <l il yall A8l s all
[2-1] (cAls

LUCs aspeilll s ST 48N il gall 5 45 siall (ailaddl 4 i Al Ay 2l il (amy (g0 a2 1) e
Liggilly iy Sy sl aals oliy OV s ool dee b QLA G o) Lide aa e ([3-2]
I Gaibad 5 (Jua gill 48 al &) e 5005805 SV

e sl 5 el Jie daliall o gall L) (ailiadll o aall 3 Gt 1550 g gll) i ool ) 4
& A radl pailadlls Jaill dul Gl e 3 0le [6-4] (i ol all il b el Jaa sill 5
0ln dan e dlaie Y Gl 8 Lay 05358005 8D Jeliy Adasi pall ) shall agd zling cdphaill dla gall oLudi
Lo Adleiall iy ol gall Jaili gy Colighgall 38 mant ) sl dulia el s palaall A sl el guall CalilaY)
Jdn Y5 L) pailadll ab-initio 4nbes Cllee ol jal ) Aul ol o3 Caagd ) 13 ([8-7]
Gl (GGA) perall @il (i aladiuly 58 jaid) g3l el JSiell 85,5l LaCas LUC2,YCo
Lo giall 5 (53580 s A () 58 Jas gl 0 guenall il aladiily 5 DT el Q80D 4 jhi o 85 4 Jalal)
e gl A8 ) gall 3¢d AEEY) 3 ) jad) Ax jo L ¢ 55l 23 31 ooy jle lll

sl 483 )b 2,111

Al 4,5 (DFT Al G 4 s Ul (A 4 giosall da sall 43yl alasiinly Alal) Clluall ¢l ja) o3
60 Ry akd s alaaiuly [4] QUANTUM ESPRESSO by (A dswdddl DFPT 4 laaall 4l
«Perdew-Burke-Ernzerhof (PBE)X GGA aasiul &3 sl e il 28U s gall 1A 480 Ry
(i 5V A il e 5 IV el ey @A) b)) Jols s sl [9] PBE — GGA asb 385yl
. [10] norm-conserving &k sésall 4L glall 3 pseudopotentiels ¢ sl 4 aladiuly Jals j¥) 13 Coa sy

Lu: 6s2 4f4 5d 5 La: 6s25dls Y: 5s%4d" ;oo dexiiuall Sl by yiSIY 4 iSIy) YAl
(e Ae sana pladinly (ZB) Osebn dahaie & Sl [11] Monkhorst-Pack 4 b alasiul o3 «C: 2s22p2
24 % 24 x 24 4%é g JalSil clilee iy pal g SSIY) Gllually Gl L W ck-point 8 x 8 x 8 Ll
el Ak 5 4 x4 x4 sl sl e A3 Jleiul Al ddshad) Glea S5 k-grid
coall Jalaa - aladiily alaall As el e Al Auaxdl [12]  Methfessel-Paxton  (smearing)

.0 =0.02 Ry
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b 050y SN ) B e ASUN Jua gl 4808 Glé <[ 14-13] Migdal-Eliashberg 4> < & Jleainly
A0l A8 slasall Auiskall Eliashberg a1s & Leaal [16-15] 4dbide jaliag

a’F(w) =

L3 5w — wgm) (111-1)

2nN(Ef) Wgm
(mode) Moy}ﬂlksua)c}mqu} Fermi o (s giue e dad) gl i g i1 58 5 oo N (Ef) Sus
:[16] A Arpally ¢ 3 53y 5 SY Ol B <l slae) alyy g Ansall glad 3

2=2 ) do I (111-2)

Sle [16] McMilland Aaxddl Allen-Dynes dalas aladinls @8 Jua aill Te AJEEY) 30 jall a ja aas
) sl

W 1.4(1+4)
I, = 12 €XP [ A—p*(140.62.2)
Sl JRalL Wile Aaat ), «Jledll Coulomb 8L sa pr* 5 i jle il 2o 8l o ie g8 @, Cus

(I-3)

a?F(w)
13

Wy, = exp (%f;o dw lnw) (111-4)

B0l Aa o AV o(7) il ela 1Y) e ) i s «BOltZTrap gelin plaaiuls Jiil (ailad (s o

: LUC25 LaC2 5 YCx 4y siddl pailadd 3,111

space ) 4c sexall sliad & CaCpd S eiall g30a¥) el ISl 8 LuCsos <LaCas <YCp sk

«de (0,0, z) <& C 35 2a (0, 0, 0) Wyckoff a8l s« & (Lu <La) Y <&I,3 && 5 <l4/mmm  (group

S el g3y ey JSuel) mas (1111 JS&N (U) pa sl iy (C @) ASaill Cul iy Al 038 ja
.CaC

(LUC2 ¢ LaC2) YCo - Saiall &3l el JSel) :(1.111) Js
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wwb @u.m 1 J A&l

w3 G lale Jeaniall il aladiu) Wi WY dale gl dula) laa age gl palladll Clua

SIS 5 ¢ A8l 5oy sl 58 gall ()31 sl die AQAT) aaa st ) Caagy loall 138 o AN Al 3l Gailiadl)

LI 28Ul s (2.111) S Jiag (Murnaghan dstee alascioly @l 5 J59) adide 5 Llalicai¥) Jelae il
.LUuC25¢LaCys¢YCy S jall anal) dl¥ay

25,9880
28,030 -
25,9885 <
YC
| ]
28,035 LaC, 25,9890 4
E 2040 E 25,3895 -
I 8
g g-zs,ssuu-
. - c
£ ns E
26,9905 -
28,050 -
25,9910 4
28,055 -
T l L} I L) ' L} ' L] l L) l ¥ ' T -2559815 12 1 T 1 T 1 L] 1 T 1 T 1 L] 1
30 0 M/ W0 30 MW W0 40 40 W 80 W5 0 2% 00 35
3
Volum(Bor’) ‘u’olum(Borz)
212,782
212,764 Luc,
212,766 1
=
14
T 212758
=7}
-
2
w
212,772
212,774
L] I L} I L} l L] I L] I L}
40 250 %0 20 20 290 300
Volum(Bor')
LUuC 5 <LaCos¢YCyp S yall anall A1V AIKN 48Ul a5 5 (2.111) JS&
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A8l g guilidl) 11 Sl

aad) s «(Bo) duklinai¥l Jabaas o(U) qasadl Culiy (C @) Ayl Al cul il Ledle Jeaaial) ail
S s g Leiilie 5 Cun (2.111) dsal 5 (L) dsall 3 Eisae (By') dubbinmi¥) Jaladd )

(38 sial) Ayl s Ay yatl
3) gall YC: LaC: LuC:
FERATREN a(A°) c(A°) u a(A°) c(A°) u a(A°) C(A®) u

Al Uil 3.721 6.136 | 0.3944 | 3.962 6.640 0.4020 3.621 6.198 | 0.3936

420 p83] 3.664 6.169 | 0.3968 | 3.934 6.572 0.4009 3.563 5.964 0.393
+0.0015 | +0.006 | +0.001 | +0.003 | +0.0015 | +0.0012 | +0.0015 | +0.009 | +0.001

4,81 a817) | 3.6813 | 6.1886 | 0.3947 | 3.9376 | 65778 | 0.4014
4kia8[18] | 3779 | 6.371 4.066 = 6.7915

LUC25¢LaCy 5 YCy 3 5all (U ) g sl s (C 5 @) A0l ) 52 (1111 Jgaad

(3.621A°) LuCaz 5 «(3.962A°) LaCz s ¢«(3.721 A°) YCaz Jal (e Lgle lilias il g 303l <l o
€0.7% ¢1.6%) o3 s Und aa [18 ¢17] g all o A skaill 5 ¢[3] anall o A saill il 6 lie 3an
LuCz 5LaC, <YCod sl e (1.6%

S ge 2 JS5 (6.198A°) LUC? 5 «(6.640A°) LaCy 5 «(6.136 A®) YCo L sundll ¢ o (38l 5
< (13.9% 1% <0.5%) o8 s Undy [18¢17] 58 siall 4 guanall 4y yhail) il 5 [3] dasliall Ay ol
.LuCz sLaC; «YCp 4 J sl

G AY) Al e i 3l 3 2 (0.3936) LUC2s <(0.4020) LaCas «(0.3944) YCod U aodasaill culd
(YCy sall sl e (0.2% <0.3% <0.6%) 5,3 Uad e Uloas Cua ([17] dodaill s [3] L yad dnlial
.LuC; s LaC,

i) A 15k <118 GPa & LuC, 4 Akalcai¥) Jalaad & gl Al () Jaad (2.111) Jg2ad) (e
sl e LaCy 5 YC2 24 87 GPa 5 97 GPa e ST 4l daadle Sy aalall a3gd 4y pkaill 5 4y jauill
LaCy (s 40ka 480333 638 5 Y Cp (10 4B LSTLUC 33kl (55 4ia 5 ¢ Lilee b Lale Juaniall

Tutincl e Jas (AU 4,500 aall ae las 2 3815 3 LaCy 5 YCoI By Asblaaill Jalas 48

A punall aill (e ST [18] an el (e Lele Jgeanll o5 ) sl (15 Al phall i alaainly [17] Srivastavas

3y ae Aphlai¥) Jalre A Galianl Lagf Jaadl luall 48, jla Cadlia) L) 138 aa o off oSags Lilee 8
(52.11A%) LaC, I (42.47 A3) YC, ) (40.63 A3) LuCy oo 4ds¥1 4081 aas
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3 gall YC, LaC; LuC;
Bo (GPa) B'o Bo (GPa) B'o Bo (GPa) B'o
Aalllile | 97.383 4.474 87.527 4,757 118.420 4.452
4 k0 ad[17] 106 4.41 87 4.48
4k a8[18] | 165.90 4.28 142.48 4.75

LUC; 5 ¢LaCos« YC, 3sall (Bo') Js¥) Leditias (Bg) dudabiai¥) Jabase :(2.111) Jgaa

daliall o sall alaea 3 Jall s WS (5 ) 3 () il 8 (Bo') dabinai¥) Jalaad 51 GGl dad a5
Aokl adll e las Ay A il oda ((4.45) LUC, 5 «(4.75) LaCo 5 «(4.47)YCo d 4ailly oliaa g us
.LaCzs YCo J 4wl [18 ¢17]

(Lus La) Y J &3 gl sl pa b sa s ((C-YP 5 C-Y?,C-C) L ¢ clilusdl) (3111 Jgsadl Jiay
(0.5,0.5,0.5) 5(0,0,0) o2 5

3 gal) YC; LaC, LuC,

C-C(A°) | C-Y(A®) & C-YP(A®) C-C(A°) | C-La¥(A°) | C-La’(A®) & C-C(A°) & C-Lui(A°) = C-Lu’(A°)
i blee | 12957 | 24202 | 2.7098 | 1.3012 2.6698 2.8763 1.3001 2.4048 2.641
~3[3] 1.275 2.447 2.668 1.303 2.635 2.857 1.276 2.344 2.599
4 s +0.002 | £0.003 | x0.001 | +0.012 +0.006 +0.007 +0.012 +0.007 +0.002
s (Lucla) Y J4,M a8l sdl a b yadus «(C-YP 5 C-Y2 «C-C) <l (pm clilasal) 13111 S
.(0.5,0.5,0.5) 5(0,0,0)

5624202 A 5¢1.2957 A 2 C-YP 5<C-Y? 5C-C it G ddlasal) o (3L111) Jgaadl e a3l
52447 A 51.275 A) [3] e dl e Aondl il e Jlies G315 B s o sl e 2.7098A
Sl e (1/2,1/2,1/2) 5(0,0,0) A 3aall guzal sall 3 Y 550 Laa YO 5 Y2 G (sl e 2.668A
Lulid) clilusal ae Hliae JS3 (38535 Lgle dhaniall LUC, s LaCyp & <l all Ga clibisdl) o Liagf Jaali LS
K] FESA PRSP
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A8l g guilidl) 11 Sl

:LUuC2sLaCyrs < YCo < 4 i< (ailadll 4,111
24 g Sy dBUal) Lbae 433 1.4, 11

5 ¢ Sl AN A K A sl e AV 5 IO AiSaal) A8l s JS Jiad 28 (Band) ddaac
dagadall saa a5 ¢ V) Brillouin 4ikaie 85 ksl A0l Ll @y ClalasV) e Jai Jeladll iy Japeaill

ke LUCz5 <LaCas «YCo 0e IS d8all clibiae &y gass (C.3.111) 3 (D.3.111) 5 (@.3.111) Jséd

Jemndl Ay gildall cillanll A ae s S (38055 LaCos YCp (o) Anatlly A8UN cililiac (o Jaa3liy o I 5l

o oy ) A IV VA e Jaun il Alls Ailie 3 At lisal) Bl oy 3l aains [17] g el b Lo
O3S Lelady 8 (5 siue Aol Ep Jiai G (B (oo gl 48la

Al Gl Jsha e 566 eV () -16 eV (e 8l Jlaall 8 45 5 Abeanll Dy jelas

et 0585 (T, G, Z, T, X, P, T, N) 25 LuCz 5LaC, 5 YCo 4 Js¥) Brillouin  4akic & 5 sl

gl (5 sl slad ol Cua Jaua sl Glibiac ae S Cllbae Jalai sl dall 2 Fermi glass (s s
Aivnae dagla <3 LN WS je o s by i g S0 (ialany ey

Y-C ity Jsh e ST 585279 A 58 (0.67 A) C 5 (2.12 A) Y ealill il Caal g gena

C 5(1.95A) Lad bl Lhadll Cavni g gana el ¢(3.111) Jgad & dnia sall 2 42024 Leiasd Laa s )

Dbl Caai g gene Ll <2,6698A Waliaa 5 ) La-C ddai )l sk s sbon cu &L 50562.62 A (0.67 A)

leiad Loy ) Lu-C 4o ) Jsba e »SI 585 ¢ 2.84 A 2 (0.67 A) C5 (217 A) Lud el
.2.4048 A

& GO iy Al Aal e Lu-Cs <La-Cs «Y-C Qi3 om dsaalad day) ) dsay S5 daiil) o3y
3 gall AN Al 1 Ciam g Sy Mills et gl Al 5 Liaal a3 il ) Cos (LU cL@) Y 3 O Al g 5
A0V 5 Aiaeall 5 daalocll Jagd 5 0 (e gy e Ll Ao DA

2020-2019
Page 44



ALBULY g i 11

Juaail
5 LvC =Y
2 /%/
AN >/ )
S —
T = T BN =
> N &_\
chj ] \_/ \/\
-10 4
-15 1 — - — |
r G z T X P r N
YCo A5 5iSIyY) A8l a4 2(a.3.111) JS
5 4 —~_ X\ N
| __—1
% > /N 7.
s I~ é% d
§ =~ I~ Q
(3]
[
L
-10
15 4—m—mmmT— L
r G z r X P r N
LaCa i s i<Iy) &L lae & 3(b.3.111) JS
2020-2019

Page 45



A8l g guilidl) 11 Sadl)

LN

Energy (eV)

-10 -

-15 4

|
1l
]
J
|
)

LUCo i s Iy 48Ul dlac Ay (3111 JS&U

: (PDOS.s DOS) azijall g 40l 4 g <) cylall 43S 2, 4,11
S A5 Y eVl s Wil e DOS coVlall 4868 (o jad AESAN o gall ol 38 dibiall Allal) oLy 58 b
daph agd ae (Jaasill Cliliac 5 58S Cllbae @lSs Al YW Jual paadl Eoodda Lgaly Llad (Say
&b Aiedll (PDOS 5 DOS) i yall 5 480 Allall AU Jilaty 5 s s jaall o) sall <l 53 (s Ciaad 31 sl

sl e LuCas <LaCas YCo e JSI (C.4111)s «(b.4 1) «(@.4.111) Jsil

:YC A b Vv
[-14.68 ;-15.91] eV Jall & >
(2P 525) :C @i e o L daaliadl CV 5 dlae S50V il <1524 eV die 4ad 815 Jsl a5

(4p 54d) Y QA e el AL Cilaabise pa

:[-2.70 ;-7.89] eV Jall & >

ez ae C @l Al 25 5 2p Sl S Ll et (Al Al Alaall Jiai 45 -7.4€V 2ic 4ad LDl @
(4D 5 4d)Y Sl cre deslil) Aaalondl

Y Sl (e ) Laalsall Gimns g «C S 2p s 5 e penthy IS AU Aeaall s @
~5.39 eV Jlsa xie L)) 0 5S5 dlaall 228 (4d)
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de 55,0 Ll Alasll sda Y-4d @YW 8 pa Glaaluay C-2p <Y ) 4l )l Alasll aa 5

e dadl as -3.48eV e il 350 (1A% ) dbaal) Wl 5 51V DOS (4 -4.83eV
.C-255Y-4d Yl 6 yia claabua (2p) C YW

O s iy «C-2ps Y-4d ills (e L adle jai il 5 o edans (5 siasa (ga Ay ) Ailicanll
<0.0eV (o s (5 sy -2.45 eV o A8l ddlaia 833 g2 sall C-2p5 Y-4d OV G el
Gila i e Jpnmn sill Al 065 3 a5l Canli o b pedans (5 gisn (g Ay ) il g SV ) Ly
Cas ik

daalie Uy 85 g sy N (E) = 0.77 States/eV : Ep o b (5 sine o @A AUS als
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ARTICLE INFO ABSTRACT

Keywords: Structural, electronic, electron-phonon coupling and superconducting properties of the intermetallic compound
LuC, LuC, are investigated by means of ab initio pseudopotential plane wave method within the generalized gradient
Intermetallics

Density functional theory
Electronic structure
Electron-phonon coupling superconductor

approximation. The calculated equilibrium lattice parameters yielded a very good accord with experiment.
There is no imaginary phonon frequency in the whole Brillouin zone supporting thus the dynamical stability in
the material of interest. The average electron-phonon coupling parameter is found to be 0.59 indicating thus a
weak-coupling BCS superconductor. Using a reasonable value of p* = 0.12 for the effective Coulomb repulsion

parameter, the superconducting critical temperature T, is found to be 3.324 which is in excellent agreement with
the experimental value of 3.33 K. The effect of the spin-orbit coupling on the superconducting properties of the
material of interest has been examined and found to be weak.

1. Introduction

Transition metal carbides are highly stable at high temperatures and
used with particularly high critical temperatures as coating for cutting
tools, wear-resistant surfaces, in refractory materials and as conducting
barriers in the electric industry. Low temperature superconductivity
was observed in the body centered binary compounds YC,, LaC, and
LuC, [1,2]. In spite of few experimental results examining the structural
and superconducting properties of Lutetium carbide LuC, [2,3], no
theoretical work has been reported so far on its structural, electronic,
phonons and electron-phonon interaction and superconducting prop-
erties, to the best of our knowledge. As a matter of fact, phonons play a
major role in several of the fundamental properties of solid materials,
such as specific heat, electrical conductivity, thermal expansion and
entropy [4-6]. Besides, in the study of transport and optical properties
in polar semiconductors, the understanding of phenomena related to
the electron-phonon interaction including optical spectra temperature
dependence, resistivity of metals and superconductivity needs an ac-
curate determination of phonons and their related polaron parameters
[7,8]. For this reason, this contribution is aimed at making ab initio
calculations of the structural and electronic properties of LuC, in the
body centered tetragonal structure by using a generalized gradient
approximation (GGA) involved in the DFT formalism. Using the cal-
culated average electron-phonon coupling parameter and the loga-
rithmic average of phonon frequency, we have computed the super-
conducting transition temperature. Furthermore, we have examined the

* Corresponding author.
E-mail address: n_bouarissa@yahoo.fr (N. Bouarissa).
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effect of the spin-orbit coupling (SOC) on the obtained results regarding
the superconducting properties.

The paper is organized as follows. After a brief introduction, the
computational method used in this work is described in Section 2. The
results are presented and discussed in Section 3 where we examine the
electronic band structure and partial and total density of states (DOS).
We achieve this section by studying the phonon modes, phonon dis-
persion curves and phonon DOS. We analyze the strength of the
phonon-electron interaction by computing the Eliashberg spectral
function and calculate the supraconducting properties. Finally, our
paper is completed by a conclusion in Section 4.

2. Method of calculation

The present calculations were performed using a plane wave basis
within the DFT as implemented in the QUANTUM ESPRESSO code [4]
using cutoff energies of 60 Ry and 480 Ry for the wave functions and
the charge density, respectively. The GGA of Perdew-Burke-Ernzerhof
(PBE), known as PBE-GGA [9] was used for the exchange-correlation
functional treating the interactions of electrons with ion cores. This
interaction is described by using norm-conserving pseudopotentials
[10]. The Lu: 4f** 5d* 6s? and C: 2523p2 electron states are explicitly
treated as valence electrons. The Monkhorst-Pack method [11] was
employed for the integration over the Brillouin zone (BZ) by using a set
of 8 x 8 x 8 special k-point sampling. As regards the electronic cal-
culations, integrations were performed with a 24 x 24 X 24 k-grid. The
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Fig. 1. The body-centered tetragonal structure of LuC,.

dynamic matrix was computed based on a 4 X 4 X 4 mesh of phonon
wave vectors. The Methfessel-Paxton smearing approach [12] is used to
recover the non-smeared results for metals with the smearing parameter
0=0.02 Ry.

Within the framework of Migdal-Eliashberg theory [13,14], the
superconductivity arising from electron-phonon coupling is character-
ized by several quantities [15,16]. The most important ones are
Eliashberg spectral:

1 Z yqv
27N (Ey) < wy

a’F (w) = §(w — wg)

(€8]

where N(Ej) is the electronic DOS at the Fermi level, and vy, is the
phonon line width for mode g. The electron—phonon coupling constant
is given by the following formulae [16],

_ o  a’F(w)
1=2 fo do——==. @

The superconducting transition temperature T, is estimated using
the Allen-Dynes modified McMillan equation [16] as,

141+ )

T.= %e P S
12 21— 1 (1 + 0.620)

3

where wy, is the logarithmic average frequency and p* is the Coulomb
pseudopotential. wy, is calculated as,

© 2
Wy = exp(% f dw@lnw).
A Yo w (C)]

In order to examine the SOC effect on the superconducting prop-
erties, the SOC term has been included in the DFT calculation.

Table 1
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3. Results and discussion
3.1. Structural and electronic properties

LuC, crystallizes in the CaC, body-centered tetragonal structure. It
has a space group of I4/mmm in which Lu located at the Wyckoff po-
sitions 2a (0, 0, 0) and C atoms at 4e (0, O, z). The three independent
lattice parameters (a and c) and the internal parameter (u) are needed
to define the CaC, body-centered tetragonal structure (see Fig. 1). The
optimized values of (a and c), (u), the bulk modulus (B), and its pres-
sure derivative (B") are presented in Table 1 and compared to the
available experimental data. The obtained lattice parameters (a and c)
and the internal parameter (u) are in good agreement with the mea-
sured ones, where the maximum deviation is of 0.5%. The present
computed value of the bulk modulus for LuC, is 118 GPa. Due to the
lack of both experimental and theoretical results concerning this ma-
terial, one can observe that the bulk modulus is larger than those of 106
and 97 GPa of YC, and LaC, respectively calculated by Tiitiincii and
Srivastava [17] using the same method. This expected feature of the
bulk modulus decreases with the increase of the primitive unit cell
volume from LaC, to YC, to LuC,. The bulk modulus pressure derivative
falls in the range 3-5 as in most solids. The present findings ensure the
accuracy of our calculations and confirm the reliability of the approach
being used here. Therefore, the optimized lattice parameters are useful
for future computations of other properties.

The interatomic distances C—C, Lu®>—C and Lu®—C are 1.3001,
2.4048 and 2.641 A, which is in excellent accord with the experimental
values of 1.2760, 2.344 and 2.559 A [3] respectively, where Lu* and
Lu® are the Lu atom in the reduced positions (0,0,0) and (1/2,1/2,1/2)
respectively. The electronic band structure in the range from —9 to
6 eV, around the Fermi level, set to zero, along selected high symmetry
directions in the Brillouin zone for LuC, is shown in Fig. 2.a. The Fermi
level is crossed by two electronic bands which confirms the metallic
character of the material. The sum of the covalent radii of Lu (2.17 A)
and C (0.67 A) is 2.84 A which is larger than Lu—C bond length that is
found to be 2.344 A. This result confirms a covalent bonding between
Lu and C atoms. Furthermore, the difference in the electronegativity
among Lu and C elements indicates that an ionic character can be
predicted. Thus, the overall bonding of the material may be char-
acterized as a mix of covalent, metallic and ionic interactions.

Fig. 2.b displays the calculated total DOS as well as partial DOS. The
lowest valence band is shown to be of predominated C 2s and 2p with
minor contribution of Lu 5d and 6p states. It has a peak situated around
—7.5eV. The following valence bands —-5.7 and — 4 eV below the Fermi
level, are mostly flat indicating no interaction with the solid and it
consists mainly of Lu (4f) and smaller contribution of C-2s states, This
bands gives rise to a sharp peak at about —5.5eV in the DOS of LuC,.
The last valence states involving largely C-2p, with lesser contributions
coming from Lu 5d, Lu 6s, and C 2s states. Near the Fermi level, there is
a strong hybridization between Lu-5d and C-2p and these states are
mainly responsible of the electronic and superconducting properties of
this material. The total DOS around the Fermi level Eg, N(Ep), is cal-
culated to be 0.84 eV/states and approximately is equal to the con-
tribution from Lu-5d and C-2p states.

The topology of LuC, bands is quite similar to that of YC, reported
in Ref. [18]. The changes in the band structure lead to the modification
of the Fermi surface. Sphere-like surfaces near the I'-point undergo

Structural lattice and internal parameters (a,c and u), interatomic distances (C—C, C—Lu® and C—Lub), where a and b are the Lu atomic positions (0,0,0) and
(0.5,0.5,0.5), respectively, bulk modulus (By) and its first-pressure derivative (By") for bulk LuC,.

a(A?) (A% u C—C(A?) C—Lu?(A%) C—Lu"(A%) B, (GPa) By
This work 3.621 6.198 0.3936 1.3001 2.4048 2.641 118.420 4.4523
Expt. [3] 3.563 + 0.0015 5.964 + 0.009 0.393 = 0.001 1.276 = 0.012 2.344 + 0.007 2.599 = 0.002
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Fig. 2. (a) Calculated Electronic band structure along the high symmetry directions of the body-centered tetragonal structure of LuC, (b) Total and partial electronic
density of states (DOS). (c) Fermi surfaces of LuC, (d) Charge density contour map for LuC2. Plots are made through the (1 1 1) plane containing Lu and C atoms.

insignificant changes similarly to that of YC, [18]. The quasi-cylindrical
electronic surface along the BZ edges increases from YCs, to LuC,. Thus,
the Fermi surface topology for the considered compounds preserves the
basic features of the superconducting materials. Fig. 2(c) displays the
Fermi surfaces for LuC,,

The study of electronic charge densities in solid materials provides
useful information on the chemical bonding properties and interstitial
impurities in the materials of interest [19-22]. Fig. 2(d) illustrates the
electron charge density contour map for LuC, material in the (111)
plane that contains Lu and C atoms. Note that most of the charge is
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Fig. 2. (continued)
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Fig. 2. (continued)

situated at the Lu and C sites where it reaches its maximum. This
suggests that the charge distribution is predominantly s-like. A small
amount of charge can also be observed in the interstitial regions. This
quantity of charge is found to be in both sides nearest to the C and Lu.
Nevertheless, it seems that the charge density nearest to the C is more
important than that nearest to Lu. The minimum of the charge density is
situated in the bonding region and is almost half way along the bond.
This suggests an anti-bonding-like state.

3. 2. Phonons, electron-phonon interaction and superconductivity

Fig. 3.a and b display the computed phonon dispersion curve and
the corresponding phonon density of states for LuC,. The lack of ne-
gative frequencies in the full phonon spectra suggests the dynamical
stability of LuC,. The phonon dispersions show a set of 9 phonon
branches. This is consistent with the fact that there are three atoms per
primitive cell. The phonon curves can be divided in three regions

clearly spaced on the frequency scale: low frequency region composed
from acoustic phonon modes, below 120 cm ™!, intermediate frequency
region, between 305 to 380 cm ™! and high frequency regions, above
1530 cm !, leaving two gaps which may be noted from the phonon
DOS curve. Due to the light atomic mass of carbon compared to Lute-
tium atom and strong C-C coupling, the intermediate and high fre-
quency modes are of almost pure carbon character. The low frequency
region is mainly derived from Lu atoms with non negligible contribu-
tion of C atoms. Thus, in this range of frequencies a considerable Lu—C
hybridization can be seen.

The zone-centre optical atomic vibrations in our body-centered
tetragonal structure system can be classified as: ' =A;4+Eg+ Ay, +E,.
A and E modes being singly and doubly degenerate, respectively. There
are two Raman-active vibrational modes (A;3+E,) and two infrared
modes (IR) (A,,+E,). The eigen displacements of these zone-centre
phonon modes are shown in Fig. 4. The eigenvectors of these phonon
modes indicate that the double E modes are dominated by the

r(a.u.)

r

(a.u.)

Fig. 2. (continued)
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Fig. 3. (a) Phonon spectrum of LuC, (b) The total and atom-projected density of states for LuC,.
vibrations of atoms along the x-and y-axes, whereas the A modes in- literature to compare our present findings. Thus, our results are pre-
volve the atoms vibrations along the z-axis. The zone-center phonon dictions that may serve for a reference.
frequencies of LuC, have been presented in Table 2. As far as we know, In order to investigate the origin of superconductivity for this
no reported experimental or theoretical data are available in the compound, we have to analyze the strength of electron-phonon

0,10

) — LuC

2
0,08 - Lu

0,06 -

0,04 -

Phonon DOS (states/Ry)

0,02 +
|

400

1000 1200 1400 1600

0,00 '

0 200 600 800

Frequency (cm™)

Fig. 3. (continued)
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®w =309 cm™!

w =468 cm™1

Fig. 4. Eigen atomic displacement patterns for the zone-centre optical phonon modes in the conventional unit cell of LuC,.

Table 2
Vibrational modes and their frequencies (in cm ™ ') at the Brillouin zone center
for LuC,.

Vibrational mode
Frequency (cm™1)

Ey
308.67

Ay E

2 Axg
359.56 468.26

1618.51

interaction in LuC, superconductor. We have displayed the calculated
Eliashberg spectral function (a®F(w)) and the average electron-phonon
coupling parameter together in Fig. 5. One can observe that the
Eliashberg spectral function follows the structure of the phonon density
of states in the whole frequency scale.
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w=1619 cm™!

The obtained value of lambda is 0.59 which suggests that electron-
phonon interaction in this material is of weak strength. Now we can
investigate the connection between phonon modes and their electron-
phonon coupling parameters by analyzing our spectral function. The
phonon modes in the first region of phonon spectrum contribute nearly
%159 (0.35). The calculated contribution for lambda from the second
and the third regions is about 37% (0.22) and 3% (0.02) respectively.
Hence, the acoustic as well as intermediate optical phonon modes are
heavily involved in the process of scattering electrons near the Fermi
level. This feature is expected since the largest contribution to the N(Er)
comes from the Lu-5d and C-2p states. Thus, we can conclude that the
motion of both atoms plays an important role in forming the



S. Dilmi et al. Physica C: Superconductivity and its applications 549 (2018) 131-138

0.7 0.7
064 __ 406
J /
0.5 I 105
1 /
0.4 ! 0.4
—_ >
S 1} --- B
"3 034 (I \‘ {03
0.2 | 40.2
1
1)
0.1- 40.1
| i
0.0 T T v T Y T Y T Y T Y T Y T Y T 0.0
0 200 400 600 800 1000 1200 1400 1600

Frequecy (cm”)

Fig. 5. The Eliashberg spectral a?F(w) and the integrated electron phonon coupling A(w) functions for LuC,.
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Fig. 6. The Eliashberg spectral a?(w) for LuC, calculated with and without including the spin-orbit coupling (SOC) effect.

superconductive state of LuC,. Considerable contribution of high-fre- _ N(EI D)

quency phonon modes can be linked to the light mass of C atom because T M(w?) 5)
the lighter atom makes a positive contribution to lambda according to

the McMillan-Hopfield expression. This expression is given as [23], where M represents the mass of atoms and <w*> denotes the average of
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squared phonon frequencies. Further <I%) is the Fermi surface average
of squared electron-phonon coupling interaction. According to above
McMillan-Hopfield expression, the electron-phonon coupling constant
increases with the decrease of the mass. The value of logarithmic
average phonon frequency is calculated to be wj, = 190 K. Using the
calculated values of A and wy, and taking a typical value of 0.12 for the
effective Coulomb repulsion parameter u*, the obtained T. is 3.324K
which is in excellent agreement with the previous calculated value of
3.33K [2].

3.3. Effect of spin-orbit coupling on superconducting properties

In order to see the effect of the SOC on the studied properties, we
have investigated the SOC effect on the superconducting properties of
the material of interest. Our results are displayed in Fig. 6 which shows
the Eliashberg spectral function with and without including SOC in the
calculation. Note that qualitatively the general feature is almost similar.
From the quantitative point of view our results showed that when the
effect of SOC is included in the calculation the value of the average
electron-phonon coupling parameter is 0.58 and that of the logarithmic
average phonon frequency is w;, = 182 K. These values do not deviate
significantly from those obtained when the SOC is not included in the
calculation suggesting that the SOC effect on the superconducting
properties is not significant in the intermetallic compound LuC,.

4. Conclusion

In this paper, we have investigated the structural, electronic, vi-
brational, and superconducting properties of LuC, crystallized in the
body centered tetragonal structure by using the first-principles pseu-
dopotential plane-wave method and the GGA based on the DFT. The
calculated structural parameters for the studied compound are in good
accord with the existing experimental results. Our calculated electronic
band structure showed clearly the metallic nature of the material of
interest. The bonding can be described as a mixture of metallic, ionic,
and covalent contributions. The phonon dispersion curves and the total
and atom-projected density of states for LuC, are presented and dis-
cussed. No imaginary frequencies were observed in the full phonon
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spectra suggests the dynamical stability of LuC,. The phonon curves can
be divided in three regions clearly spaced on the frequency scale. The
analysis of Eliashberg Spectral Function together with the phonon DOS
curves indicates that the motion of both atoms play an important role in
forming the superconductive state of LuC, . The obtained low value of
electron phonon coupling parameter confirmed that LuC, is a weak
coupling Bardeen-Copper-Schrieffer (BCS) superconductor. The ob-
tained T. was found to be in excellent agreement with the experimental
results. The effect of the SOC on the superconducting properties of the
material being studied in this work was examined and found to have a
weak influence.
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Abstract

In this work, we have studied the Structural, electronic, superconducting and transport properties of
the intermetallics compounds YC, (LaC,, LuCj). All calculations were performed by the first-
principles calculations using the plane wave pseudo potential (PP-PW) based on the density functional
theory DFT and PDFT implemented in the QUANTUM ESPRESSO code, for the exchange-
correlation function we used the generalized gradient approximation GGA of Perdew-Burke-
Ernzerhof (PBE). And for calculating the transport coefficients, the Boltzmann transport theory
implemented in the BoltzTrap code is used. Our results are in agreement with the available
experimental and theoretical data. The obtained low value of electron phonon coupling parameter
confirmed that YC, (LaC, LuC;) is a weak coupling Bardeen-Copper-Schrieffer (BCS)
superconductor. The results obtained for the LuC, properties are the first time they have been
calculated and can be used as a reference.

Key words: PP-PW, DFT, DFPT, GGA, QUANTUM ESPRESSO, BoltzTrap, electron-phonon
coupling, coupling Bardeen-Copper-Schrieffer (BCS).

Résumé

Dans ce travail, nous avons étudié les propriétés structurelles, électroniques, supraconductrices et
propriétés de transport des composés intermétalliques YC, (LaC,, LuC;).Tous les calculs ont été
effectués selon les calculs premiers principes en utilisant le pseudo potentiel d'onde plane (PP-PW)
basé sur la théorie fonctionnelle de la densité DFT et PDFT implémentée dans le code QUANTUM
ESPRESSO. Pour la fonction d'échange- corrélation, nous avons utilisé I'approximation du gradient
généralisée GGA Perdew — Burke — Ernzerhof (PBE). Et pour calculés les coefficients de transport on
utilisée la théorie de transport de Boltzmann mis en oeuvre dans le code BoltzTrap. Nos résultats
sont en accord avec les données expérimentales et théoriques disponibles. La faible valeur obtenue du
paramétre de couplage électron-phonon a confirmé que YC, (LaC,, LuC,) est des supraconducteurs
Bardeen-Copper-Schrieffer (BCS) a faible couplage. Les résultats obtenus pour les propriétés LuC; est
la premiere fois calculé, ou il peut étre utilisé comme référence.

Mots clés: PP-PW, DFT, DFPT, GGA, QUANTUM ESPRESSO, BoltzTrap, couplage électron-
phonon, couplage Bardeen-Copper-Schrieffer (BCS).
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