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Fig. 1. Crystal structure of Cmem-LiaCa: (a) Base-centred orthorhombic cell, the crystal axes a, b, and ¢

are schematically shown on the lower left corner; (b) side view of base-centred orthorhombic cell along a

axis; (¢) primitive unit cell.
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AFJESR T Cmem-LisCo fiks  FUR Wyckoff A AR

Table 1. Lattice parameters and Wyckoff positions of Cmem-LiagC2 under different pressures.

Pressure a/A b/A c/A Li Wyckoff C Wyckoff
Ambient pressure 3.3477 7.7891 2.5501 4¢(0,0.1504,1/4) 4¢(0,0.4563,1/4)
5 GPa 3.2771 7.5681 2.5345 4¢(0,0.1512,1/4) 4¢(0,0.4547,1/4)
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Fig. 2.

LioCa: (a) Band structures under ambient pressure and

Band structures and Fermi surfaces of Cmcm-

5 GPa, respectively, and the Fermi level is set to zero;
(b) the Brillouin zone and high-symmetry points; (c) the

Fermi surfaces under ambient pressure.
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Fig. 3. Orbital-resolved band structures and partial density
of states in Cmcm-LiaCo under ambient pressure: (a) Con-
tribution of two sp2-hybridized orbitals along zigzag carbon
chain to Bloch states at given k and energy band index;
(b) contribution of hybridized spz orbital to Bloch states
at given k and energy band index; (c) contribution of 2pg
orbitals of carbon atoms to Bloch states at given k and en-
ergy band index; (d) atomic orbital-resolved partial density
of states per formula; (e) partial density of states projected
onto single carbon atom. The energy bands are represented
by solid lines, whose thicknesses denote the weights of cor-

responding hybridized or atomic orbitals.
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Fig. 4. Lattice dynamics and electron-phonon coupling in Cmem-Li2Ca: (a) Phonon spectrum and electron-phonon
coupling constant \q, at give wave vector g and phonon index v under ambient pressure; (b) phonon density of
states and Eliashberg spectral function a2F(w) under ambient pressure; (¢) phonon spectrum and electron-phonon

coupling constant Ag, at give wave vector g and phonon index v under 5 GPa; (d) phonon density of states and

Eliashberg spectral function o F(w) under 5 GPa.
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Fig. 5. Vibrational patterns for Bz and Ag phonon modes at I' point and their influences on the band
structures under ambient pressure: (a) Vibrational pattern for B1g phonon mode at I" point, and the lengths
of arrows represent the relative amplitudes for each atom; (b) vibrational pattern for Ag phonon mode at I"
point; (c) the influence of Bz phonon on the band structures; (d) the influence of Ag phonon on the band

structures.
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Abstract

One-dimensional carbon chains are expected to show outstanding optical and mechanical properties. But syn-
thesis of the compounds containing one-dimensional carbon chains is a challenging work, because of the difficulty in
saturating the dangling bonds of carbon atoms. Recently, the transition from the Immm phase to the C'mem one at
a transition pressure 5 GPa has been predicted for LioCs by density-functional theory calculations. In C'mem-Li2Ca,
there are one-dimensional zigzag carbon chains caged by lithium atoms. Under ambient pressure, the electronic struc-
ture of Cmem-LiaCs is as follows: The hybridization among 2s, 2p,, and 2p. orbitals of carbon atoms results in three
sp2-hybridized orbitals that are coplanar with the zigzag chains of these carbon atoms, denoted as the y-z plane. The
sp2-hybridized orbitals along y-axis (perpendicular to the zigzag chain) overlap with each other and form one m-bonding
band and one m*-antibonding band. Likewise, the 2p, orbitals of carbon atoms will provide also one m-bonding band
and one T"-antibonding band. These two m*-antibonding bands cross the Fermi level and contribute to the metallicity
of Cmem-LiaCs. The other two sp?-hybridized orbitals will give two o-bonding bands, whose band tops are about 5
eV below the Fermi energy level. These two fully occupied o bands are the framework of the zigzag carbon chains.
The changes in electronic structure of C'mem-LiaCo under 5 GPa are negligible, compared with that in case of am-
bient pressure. To our best knowledge, there is no report upon the superconductivity for compounds containing one
dimensional carbon chains. We choose C'mem-Li2Co as a model system to investigate its electron-phonon coupling and
phonon-mediated superconductivity. To determine the phonon-mediated superconductivity, the electron-phonon cou-
pling constant A and logarithmic average frequency wiog are calculated based on density functional perturbation theory
and Eliashberg equations. We find that A and wiog are equal to 0.63 and 53.8 meV respectively at ambient pressure
for Cmem-LizCs. In comparison, both the phonon density of states and the Eliashberg spectral function o®F(w) are
slightly blue-shifted at a pressure of 5 GPa. Correspondingly, A and wi. are calculated to be 0.56 and 58.2 meV at
5 GPa. Utilizing McMillian-Allen-Dynes formula, we find that the superconducting transition temperatures (7%) for
Cmem-LiaCq are 13.2 K and 9.8 K, respectively, at ambient pressure and 5 GPa. We also find that two phonon modes
Biz and Ag at I' point have strong coupling with " electrons. Among lithium carbide compounds, the superconduc-
tivity is only observed in LiCs below 1.9 K. Besides LiCa, theoretical calculations also predicted superconductivity in
mono-layer LiCg, with T, being 8.1 K. So if the superconductivity of C'mcm-Li2C2 is confirmed by experiment, it will be
the first superconducting compound containing one dimensional carbon chains and its 7. will be the highest one among
lithium carbide compounds. Thus experimental research to explore the possible superconductivity in Cmem-LizCs is

called for.

Keywords: electron-phonon coupling, superconductivity, first-principles calculation

PACS: 74.25.Kc, 63.20.kd, 74.20.Pq, 74.70.Dd DOI: 10.7498/aps.64.214701
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Fig. 1. Schematic phase diagram of half-filled Hubbard
model. As U/t — 0, the energy band is half-filled and
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antiferromagnetic Mott insulator. When U ~ W (W
is the band width), charge fluctuations lead to Mott

transition.
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(R K 14455 18 AN [RDRL T~ 4% 22 8] B AR 3,
PR, P23 22510 B a5 W R AN . £t
TRRT, WAPCK TSR, Pra W ok

KT, XA RS TR, EERAK
RS BRHLFY

SR, FEFHE I B IR A T, L 1 B
gl By 2 e s il Rk, &AM & s Ae
K B e 1) A AR PR S S8 e O ) A AR PR AR )
(_1)5T¢[C] = (_1)P¢[C]+P¢[C]. Horh, SN[C]?%%J:
HiE 5 T B e A A8 i 8. 78 = 7r d# |,
TR A WA A8 — AT L b A e S B L
B, — AN A AR SE s E, Y2 L Sy ld = 0
(mod 2). FTEA, Frf MG BEAT I DT ik A2 1 ).
I, Schwinger 3% 0,17 £ R 5 =W 85 564 T 14T
SR BN, Bie ARSI ARE, BAK
2 I Rl P 113214,

J8 3 % %2 Heisenberg B8 i i PR 2 % FRAT
B, AT E M DR TR EE, 5
JRAS T AR A R G v T R SR Rl B kL
RHA—F. R4 Schwinger ¥ 47 5 3 K 7 i
RRAETAG IR B AR T E, 9 KI5
A=A, EAE G AR B 5. R,
N IERAZ ] 2GR A B 5T, FRAT TRk B —
M EE T AT R, R ERBAF T T R G
A5 45 H).

2.2 Hubbard {RBIRFFS L5

AN KT AR = A 58 FE 1) Hubbard £
HFFS g5, L3 SO AESE 33T R, R
e ARG B Pk PR % 19 B TR
FATT UL H RFE RS 45 i 12 Rk 5 254
EHREIRM RGN EER.

ERE B o oK TR G, 4% s DL B e+
Foor, A A% S5 T0 5 PR 2o 0 BLSUE HE A
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(doublon) 525 7CF (holon) iR [ 3 GiFR N HLfaf
7 (chargon)]:

cli[0) = (1)L [0), el j0) = Bl J0),  (7)

chel 0y = (=1)idljo),  [0) = Bl[0).  (8)
TR RN

Cie = (—0)'(hlbiy + obl__d;). 9)

BRI (B Ty 15 By 5 B T B F W T Do 7E
BT SR F

Zb* bie +did; + hih; =1, (10)

S5 o TR LTI SR TAREL. (9) A, (—1)°
N4y kg A Marshall 755 18]
¥ (9) AR Z W& (1) H, 155
-ty [Z (b1 BY_ had; + b b1 )
(i) @
+ (blbyrdld; + by bjphlhi)
— (bl by, dld; + b, b, m}m)] +He.
E—tZ(Pij-f—E;rj —
(i5)
o, Py WU 3% — 56 B AT - 9F 77 A4E — X B iE T
B 50— B e o 19 5 e 75 HRm A% w1
L] FAZ 8 (W] 2 fToR). U TiRos N

Hy =UY dld;

E};) +He. (11)

1 1
= §U¥ (dld; + hin;) + SUINe=N). (12)

Sorb, N, R T BHL N oA AR
Ne—=N=3"(dldi=hln).  (13)

Hy {E PR 98 Bobmic il &
{df, - omly bt 0 b (1)
AR AT, Hy ARR I
FHES 2.1 7R S I77%, R0 o R AR T Ak
KTRLF A AR, I =Uh BT 415K
EE| ¥Rl 1tE¢ PAR G 4 35 5 25 X1 1 2%
T, RATHOT IRy

2= Z WEWyle, Wald =0,  (15)
SR
(_1)N[C] - (_1)Pd[c}+Ph[C]+5d¢[c}+sh¢[<i]_ (16)

Horp, Py le] R B G HEES (25 /0F) Z 10 B #H1
TR, RIEF A TORGT Sqpny [ FREM
AR (22T 5 EBER T A EF 2 8 A8
B, KT —t By W AEA G A, SR T I
E%E*ZIEUE’JMM& R, BRI 25 (16)
LRSS

(15) e, AN AR ¢ FURRIR IR A

Walc] = (B)N Fy, g (= no BT,
_nlﬁUa"' )_nNt[C]BU)' (17)

Ho Ny[e] & HAE SRS B 22— IE
JE 1) 2 A% & R A ARk B X A I Hy B 5T R

ni(i=0,1,--- , N¢[c]) 72 |ag) FREIEESHIECH .
B »
70\ 7 = S
an
N ,
d
b ‘\
S N oy
N

2 WREWE MBI (11) ZoRIRTIEs). BA&E
SKIREBTHIKIE. (a, b)Hy P AESH K —XF R T (c,
d)Hy 5l SRS A2 T HIRGE

Fig. 2. The elementary processes introduced by the
kinetic term in Eq. (11). The dashed arrows indicate
the hopping of electrons. (a, b) Hy creates or annihi-
lates a chargon pair. (¢, d) H; moves a doublon or a

holon.

221 KU/t#HIE
HFHIER  CEWHILT, No =N, Y, (did; -
hlihi) = 0. U/t > 1, BT E 4 A FER K
Al S, (did; + hihy) — 0. I, FE5 B8 (15)
o AL T A T BN e A ) AR R
Whld#aT%. BAIEFAEM A2

N[C] = Pd[c] —+ Ph[c] + Sdi[c] + Shi[c} =0. (18)
R, AT T 28 2.1 45 FT Uk B3 /Y Heisenberg £
TR 1) 7 E'Jénug

BIRBEWER TR TN,
BATRAF e B Z—EEI‘J‘T%% U/t > 1, R4
AT A, S dld; — 0, BRI

Nlc] = Ppc] + Shylc]. (19)

KIER t-J B A S 450 . -k R,
HEAE (19) s N s b #09 d R
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BEBRAMNER IR A
I, FF5 4548 (19) #E—B i
Nie] = Su e (20)
HUEE 2 B e e ERRIE R 27 4 — R OE
5 A AL “ R IE”, FRONAHAL TR, XTS5 R A
AL TEE . RGA KA [kt 7 i, IKRE B e
BORAEAS B B AR 5 KA, 2 AN R R
TR AR T3 S ECE MR A E N 8]
RGHSRAE TR, FHAZEIR TS B AW
24 B R JRIEAL (self-localized) P01, R AE 25 %
J5£ 6 P B B AL B (density matrix renormalization
group, DMRG) H i1 H 30 E 7 825 B =M t-J
B e f A R Ak P A A B B A M — LA
T b, T EAEIEER K B e B, DMRG 5.1
SRR T AT R IAT . xR, RIS AE B e
RE RS A PR AHE T, AH AL 52 2808 1 23 38 1R 1 BR AR 1Y)
FEVE 0 52 K B 25 I e A B o

222 WU/t RIRE

NUJERIRT, S5R& 1T R G ORI
&, AT S SN TEFE R AT 5. X
ML, -2 O B e, W UK R A
AR, D, P RBBEARMIN IR TRE TN
e ERRS, AT INTIAE. FTLAEY], (16) MRS
RSN T TR B W k75 2

(_1)N[c] _ (_1)PTS[C]+Pf[C]. (21)

Hr) Py [e] /& FJE o I HL T 2 18] 1 B 4 (1 A3 A8
NIBH KA TRS. (21) RAHAE S 0
R [12], X BEIRATZER TR B UL, B 3 (a)
NHEAEBER ERRTMER B3OS TH
JiE T IR IE A K25 9T — XU 48 At i 77 A 5
B HE, R R R, WIAT LLJ5 5 e P A
FEBMIFKR TR REKE. HALRES, (21) X
R ity P 9 o e G475 380 1) 1 475 A — B

(2)

any Py Y Y Y
S N u‘
= : = ;
D ek an
N N N
T [} T [}
Py Y Y lg
u‘ N N
| < | | =
D * 71( an A| ek
N N N N

(b)

B3 (a) PiAABER EMRFRERSBO AR ESR. H, PPl = Pud =1; (b) EMBIFATRR S,
PR T AT IR, Pyl = 1 TR, Prd = 1
Fig. 3. (a) The exchange of two spin-1 electrons induces the exchange of two holes, thus PTe e =Pl =1;

(b) in terms of partons, the process involves the exchange of two holons, Pjlc] = 1, while in terms of

electrons, Pf[c] = 1.

Bk, SRS T, MAT(21) 3, JATE R
BRI THTFREPRIR T SEM. £U/t > 1
fraR i A R, TR IR, (19) RE )
P ERRANTTAN. i, et — PRIk
AR5 AL XA SR G XN 2R 7755
1) AMRKREKA: ZFELT, KT 558 a2
JRARYIBLI), L A R o e BT B . R
AL, FER U /ERER T, WK TR, 4R
BEPORTA Sl S BWCR I NAE. 72 U/t ek
K/ Hubbard B A 4y ) i 4538 1) HEL 520 450
W7 R WG AL BT 5 450 (16) RE B R AE

L, IX AR TRATFE T SR T AT AL

3 EXRWEBK

Hubbard & 84 ) £ 5 45 #4 (16) B U /t 34 KB
Wi B8 o AH BLAE B 3K 175 5, R4S T IR B
TEPITETERIR U /A PBR R, L Aarik 3 4k 56 A 3],
PR T F5 5 0] 58 4V O, HIEAS R 3T DL
Schwinger 3 1P )35 2L 5 Z . FATEAR T
W FCAEAE R U/t R W] B F A 5 45 46 R A 1 45
EROE- T TSRV E S
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3.1 ESKRBIITSEN

SR o) 5 sERA VB R,
*éf‘a, ?ﬂaﬂ]TULEH (6.

(a¥g)(Ya|a)
x Z (—D)NEl W e(a, o)),

c(a,a)
Wic(a, )] = 0. (22)
Hrp, o) &R MEBRR AT, KANGTEITE

M Jar) 25 R BTG BB A oo, ).
WA |a) 5 |of), B EEEITE 2]

(o[e™ )

—ZMZH%M H)lew)

a; =0
= > ()NEEIWe(a, )] (23)
c(a,a’)
H, Wie(a,a)] 20, |ao) = |a), |an) = o).
(23) P I 5 X
(_1)N[c(a,o/)]

= sgn((an|(=H)|an-1) - - (a1[(=Hi)|ao)). (24)
B — oo, (23) :ALE N
(o'[e”a) —» e~ Fo(o/|[WG) (Fgla).  (25)
Hh, Eq AR, hik s

(W) (Pela) —
ePEa Z (1) Nl [e(a, o)), (26)
c(a,a’)

B o) = |ay, #4321 T (22) 20

(K, Hubbard B8 (1755 4544 (—1) Vel 8
TEREAS I R BRI 20 (26) A FHSRL 7, 3,
ATTAT DAUE B & A1 H A 2R 48 11 & M G T R i, o
FCAS R BR AR TR AR T80, 24 o) & o BRRE -7 A
EHER c(o, ) BEIRT, (22) A IFF5 K 7 S (A
Tk, B AT VB E—M Berry M7, N[c] AR5 H
i 5 FH EL AT 1 ) A R B AR R A O, R, A
TGS T B AR B JURTAR AL, T2 — AN b
FABL, ST E e 5 s 1 1) v AR BT 4t
it TGO A R, 5 SRR AR Y B oK
TR5—F, BEAREH MR RE, L2E )i
I R DLV T R T AL IR T B S A n DA 1

3.2 FHBMAUKREINIE

SR A MR T, 23 0 Hubbard £ 84 254k
Heisenberg 15 & 4t & 45 7] Ll B Liang-Doucot-
Anderson 3% 4 3t 4k fii ## 2 (resonating valence
bond, RVB) 1?2 Z| . 7F Schwinger 3 & T & %
T, B RVB & [b-RVB) £ N

|b-RVB) = P;|®1,). (27)

Hr,

|Pp) = exp ( Wwbm%) (28)
REHv-H ﬁm%ﬁ/ﬁkﬁ%ﬁﬁaxﬁ, B iR a9 Wi, #%
ELRE PARE S SRS Y, 00 by = 1. @)
Al LA AE Schwinger 3% (41 P35 83, i A1 j &
TAE R FRERS, Wiy oc i — 4]73 &, Wy = 0.
|b-RVB) AT LUK i 41 '5 Heisenberg #5 7 f) 3 45 122,
|b-RVB) th A LA B 7R R 1L
b-RVB) = > drvs({os})el,, ey, - - gy 10)-

{os}
(29)

HA, N TFa e ARME {0} = 01,09, - -, 0N,
Prve ({0:}) = STy (—1) Wiy (20) R HIK
AR T LA RVB #4.

bl 9B T HAF, Marshall 75 (—1)f 7EFA 4
B A TTEk, KL, |0-RVB) A& GRS
X t-J B SR FMIE T e AT a5
PR BB Ol AT SR T BME R U/t
Hubbard #2584 #4138 FH 213 2R B %

XT3 ) Hubbard 281 FRATHE @1 R RS
U

Wg) = Cel|b-RVB). (30)

Horp, C R IH—ALE T, D AR 2 BRIk % 77 AR R 3
HPRAS — TR, BORIE 7RIS T A

D=3 Diy(ela(Eo)ne @ (31)
7o
B T (e])a 5 (6j0)n EFIE A ERVB 15
5 |0-RVB) 43 3= AR X0 5 28 s
(& )a|b-RVB) = ¢!_|b-RVB), (32)
(@] )alFEHL HHRA) = 0; (33)
(¢0)n|b-RVB) = ¢, |b-RVBY), (34)
(&0 )n] BB ATHRAS) = 0. (35)
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@)a5 o R X 5 {(@E)a, (Eo)n} =
{(e)a: (Eo)a} = L@ @Eon} = 0. KL,
HL a7 2 18] [ 52 4 7= A A N 3R OK T A S
(—1)Falel+Pule],

(31) 2, FF5 g5y rh i & A AL 5L A 5 4k

PLTE FLBT VS BN IR B 7 o1 (=2 eh g
2 = %Z&(l)(n% - ”ﬁ - 1). (36)
1#£i
Horh, 0,(1) = arg(z; — 21), R MU B R
FIR 2RI A, BT |[b-RVB) A& 2 3 1 % 28 2L,
n% — ni?¢ -1 = —Znﬁ. — /N HLfaf T M BB B B
I, AL 02, 8000 — 37, md, (0:(1) — 05 (1)) Herh,
BEAS B BRI R B 5L DTR 0, (1) — 6,;(1), RPFEAT
AN, MR IR EFIE AR, ekt —
ANPGRS, A2 (31 #% A1 1 B BE R R I S DTk
FHRE N0, A7 T B #% A B e M T (A% s DTk o 2,
HRV A VIELN. SR, 2 —AN EH A T B s AL
Tl g B B B R AR A, TTERA £
b, T eI (=2 oh ity Berry AR Az i AT LA 3 75
SR (16) H AL 3% R 7 (—1)Sasle+Snled - pr
DL, 45 U oA B0 % (30) ™ H% 3% A2 Hubbard 5 5
M55 4.

% ek £ 1% (30) 7T LB AE Hubbard B84 1) —
ARy Pk R A FLAT K I IR BE D, ; 5 RVB X
PIMRE W, RN SE. BT 75 45 mear 7 1)
M2 (31) MR H KL, LR 5rS
Hoe G REL, &AM

TE SR AR A X3, 2 70— 35 25 0 2 K
. RN HR )RR AT M A DA AR D EE Y, AR R
& Mott 48244, MLk & FIMRAE D;; BEFEES |i — j
e BEER. KRR T, P ~ 1, [Wg) ~ [b-RVB).
Rl e, AT K 75 X6 |0-RVB) HH 1) B BESCBRFZ AR /)N,
RGAIRE KRBy .

U/t — OB, Bk K& =4z, H 78 2% | A
MERZE. 78F X5 380 0] BLA fil R 5
PIHATEOR: KT, B k& MTEAE Dy ~ gi9;,
TR FE5 XGPS BN R AT 2 oK Y Bk UK.
5k FEE, o-E BT RERE RVBZ, H A
ARERR. TR KT RVBRECH R E &, MR AT
Q HIHAHCE, % ~ O(1), BT iy e o g v
CLAHALAR T AL 4%, B s 1, RGN Iz
MK MAR. (EFEEE Sk b oK mT B R AR ik &

(nesting) M 7EAH BAEH T k42, Frbd D,; AT 5EAR
* B % P ZS (Spin Density Wave, SDW).

4 BT oBNEEREMET

FEFEZS U5 bR BB (30) Hh, B BERHE T =
RVB# [b—RVB) {kE. HREHLHTE M A 7% 2
BFi& M HIERAS. SR, A RO, SATH
— AN BT A BROE B JE RS A R Uk, B e S BG
52 B WL fif T 12 B I RE IR, 3X — RUOR I R A B AR
|b—RVB) L. 53— J5 1, A 1 RI&HAL5%AH
fir, % (30) AR RS R 02, BR X 4315 5 RVB
HH R e DRI R Ak VA 51 R 1 B e SR ER. R,
AT —Fb “ [ (backflow) HIET ol . a-H
WEFAL T BAar A A b, 5 BT R ERE,
1 B e 1 A0S F 4% e B SR b- BT AR R,
MR IE 1Z4% 2 B R A BE RN Z. W T t-J B,
SCHR (9] HHEBA T it 51N B IR e B ok
gitt. Bk, EIER RVB BCX 5 s 5h 45 )
PRI A B e R OCER . 1K Rl B 120 H 7 =
7& Hubbard AL i &3 5 (1 755 45 K11

4.1 HBEFTHURR

1E (32)—(35) :H, SN B PR 140 i
B

(@l,)a = Podlal, e 1% (—a)',  (37)
(éio)n = Phlal__ % (—o)'. (38)

EAMERAER 5 RVBZ [-RVB) L. St df (h)
N BT (R 9 A (%K) PR A, al, N
PR E e T R A, o ERE RS
1 i R b- 1 e AH S, PRUE FLART R SO R H
sl (37) 5 (38) A Bl N T B E A Pk
TRIE (33) 5 (35) A ki £ o, HAE e X
B CRAE Y. AT (—0o) RIET |b-RVB) H 11
Marshall 755

FIHIZA G T 2, B R EA & (30) W AR
Rl F- R HRTH, BOA = FoRi 5 I B AR AS 4% 5

W) = P|D.) @ |B,) @ |Dy). (39)
| D) SN HLAT T ()3 R B, SRR A T O P A 1)

N
%Gijh}d}

o) = e 0). (40)
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FHNEHE, R E R T a0 RO A2
> gijajaa;—g
|[@a) = e7° |0). (41)
H, Dy = Gijgi;. B BRTIEHILARVBE,
B (28) 2L i | Dy,).

B HEE NN P = PgPBy. Hh, PRIETY
FRVBAMEHELR: Y _nb =1; P fREH
AT TS S B a- HTET 5 0- B eI H i
FeAH BRI :

n? = nn? (42)

Hp n2 = a;-raaw, n¢ = nl + nd AT BEL

JiR SR TR 987 bR B A0 8 (30) A HH B 1 A S 19 AH A
AT B R R g R B T R E e
T aio E . R BB BN = A TR &, B
B, R H R T e 55 5 HIET bio S E
N, BN IRREER AR R E
WS Gy, 95 5 Wiy, WU EE
7R 7pn(VECET R

4.2 SEMSEENEH

AN BATE NGB ok TR R MR 3 H
%41 TR RETABMERR. Rk, AT AHE
W, RV R B T B A AR R i
FABL 52 NATY R 2= S M A AS T4k R 3 1%, AR
AR BT 3 ILTE TR R A S0 i .

TERBI PR TR G, ML L RN v] LLIE B 2]
Hubbard B (11) th B, BRI 615, F5ht-J
AL e s B 34T IR B L IE AR e

i#£l
O e®0 efié, 6= Z(n?—n?)@i(l)nﬁ. (43)
7,1

AR PRI R

e®H,e™'® =) + H/,

eiéHU efié =U ZdIdl (44)

HY T 5E L2
HY =Y (A;)T AS +He  (45)
(i)
BAE T b-H TS WA A ST KL R
Hrp,

A =" e 7Mbby, (46)

Alcj Ee—i(Aij_(z’?j)hidj + ei(Aij_(z’?j)hjdi' (47)
SR AS, A% 5 60 AR X

5
1

A =5 2O~ 80)(nf — '), (48)
1£i,5

A3y =5 S0~ 60) iy — k), (49)
14,5

& =5 300~ 6;0). (50)
1#£ij

(45) 5 (66) = A (1 oL 47 T B 77 2 4 8] F Jordan-
Wigner 22 # 3% (.44,

. N h
hi e ! Zl;ﬁi 61 (i)n; — h”i7

ol P 91(1)”?}1,1 — h,I’ (51)
dy e T WOt g
o1 Sus i gt Ly gt (52)

B SUI L T R I R I B2 2 (i £ ):
[hi, hj] = [h], hl] = [hi,hI] =0, (53)

[d;, dj] = [d], d}] = [d;,dl] =0, (54)
{hid;} = {hi,dl} = {h],d;}
= {nl,dl}y =0. (55)

H{! DA & A 1 RIE i A

H; = *tzzb%bjae“’"‘%

(ij) @
X (hjhz ei(A;z'*Lﬁ?i) + d}'dl e*i(A;i*(ﬁ?i))
+He. (56)

FER U ¢ X 38, R4 HY T 1) e ey ik 7 0 7 ] A
1320 b- B e 1 1 SRS AR FH, 5 1 2 1) S 2k
WEORHK; HY WS i A 7 I ERIE I AR, et m) T 7%
ORI TR, RUEWRBRT, HY R0 RS
B S HY 2 0 s S 2 18] (0 3% 4 2 B A
t-J BRI E BRI, 2 U/t N, BIETE F-355 15
SR, BT E ARk, S et A B 2
I, ZRAUTE -7 BEAY OR (07 VR O R KA
A EIN a- HET 5 AT
al e Xz 0iOnls o p, (nh+nd).  (57)
RIS, HAT T SEAT W
h; —h; e ! i 0:(Unf' 32, Un?”, (58)
d; —d; e Sipi (W 3, ond, (59)

ARk, (55) AT SO 2 KRR T X 5K A&,
L T RS Bl 7. 53—, a- BT
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072 AL A a2 SR SR, JUAE P 4 T 15 s
THE R LR —ANEN o M b-BiET. £ K
s ), R R EEAT A b-B T, £
SR AR 28 22 18] R 2K — A b- e 5 S A 1 AR BT (0 2
2% [0 T ) — s P A — AN E AR I - E T
(EEEICNE) ]

S;=SP+8*=o0. (60)
Ho a-BIETHEH MBS = —niSP. b-H
HEFN
z_ 1 i
S; = izabwbw, (61)

S; - Z(*l)ib%bu ol i 0: (D () —nf)

7

= (s, (62)
a- EWESL A

55 =5 2 ool (63

Sy =Y (~Dalaiy = (S;)".  (64)

PR BT AT ¢ YEHIE T 5 [0-RVB) LT D™ A2
BOH K AT T 5 - A BET, B A (37) 5 (38) :UH
He:

tie = P(hlal__ + odsai,) eiQi(—U)i. (65)

FERL T HAHR (42) T, BB HY 7D o-B
Jig7 5 B T R IR A

B = X S (e
(ij) ©

+dfd; e 7)) 4 He. (66)

Hrp b-H T MERIE C 4 H o- 3 710 [\l it
FEACE. (45) 5 (66) b iy H B I LA R (12) 20
W) Hy TAS R 1 47 K B 4 %% (8] 1 Hubbard 152 4
(1 7 A% 27, T DL SR 78 3 R B9 (39) 7E
WEHFEERBRIRE THEERMEBEU/CT RN
Jii. Hubbard £84 4 B H)FF 5 25 FEIX DR LR T B
(48)—(50) 2\ 5E SCH B AR &t I AE S T T

4.3 SEEHCIHE IR

A1y Hubbard #7175 5 2544 5 L7 73 580
R R A B E NG AT 5 o) R R IR —
ASEWL AR, RS G5 R R (— 1) Saole) fR3R
HL 15 N B A H i AL el LUR AR 8 12

™ E A A H HL A T IR B K — 2 IR AR Y
Aharonov-Bohm (AB) M7, X — i 18 48 € %N
PRI AE b-RVB 2 L7 A2 B af 1 36 il O BE AR AR 2
10 AAFAME I R A 0-[A BT, ERgEE
W] LAy 9P oy B i B IR E ) —
fhil 5 BN H N o BIA% R _E SR E ) o BEE, A
BB 4 BT 60, 15 A, 76 E 8 Il C
BHETEH 2 L, 69 5 A3 BN KR LR

Z ¢?j = WZ 1 mod 27. (67)
(ij)eC len

Z Afj =r Z(n?T - nﬁ) mod 27. (68)
(ij)eC le2

XS5 2Tl s A3 1 +15 -1
FIRRYEAT. 53— J7 T8, ) e 5 RAOE i A % &R,
HLA TR E £ BOREE, #20- F e T2 3, X —
RIS AS; i 2
Z A = wZ(n? —nd) mod 27. (69)

(ijyeC leQ
(67) 5 (69) :NEH, b-B e 15 i 7 BRA S EF
T4k Bl 3R 4eE M B A B AT BLF 38 E. Chern-
Simons FH i B i K % imj 23291

(65) A iy (% 52) BT BT R At W] DLE
WL EEfE. T BAFE b-H T I RVB i 5t BAE
222 R BGIE 3 — M S AT 5 a- B IET
BT HLfar - R0 o BEIE, O\ LT - 2 8 55
) b- H e 1 1 M sh &Gk 1/2, X5 73 25 T Hall
RICNE P 3 N B 3 7 AR ME A ORI 2R 2R AL 1261,
I, BTSRRI E R AT TR, o H e T AT
SHBET o (TR HBET o (36) 1545
NEBE o B b-H e T 1) 88 U3 o /2, T eae
T 2R R B AR AL, S Ak, A AARIIE T
TR G (EW FIVEAZ e N AAE: by — hye™ 19,
di > dielf A3 e A3 — 0,405, 02— 2 —0;.
UE, éio AT A VS A5, IIVEAT.

HL T BT (9) FE 40 T AR IS AS 4 R IR 7 A
A by hielf% di e diel? a; — aip e 0 X
— REE AN R T R A A B R T B A R
S nh, =30 nd L XERH, KEET, BT 5 e-H
BT a3 S - MEARUQ) e, 2,
H A faf 7 ont 72 AR R FR R T ISR R U (1) #)
TOAZENE, AR A Zo YRGS, FUE KI5 4T T
RERR. DRIk, FRATHIRE- T3 AR 2L R
YO TKIE TR E .
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4.4 3*ZFH Chern-Simons 3EIEiL

fEHY Y, SINb-EETNEAERVBY 2 &
Ay = (A3 GHETTHEXNFZE A = (AY),
132 b- H e 172 I B i i

Hy=—J, > el 7ubl bl +H.c.—py Y bl bio.

(ig)s0 -

Hr, J = tAc, 72 b-HIET I3, b-BiET

(A RS T (70) £ AS; BOMIVEAZ # T PR A AL
b, > bl €10 AS > AS, — 0; +0;.

EH L, BINFEE SR = (355

Xo = (X3), EATH BIHES L 75 a- E e 798K

IR, 53 H] KF 0 k. 5183 HY 7015

B BT TR I BA S Hy = 20U S, (Bl R+ dldy),
HL 15 a- B e 7 R0 i

He =t Y (e 5 hnn,
(i)
+ e 1590 ¢ ;) + Hee.
T y_( W nld)
(i)
+ et 9pldl) + He.
+(U/2 = pe) Z(h;rhi +dldy), (71)

Hy=—ta Y al,ajo—pay al,ai;.  (72)
(ij),0 io
HA, tea = tXae, Jo = tAs, piea NHEFT 5 a-H
JiE5- AL F
b-F TiE 7 (K BE A 25038 18 1T DA A 250G 2 il
& (70) B . FHB AT IAETSBRER S, 152
b- A BE 1A% s 4 K& (Lagrangian):

Ly =Y bl,0:big —t Y Afel7pl bl +He.
i,0 (

ij),0

=" (i) (S olbio—1)

— i3 A5 (3 bl b - %eagAaAg(z‘)).
(73)

Horb, eapda A (i) R A5, £ 0 4% 18 B (25 O
A e fZ. $r BTy () 5 AF (i) 73 AR IE b-H
JiE T I B o 45 2 A K (68) 30 5k T A3 19 # 4h
LW, JaFH WG AR SR IR AS 5 A3 AL
H Chern-Simons # #M I 23=251 & 14, (i) 5

A R ERREAALERTE, (1) = g + 9(—1)"Ao (),
A = Aceti (i€ A, j e B), 3%

Ly = Y bl (0, —i(—1)" Ao (i) —ic A§ (i) — o)bio

—J, Z b;roei(flijJraA?j)b;{_a_|_H.C_ (74)
(i7),0
Hrp, Js = tAc. HT wp B EIIFTE, —k
H up, <0.
A RHLIRE (74) BA W FRTEA AR
bl bl el
T o —i6;
b, > bj, e,
Aij = Aij — 0; + 65,
.Ao(l) — .Ao(’b) — 8-,—91'. (75)

Hp,ie A je B, XERWPA,; ZEAMUQ) M
Wi, 5o-EieTImAA. BT R R TR
by = b
AS; o AS — 0, + 05,
AS(7) > AL(1) — 0.6, (76)

A5 WRBEAER U BVE, IF 5 - Al T 5.
BATE T RS Ho-H e 7 &ELLS R HL IR
B EA, BWE T L nlE SGESY) xa/B,0(7),
bic = Xao(r) (i € A), big = nga(r) (i € B), P
HI NN I8 xa/Bo(r) = 20(r) £ Zo(r). 1E
VMRS,
dQ

r * * . . c
Ly, :Z / A [(za +Z7)(0- —iAyg —icAG — 1p)

(25 = 23) = Kz + Z2) 3 (1~ ias - A

as

1 .
—ioa,- A" = 5(d, A+ od, - AC)Z’)

< (1+a,- 0+ %(as 0)°) (2 — Z,) + Hee

d2
= / 7’“ [z;(& — il — i0AS) Zy + Z2(0;
— iAo —i0A) 20 — (2520 + 25 Zy)
— J2i(g+ V(0 —iA —icA%)?)z,
+ 2 g+ V(O —iA - iaAC)Q)ZU} . (77)

Horf, VOSEE WA A (R T, as
N S B O AT AR R R g 2R T IR
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fr %, BN S LA B AR A s, Ve N
(@ - 0)2/2 = VV2. Z, MEATHelR, 7T LA, 15
£
d?r 1 ) L e 2
Ly= 220:/‘/ [—ubJrng |(GT — Zﬂo—ZUAO)Zg|
+ I V[(8 - iA —ic AG) 2z, |
+ (= )|z 2. (78)
X B 23 K B BCEE  ERT AR, b- E e T IR Re
KEN
Ly o< Y (0 — Ay — i0AS) 26> +mi Y |20,
(en (o2 (79)
WETAERE R GHEE. Bk 23]k, 1
PLE B3 RCRL IR & (79) 72 SU(2) B e fig 7% A
.

FH AL 77 3 mT L3 H Aer 1 A BB A A
WIKE SIANESEYh =9, 5d=9¢", UK
by = ¢+ O, PRI @ 43 &, 7T LS 2 B 1o
TR R R K

Le oc (O — iA3)0” + melel®. (80)
BB 07 m2 B 5 e T L TSR

a- FiET B 280 e (72) R, a- HiET
RS0 % & N T U E SV ETN A=

1
La Ta7' o
OC;% G + o,

|6,-a(,|2 - uaai,aa. (81)

BATBAES 5.3 1L o- B e 7 B X /) nf
GRS E8-AR
b- B JiE 15 Hfar - 22 (8] B A2 ELRGIB 40 2 RO E
1E4Z H. Chern-Simons T H [23-29]
LMCS = %Euu)\AZauAi- (

82)
H, e & =B RNFRIKE. EHIKE (79)
5 (82) 1, XA BUZ BB, 135 €undn A% =
Ty, 0dy,. A, T3, R b-H T KRR X
KW b-Blie T B8RS A, 1)+ ihiE—iiizs), R
RMEE YR RN AN T 3%, X A3 BUZ B
oy, BT CAUE B HLAr 1 9008 £ (10 AS BLIE. A H
Chern-Simons Tt H] B 5 FH A 1) 58 5C 1K L 744
R, W Zo VS ELE P Zo [ BRI 25 DL R 3R
] Jie Hall & [29:20] 2%,

5 3% Hubbard #£ A g 24K 48 [

¥ 3.2 5 47 H 5] AN Hubbard £ 8 (¥ 34 35
B R A B 5 T 4 B0 3R GRT DL OE A A A 55 R
A DX 31 8 TS DA R B X3 I K e Bk
WhAs. AT BATE F A %0% 1% K %1 Hubbard
R ()R AR R ] DA B BN AR AR BE SO

5.1 KGR FE

WRIE P HACR G T T HAEK (65), BT
(RS MR R b B S AR IR B ORI GU(a, g5t) =
(Eio(t)el, (0)) o (el 1% Oy FFE K Ty
WK R A R RE AT AT W IR T b- B e 1 (R AR R
B, ns(r) = (=1)"¢: (”ET - nlfi) R (ngT - n&) -
XA 7 AR I ORI, AT TS B a0 T 4
5 (5],

7ln<eifzie—ifzj>
li — 27 ns(r) ~r=% a<?2;
Inli —j|, a=2

x (83)
L a>2

or ng(r) ~ e /¢,

DR, G 2R - T R B R, o ~ 1, W
T 1R S B bR AR B R, X 2 T R RE BRI A i
TR BET ' iRz M ALk, BB T
K 2 A 4 TR AS TR I 42 ARV 98 2 200
2, W b- B e T REBR, & 1SS B R BRI,
ne(r) ~ e /& HAMB IR Tt A KL B R AL 5%
Bk Zo = lim|i,j‘ﬁoo(eiﬁie_mf> > 0. Xy
Hubbard 584 ol fuf 5 5 1€ H R EE 065 B PR

EFIR AR T, 20T W SRS %A G
B, DAk, HAT TR EEER, B TR TR
BFERTREABE: (b hja) ~ Zn, |i—j| — oo
F—J5TH, b-FET KR RVB BCX 84T B, o-F
Jie¥ AR RE R, Bl T A T ISOR S EUR AS, EE
BRI TR AR, R, ARAE (83) 1, Zp > 0.

7 B HL TR PR BR B0 RPAGEBL R, e 35 i
W) HE T50A] DA LA 5 a- B E TR OR 41,
J R A T A TR T B e, AR¥E (65) =X,
IR Ay
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G(i, j;t) A
= (Cie ()&, (0)) oc ((hlal_, e (t)

1 i—0

x e ;o h;(0))

+ (diaip P () e al_ dl(0)).  (84)

¥ LT A BT AR IR B K B T
RN, 1321
GO(i, 5st)
= (10 (1) e B0 0)) ((fhy) al_, (1)aj-0 (0)
x o705, =05y 4 (d;dT) iy ()al, (0)

e—i[exj)nzi—ej(i)n?@)

~ZnZa({a}_,()a;-q(0)) —(ais (t)al,(0))), (85)
Hrp, Qz(]) = Zl;éi,j 0:() (3, ony, —1). Ak,
TAERETFHIEM A

YANA
GY(w) ~ S22

w— &
T T b, €8 = —2t,(cosky + cosky) — fia /T a-
HE 7 aesl. T E SRR B H} K.
4 R, HE XA R T RPA B IE N

G (w
G (@) = g Gkg( (u);)ek
VA
T w- §L — ZnZoer’ (87)

Hrh, e, = —2t(cosky, + cosky) & H} T5] A KIAH
BAEHTIM. Z = ZnZg dER FRE. XRH,
A LA PR A 5] 1 7 SRR R A T H
far = AR REBR, AT Z), — 0, B b-H e 73K,
TS KRB Zp — 0. IX P FRLER R A 1K
UiE LA K AE Mott #5748, BN Mott 4824k, 721K
TR AR, b- I ET IR PR AR BRI AT,
i 2 Luttinger 2 B2, Kk, /598 WER T, 14
En Wbk ST ELNY

[N [N
4 \ 4 \
RN RN

B4 H} STFEHBFN RPA 215, 2k, WL, B4
AR BARE 7 AR a- HTET, HLT5 iar AOE R T B
PARFE AT~ (A SR 1k bR

Fig. 4. RPA correction to the electron propagator in-

(86)

troduced by Ht1 term. The solid lines, double lines
and wavy lines represent the a-spinon propagators, the
electron propagators and the correlation function of

the phase factor, respectively.

5.2 KIERKHFF

EA A X, UIA & 7 a1 ik
A WA AR Y - e TR R,
g K& (79) YWz HRBEFTHHET
WEE, z,, JUSH Al 2 = (21,2)) =
ze'®(cos(a/2) ei?/2 sin(a/2) e 719/2). 2, ¥ 5 Rk
WFZE T = Sa — Sp IR N: i ~ 21 (r)dz(r).
B z (kI A BEBR, TAEA o, © 5 0 k&R A
RERS, &3t R AR B AL/ (would-be) Goldstone
A HT 2, 5 MGG, @it Higgs L1,
0 5 0B BB TE I A, R AS RO A
REFR A m 4y 2, RA o X o 2R G REBR
1] Goldstone #5 30, HH F M fif 7 A BEBRE, £ H
Chern-Simons IR A¢, 37, 138 A%, 1) Maxwell
UL b-H e T 5 AS 2 A RO 2R E N T B
€ua0y A3 ~ 0,0. ) 5 i A3 # Maxwell 2 2\,
HIBk V& SR T 0 B RE BRIk & . DRI, AR A
DX A P SCERERR ) Goldstone 5K, oo 5 A5,
5K T AR R UL — 2L

5.3 §5 Mott 4% X5

AT T R B P SRR X, JUH 2 Mott
AR MIE R Re I E T AHEL MRt E
F2 VIR P 138 B RE S Bk W 7 1) B T AR AR, G
5 (a) s, U/t I3 E Ik 57 s, g
FIIFRERR, b-H e T HIREFRCH. BT = FH M H
Guit, XN R AT DUAE AR A A 1 5 1 I 5 A [R]
KA 383X AT DL SR ANAR. Herbut 2545 H N
FA g b1 Hubbard B2 (1) -4 8 — BRI A2
Gross-Neveu A5 3=371 Hodh | K ) S b
k& 5 Dirac LT WA A FECH T I REBR IR ik
SRERMET . EBATHE H 48 B Chern-Simons # 18
525 A B Im A BAR, RARTAE I R 35 3 et
HHETOHAAEIN -3 TS, X5 1R
A BB R KIX ) [Bs—401,

Fy— PR Re Mt R AR P e Y R —
AN R, T — AR & A XA
FHH b-F BE T 5 HLA 1 R A A A O T B £
%, WE S (b) fias. b BEESF (64) HHHIARALA T
ei®% = ol i OO0 =) By ST B K 947 A T X
5 (83) Arhryg RARRL, R 2 a5 B iz
BRI, PRk, B REER AR RN T B iR AR
FALAH T, 7R RIAH KRR SMT. WA 25k
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KA, HLA TSR O i Higgs HLELAE A3, 7
RERR, DA, PR &R AN —SOCRER ) B e ok
3 o, BAAKR R B ek

(a) (b)

Ey E,

KRS
ey

HJiE
itk

KR

itk Yewrr

wghis e U/t U/t

5 738 H Chern-Simons H i&: 75 21| (1 % 44 & 1 41 .
Ey 5 Ec 030K b- BRET 5 A TR, (a) 183
LT A 5 KRR SO 2 18] AT DL o A 28 AT 1 1 Il
HREESAAE; (b) B Ih Sy A R KX, &
XA, WRRLT AR AR B B, R R B TERERR Y
H ik

Fig. 5. The global quantum phase diagram from the
mutual Chern-Simons theory. Ej and E. stand for the
energy gaps of b-spinons and chargons, respectively.
(a) A continuous phase transition between the itin-
erant electron state and the long range antiferromag-
netic order via a deconfined quantum critical point;
(b) The critical point extends to a finite region, in
which both particle species are Bose condensed and

there are gapless spin fluctuations.

BT LT 5 b- T KRR A, a- HiE
T FOKTH 2 oIk PRIV RE S B, Rk BE Y
WAL x, L Cy SRCTF w SR H M. 7R
BT, x, Ov/T, v/T T HE. Hik, XA H R
IS AT LLSE M R B HLM KL K-EtoCug (CN)3 5
EtMe3Sh[Pd(dmit)q]o H IS SEEF R (11100,

BT a- AT 5 0-A TS, b-H T 1
RVB fc xf 1 7] G838 B a- B e T I EC X, @R a-H
JEFBC S BUE I PR TAT R, W) F 3 F e
RASTEARTL T 2 RAAAR, BCNA REB I Zo H JiE
Witk b Zo R H6 554355 FR R B Zo 1S ik
V. XA RE S K-EtoCuy (CN)3 Mk H 5K A
FFTIFRERBR I S AT 2 (4o —49,

6 %5t

AR S BB T SOk [12] 45 9 Hubbard
BB R ARAL SZ IR 183X —HR 1 R 552 Hubbard
TR (R P4 BT 5 454 AE Mott 462 frh, FL7[A)
(O JRSHE e 1 e 24l Fa g kv J, L B
KA BT ) U e AT Bk AR, A AR
RIS, T IE B2 1AL 73 pR A I R A 1

M T, XA T B IS B B
()BT BELAA, RS AR SCRT DA FH G % 6 1) 45 5 45
FRFRIR. R PR B LB, JA TR HRIE N
Hig 7+ 5Hm 2 R Eait, Bl - F S E90E
A O REIE, B 5 — Pokn Iz ). A9 G
P& 7 —FPe 24 1 R 2 B R R R R S
T BR BB, 7T LA Z) i Hubbard #5524 (1) B 44 AH B,
A0 FE SRR G 15 T AR SR 7 A, 55 F8 & 15 TR I
ORIAARRE LA S Mot 7728 i 3 v] B 4776 B H e i)
1A,

MERVR A B, Mott 48 2 A o 1 AH 52 5% R0 B
5HF o RGN T R 7R R L
1EH T B3 2 (emergence) 4. 75 5 5% 11 J&) 45
Coulomb tHHAEH T, ZARMBAABIR TP B o7
TR AN B RE IR F TR R KRR, 17
B RGO EENEIS H KA. BTk ER
THE R A R e ik T b A e+ 5 H
i ¥ A H vk, AR B, Hubbard 1581 7E
IR N T 2 Bk 5 58 B 4o v i 4 Jold 58 4 Bk
TG R RS 4. R, FRATH AT DLk
P45 25 KA W0 SCHE ) 38 At A B AR B A A
i, BB LA 2 PR T A T AR OB G v R
PLGCAF 7t LS SRR IEUR A A B o
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Abstract

The fermion sign plays a dominant role in Fermi liquid theory. However, in Mott insulators, the strong Coulomb
interaction suppresses the charge fluctuations and eliminates the fermion signs due to electron permutation. In this
article, we first review the phase string theory of the Hubbard model for a bipartite lattice, which unifies the Fermi liquid
at weak coupling and the antiferromagnetic Mott insulator at strong coupling. We first derive the exact sign structure of
the Hubbard model for an arbitrary Coulomb interaction U. In small U limit, the conventional fermion sign is restored,
while at large U limit, it leads to the phase string sign structure of the ¢-J model. For half filling, we construct an electron
fractionalization representation, in which chargons and spinons are coupled to each other via emergent mutual Chern-
Simons gauge fields. The corresponding ground state ansatz and low energy effective theory capture the ground state
phase diagram of the Hubbard model qualitatively. For weak coupling regime, the Fermi liquid quasiparticle is formed
by the bound state of a chargon and a spinon, and the long range phase coherence is determined by the background spin
correlation. The Mott transition can be realized either by forming the chargon gap or by condensing the background

spinons.
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Fig. 1. Band structure of the five-orbital tight-binding
model for LaOFeAs. The red, green, and blue colors
stand for the Fe 3d xz, yz, and xy orbital characters
of the bands. The ellipse regime highlights the degen-
eracy at M point between the electron and hole like
bands with xz and yz orbital characters, respectively.

See detailed discussions in the text.
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Fig. 2. (a) Ground state phase diagram of the five-orbital Hubbard model for LaOFeAs, calculated by slave-spin

method. The black curve with circles is the phase boundary between the metal and Mott insulator (shaded regime).

The dashed blue line separates the regimes of low- and high-spin Mott insulators. The dotted red line separates

the regimes in the metallic phase with weak and strong orbital selectivity (OS), respectively. (b) Evolution of the

orbital dependent quasiparticle spectral weights, Zo, with U at J/U = 0.25. Strong orbital selectivity is found in

the regime U* < U < U.. Adapted from Ref. [27]
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Fig. 3. The lattices corresponding to KyFea_,Ses with disordered (in (a)) and v/5 x v/5ordered (in (c)) iron

vacancies. (b) and (d) are corresponding ground-state phase diagrams of the 5-orbital Hubbard model. Dark

and light shaded regimes are Mott insulator (MI) and orbital-selective Mott phase (OSMP), respectively.

The red circles and blue diamonds are corresponding phase boundaries. The black dashed line shows the

crossover in the metallic phase between the regimes with strong and weak orbital selectivity. The magenta

star shows the estimated values of J and U in K;Fea_,Sez by fitting the theoretical results to ARPES ones.

Adapted from Ref. [28].
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Fig. 4. The evolution of orbital resolved quasiparticle spec-

0 1 2

tral weights and average electron filling per Fe with U at
J/U = 0.2 in the 5-orbital model for the V5 x5 vacancy
ordered Kg gFei gSe2. Adapted from Ref. [28].
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Abstract

We review the recent theoretical progress of the multiorbital effects on the electron correlations in iron-based

superconductors. Studying the metal-to-insulator transitions of the multiorbital Hubbard models for parent compounds

of iron-based superconductors, a Mott transition is generally realized. The natures of both the Mott insulating and the

metallic phases are affected by the Hund’ s rule coupling. In alkaline iron selenides, Hund’ s rule coupling stabilizes

a novel orbital-selective Mott phase, in which the iron 3d xy orbital is Mott localized, while other 3d orbitals are still

itinerant. We discuss the effects of the orbital selectivity on normal state properties and the superconductivity of the

iron-based systems.
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Fig. 1. Superconducting transition temperature as
a function of the Ce-concentration for Laj_,CezAls.
Teco is the superconducting transition temperature
of LaAlgp; the dashed line is the prediction of the
Abrikosov-Gor’kov theory [8].

SR A N F B, IERAE Ce LR E R
G, WA T SRS E TR L BCS S 1 4
WP %, 1975 4F, Andres %5 U2 FEWF T 4B AL
G CeAls BRI, EFEARIR T HLFH A7) 20 3%
KIBARAT A (~ T?), B REEE R E R E R
1000 Z 1% (y ~1600 mJ-mol ~1- K2, 4[] LL# R %L
0.7 mJ-mol~"K~2). ¥ Landau (1) 9% K AR
W, AR RBOE L TR 7 1A U &, XEWRE
CeAls H HLF (A T A2 — M & a7 1A AR
FRER LT JUTFIAR TR PR E. CeAls &
S5 RIS — AN E PR TR

1979 4, 48 [F £} 2% 5 Steglich £ 18] 75 5 % K
T M KL CeCusSia H1 1 K K BLE 2 oK 78 5, #
SEAFE E ON0.6 K, /T TR B KR
Tr ~ 10 K 5/ 7 ) Debye i Op ~ 200 K, #
TR -7 R S R AR SR (Op < Ty), TGk
FIBCS # g M k. SRR M S LR B IR
PLHIAE UBeys 1), UPts 16, URu,Sip 1745 8 272K
TME B OREL, PR T E AR T I - AR
FATI,. fEIX Z BT HI 1975 FE 1978 4, B4 H A
£ UBeys '8 fll CeCuySip ') R E R T8 S B S,
AERAARAEARIEMER IR, B TiX—EZ %
R

M THRATLUE Y, BEOR T S R =B A
& T/ Ce, U, Pr, Pu, Np Al Yb 25 H + 5081 £
LENEBIALEY). X85 176 E IR AR
f ) R AR B T B HLL AR PR (7)) MRAR S - b f
HL T B BB L% A S, R £ HTAEX R,
I HBA BRI R 8 O AR 1% A e 3
[ £ B~ (A7 TE (R H2 10 B e sS 3 fE L, 95 1
M S T GEW Npald T RAERL, H
o280 R A B R e RS S B0 T EROK TR E
WA T ANE T H SRR TR BRI, DL
hERZFEMEFETSMNIEEHES. 550
SEERH, BB @ 8GR P

(i) # SR EE )L mK B+ LK 2 8 (4
F1PR), BICKIRE Te A 10—100 K, KT
B KT, /Tr L3 (~0.05), 2 # i 4 E 1k
5

(ii) # 5 AL L B AE AC/C ~0.2—4.5
(H R T 2008 1.43), — A HERLF B EC X AL
HONRA A, A E T 59RE G 0 - AR L.

(i) H A % K B London % 3% VA& B Ap, M1 H
AT S, R AL/E > V2, BH B IIRE
.

(iv) IR N E S T BE-aas i, 5
5 R 5 I i PR S S I R U Ok &R, AN E T
S AR B R, R AL S RERE B AR TE T AT
(node), EAIE s P HIECAT X FR1E.

(v) B KB b5 3% He0) M &/ %
(dHco/dT), .

IRZ E KT S B A KRR KT,
— M T O R R BRI SRk TR, A
] T 4% 48 BCS B 1% 1) (0 HL - 75 R & HLEE.  7f 72 3
fih— 28 8 FROK T8 AR P, BRRE B A AR R
Tk A AT RE S T OCHE AR 1, W1 CeCuaSis
S M AT R SIS R VE A < ) T
PrOsySbyo HHE 5 AT G805 B 8k HL VU BB (anti-
ferroquadrupolar) k¥4 & (091 2 7Eixsediplep, #8
SR A A P A AR IR T BAPEHEAR Rt T
nCe®t BRI f LT, BT 10 AR AR 22 B ik B 0
TIX L A 5 R &I Sk s, AR
PR J M 5e 5 R R, £ 7[R I 2 B0 R d80R 3K
W A SR AR PR A
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#1  HAETCHRE SR TSR S LA

Table 1. A list of existing heavy fermion superconductors and some of their properties.

eS| &Y Tc/K DA R E RS FRLR
CeCusSis 0.6—0.7 1000 ?
CeCu2Gez  0.64(10.1 GPa) 200 —
CePdySiz  0.43 (3 GPa) 65  — SC HITE AFM i 51 [20-27]
CeM2 X2

CeRhySiz  0.42 (1.06 GPa) 23 —
CeAusSia 2.5 K(22.5 GPa) — —

CeNigGes 0.3 350 — NFL, K&K (28]
Celng 0.23 (2.46 GPa) 140 %
Celrlns 0.4 750 57
CeColns 2.3 250 %

SC I AFM i85 BT $tfy [29-37)
CeRhlIns 2.4 (2.3 GPa) 430 —

Cen MmInzntom CePtoIny 2.3 (3.1 GPa) 340 —
Ce2RhlIng 2.0 (2.3 GPa) 400 —

CeyPdIng 0.68 550 4% NFL, S DR K 2 135 —11)
CezColng 0.4 500 —
CesPdIng; 0.42 200 — WA AFM(1.49 K), Biketey (421
CePt3Si 0.75 390 % SC HIE AFM 51, Jt47 (431
Ce FEAEH0 X FR CelrSis 1.65 (2.5 GPa) 120 —
R Sk CeRhSij 1.0 (2.6 GPa) 120 — SC HIFE AFM 12 5t [44-46]

CeCoGes  0.69 (6.5 GPa) 32 —

B CeNiGez  0.43 (6.8 GPa) 45  —
Hifth Ce % ik

B S CesNizGes 0.26 (4.0 GPa) 90  — SC HIFE AFM 2 51 47—-49]
CePdsAl,  0.57 (10.8 GPa) 56  —
Yb 3R SA YbRhaSia 0.002 S — SC i F AFM MIZF, {HATHEJE A #% A ek i 50]
UPd2Al3 2.0 210 £ SC 5 AFM 3tz 51,52
UNigAls 1.06 120  —
U S S pin 54 UBe13 0.95 1000 7 Th 524 TG SC HA Bk (53]
UgFe 3.8 Ty — —
UPt3 0.53, 0.48 440 £k, S SCHBLE AFM A E, {H AT BEU A Bk 54.55]
o Bk el SCE FM A, Fi# 3477 156.57)
URhGe 0.3 164 —
U L4k B Sk UCoGe 0.6 57 A SC7E FM i 5+, T3tz [58.59]
Ulr 0.15 (~2.6 GPa) 49  — SC HIFE FM i 71 160]
UsPtCo 1.47 150 — HAE FM jikis (61
U R URu2Siz 1.53 70 %4 SCHiF HO W, Pig itz (62,63]
PrOs4Sbia 1.85 500 4 Wn T %St AFQ, M SC A = & [64,65]
Pr 3 IUNAERE S1E  PrTigAlye 0.2, 1.1(8.7 GPa) 100  — SC HHIZE FQ(2.0 K) T [66,67]
PrVaAlsg 0.05 90  — SC HHITE AFQ(0.6 K) T (66,68l
PuCoGas 18.5 77 57
Pulls B o %5 w00 A KRIUBAERF; ()BT % § SC 109,73
PuRhGas 8.7 70 24
PuRhIns 1.6 350 57
Np 2 Gk NpPdsAls 4.9 200 A NFL, &R 74
NCE TN B-YbAIB4 0.08 150 — KRB, MBI %S sCr [75.76]

W By REE TR (mJ mol~1-K—2), SC R/ T, AFM RRREEMF, FM FREiiF, AFQ s 4k i P A
(antiferroquadrupolar) ¥, FQ F kB IU AL (ferroquadrupolar) /57, HO F/RFEF (Hidden order), NFL IR IE 2 KK,
T NHEGFARRE, “— Fom HAlMAE 2, «27 Rom Har 25 FEAATEGl. Ry Te, + FI7T A5 800% 3 ZERIE T 50k [1,2) &
HAsls.
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LA SR, AT KRBT IR 2 8 i E %
K7 S, 0 Ce-122 & 51 1 ) CeAusSis 7,
Cen M, Inz, 10, 72 51 [ CePtylnyg (791 01
CesPdIng; (2, Pr-1-2-20 % %1 #4 K} 66681 ) &%
Yb IR R B-YDAIB, 25 (1 XHF 2 4k} o () 5
SRR A 7 EHEN AR, Wb 8
BE (STM) JF 45 37 FH T 8 2% K 749 3 1 F 52 9
527 CeColng K] dyz 2 R T 06 FR M 15081 i 78
Cey_,Yb,Colng H, 5256 K B Yb 15 44 2 30 il Js £k
Fil B e Tk 7 5 AR R SO R, A R I S A 1
PR A2 B8 1820 7E CelrIng W, Cd 35 2% (1 52 56 AH
W SCRFH SO0 v Re IR Sk B ek v, Tk
B UA A 25 Bk V% 1991, 78 UPts M URu,Sip 1,
17 (polar) Kerr 525 (855 2% B #3525 v i} 8] 2
TN AR AT BE R AR T R AR AE . AN, — R S
B E 7T 5AMA R KM, W CeCusSiy 7EH#
Y R 1 BT bE R = I T 2 AT R AN AEAE T
#5891 UBeys A8 5 4 £1 bb A B 37 (1 44 B 26
B TE T A RRAE (371 33 3 1) &% LT L S
G 155951 Op i | A A4 50— 0 I SR MR T 4L

CEA XRS5
BRI R, LR AR S i K
18, 2B KT FHF A O 17

2 BRERFF

HAOK TR S B A KRB =
P oL (B12): K2 (a) 83 LA F A 7 45 1
A5, MR BLEAE, BT U AR F; B2 (b)
FAEHANA P AW A, AR R Iy A A
K2 (c) A MR ISE 4 e, MHEATMNET 5 K&
BkHLFr, e ST, B S MRS =T
[0 22l = RISV e e A g

2.1 BEESR¥SHEF

KERME BB SN T kBB R
1 A CeMaXo & HIPO=2T Ce, MInz,om 5
| 2932371 Ce F Al v a0 X FR R 5 44 CePt3Si [47]
1 CeM X3 Z 5 14101 HoAh Ce JE J Bk #E T 14
CeNiGes ' CesNigGes 1481, CePdsAly 191, DL
BT 1E SR TG AR 9 % LR 3 B9 YDRhoSip O

S I AE OB RE N B B0 UX oAl £ 41 5152
UPtg 04551 ek, UgFe Ml UBeqs Tl S 5 4k
PN R

T4 (c)

SC

2 5 (SC) 547 (CO) MK  (a) SRS
FERIA S A (b) BRSSP IR, () H
W B FE G+ (1 CeCuoSio ¥/ e AR, B vl e
THE—F AR, 6 RAHI S5 (W A1 3 A B AEE)

Fig. 2. Schematic phase diagrams of superconductiv-
ity (SC) and competing orders (CO): (a) SC at the
border of CO; (b) SC inside the CO phase; (¢) No CO
(e.g. high-pressure SC in CeCu2Si2), probably near a
first order phase transition. § is the control parameter

(pressure, magnetic field, chemical substitution etc.)

2.1.1 CeMyX, (M = Ni, Cu, Rh, Pd, Au;
X = Si, Ge)

7 Ce-122 251, CeCuySiy /& i - & B
WK TG, WET T, ~ 0.6 K1, CeCuyGey,
CePd,Sis, CeRhySis Al CeAusSis 7E % K N A e 8k
AR, HMINIE 73R 7E I ke R 5 BEE § 23—271,
CeNigGeo TEAR IR T NAE TR, H AT Fi&
BRI, 0.3 K LATF oS 28,

w E3Fr o, 5 B K 1 MGe$ 2%,
CeCuy(Siy_,Gey)o T EZIFH A4 T X [ Hop
IR AL T R RE I 3, AT g H R ki A e
BRI T4 BN IE A B d R
P, sz B RBLT < 0.06 K I CeCusSis KL
PABIEFHOR ARG R, AT e
ARl A, MBI UM SRR A s
POHFRE P AR ORI E T
AN A TEVE, BB NN RES £ LT I P 4
A 5 195,961 {H 3K — [l R A 43 107),

CeCuySip 75 #M i 37 VA il T 745 & & 1 AH B
(B3 (b)) 8l v 7 U Sz 36 R WH, 758 S bl
WG, Je Bl RRES & (A M) BB E BE
(SDW) FIHRFAE 22990 i 58 1 3% 25 (B AR) B0 1k
fiE HATIEATE 4.
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25
(a)
CeCuy(Siy_,Ge,)e | i
20 2(Sh1-2Gex) f
L ;' . z=0
\ '1:_ : [ -
\. :
L5} X Ty
1O} WTQ
0.5
0
—2 0 2 4 G =B
Ap/GPa
18
(b)
o r CeCuzSia
14 Bf/a
12
= 10F
.
]

T/K

E 3 (a) CeCuz(Si1—qGez)o KL -TEAHE (A x
TR I E AN PR, T o R EE, Te 2
ARG AR . v AR R s R 4 A R R S 2 A5
x = OW I Te MLk, LML RE z = 0.1 11 T, 4k,
MY = 1IN Te 4k [78]); (b) CeCusSiz I
T3 -5 FEAH B 5 AR E5 1 (A, B, C 2 BlbRic =FiAF )
7, s.c. ot 98]

Fig. 3. (a) Pressure-temperature phase diagram of
CeCugz(Si1—zGeg)2. Apis the relative pressure shifted
for each doping. T is the AFM transition tempera-
ture and T is the SC transition temperature. The
dotted and dash-dotted lines are experimental data
at ¢ = 0 from different groups; the red and green
lines indicate T. at * = 0.1; the balck solid line is
for z = 178, (b) temperature-magnetic field phase
diagram and crystal structure of CeCuzSiz. A, B, C
denote different phases, and s.c. denotes superconduc-

tivity 98]

2.1.2 Ce,M,,Ing, 19, (M=Co,Rh,Ir,Pt,Pd)

123X — Z A A R} o Celng #% & PIL ) f - [29],
T AR (T = 10.2 K), 4MinE 77 2
2.2 GPa i HHELHEE 3, =2 DU LR (NQR) Siie R
AR G 5 Bk AE P9 3E—2D i E £ 2.46 GPa
I SRR 2% (— AR, S AR B T, fEAR AR
R K B B KA (~0.23 K). JEIE7E 7 5 5 R
Celng FHE AN HE] 2 MIny (401F 4 Bz ) 101 af A

2 EIHE —4E R B KL Cep, My Ing, s om. M Celng
(T. ~ 0.2 K) £ Ce-218 (T, ~ 1 K), F | Ce-115#4
kB (@ T, ~ 2.3 K) fl Ce-127 M B (T, ~ 2.2 K),
ML S OR T 4EAL, T A WG 5R, £F 5 B ik
VS IO ER I TR DO R JLAE, A T AR A
A (MBE) B 8 T ix—4k & 102 1 5025 1]
Y B 5 BRI R

X—RIME PR EZEN - NLRIER
AR T AEE OB 5 A5 S Bk mEAR 1 TR 3k
7. P55 CeRhing [ 15 77 -3 P A7 B 91, o 1K
(P > P, ~ 1.68 GPa), # S EAH % MK d
B FRYE; Po< Py IR 3 H LAE SOk AR A 35,
NQR S50 UF S 55 I Bk REO0 3 77 1105104 R
1 — A A CeRhlng H 8 5 (1 d 306 BRI R
YRl BT I SRR R 0 TR B AR R A
BTG (P = Py ~ 2.3 GPa) fflr, 535 F 1
de Haas-van Alphen(dHvA) SZ%; 0% R 9% K i
RARAR, PRI &1 I 5 A T AR BRI AN
R R s N SN %o S = R
foTmk, H A= B B R, Tk, B
BEL i i P2 2 R P T R OC &R, AN T— ik
ORI AR 1) 28 PR P A 109) . 4 ¥ /% CeRhIng
TEE D8R T 7 & 1 is S AT R 107 —A
IR AL AL A B BLTE CePtolng Hi,
{H /& CePtolny o K THI TR AL 55 [ Bk B ¥ 9 2k ]
BEANTE A — g4k BO1081 I A 5 b — 25 S 3G 1 K.

Z R 534 — A H KL, CeColns, EFTH
¥) Ce £ 5 ok 71 S A Bem T (~2.3 K) 109,
i B T Cd 5 2% (ALl AH 24 Tt m 47 ) #0hn s )
PL75 3] 5 CeRhins 5L AH B 2334 CeColng M
o AR T, BN 2] TR E I, AR A
S TOL S g b B D 2 (R B4 35 56 R M,
WARIR PG R(T) o« TP C(T) < T?),
Wit / DU AR R SL PR I & (NMR/NQR) B (T, BLF
/Ty o T3), -7t s o 120 (T, LA B RG
JEHRIE), b (PCS) s246 18 (& Bl Andreev
WAEE), FRGREIE B (STM) FI#ERL T T 52
56 BSOS (733 d PR FRERR). B S XARIE— AN
& dyoye, WAFE] T HEVEBK B S HIRTHH I
FE UL IERASTE 20 K LU R R I S A (¥ oK
WARAT AL Ap(T) « T, C/T o« —InT, H
T Il F ik v T BB & SDW KA. Ol i STM SE36
KB CeColns 7 T, LA b 7] BE A7 75 & g B (pseudo-
gap) B AT il S AR .

217401-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 4 Acta Phys. Sin.

Vol. 64, No. 21 (2015) 217401

w layer
Celns, 7. = 0.2 K

2-1-8
(2) Celns+(1)MIny
T.~1 K
|
1
P4/mmm

1-1-5
(1) Celng+(1)MIn,
T.~2.3 K
I
[ —— 1-2-7
(1) Celng+(2)MIn,
T.=2.2 K
! |
i
I4/mmm

4 Celns, CeaMIng, CeMIns 1 CeMaIny 15 AL #F1 T, [100]

Fig. 4. Crystal structures and T, of Celns, Ces MIng, CeMIns and CeMyIny 1001,

CeRhlIns

0 0.5 1.0 15 2.0 2.5

P/GPa
B 5 CeRhlng %77 - BEAHE (L d-SC &R d i
& [35,100])

Fig. 5. Pressure-temperature phase diagram of CeR-

hins. d-SC denotes d-wave superconductivity [35:100]

CeColns H1H]— /> H B G AE BB 7 T
LA B Q-4 U0 P 6 Sy Hoi s IR AR . R
S o 7 HUR BT T D I 9 B 3 A RT RE R S I EE 18
il & #) Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
A T B TN Q A T R A TE B AT p B
R 0 TC o 5 FEE i (PDW) D181 ] A B i —

HiAAH, LR FFLO 252 B AELE, 52 BS AL
TIF F A FA 557 ]

B4k, Cei—z Yb,Colns H I #E 547 4 B JL
WG T AL HE 521191201 Ced (4f1) FTY 3T
(413) b3 A — A H PR — AN Y EAr 5 AR
Ce J& P Al 88 1 Wil A BLAE FH, X BB P A Mg S
BEFEA AR, HRE RN

12.0

(¢, —a, 0.5)
H//[100]

roH/T

10.0F T

0 0.2 0.4 0.6 0.8 1.0
T/K
Bl6 CeColns HIHLZ -l #H P [L16]

Fig. 6. Magnetic field-temperature phase diagram of
CeColng [116],
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5 DL B AR RS A AN TE], R 8 Ce-115 K Mk
(1) CelrIns BAR A AH A I AR 450, (HT. # A A
0.4 K2 AT e 222 2] 7 Ir b (158 B e -3 0 #%
& RS 122 5 CeColng ML, CelrIng 1£H
JE T EREE KT, F Rh #6438 AQ I £ 30 1) 18
SAB EREMEESHI RS, ks
B8 0 R (0 9% B ) 2t B Bk 5 A 5 I SRR X
FLHAIA N CelrIns Hh#a T 7T B B 4 Ak ¥4 51 2 1122
IlE S2 56 BRI R He, Sn, Pt, Cd%545 2<0F 7 K L
CelrIns W I SEBA T REMIL A E, HE 7
i R RE R T S gk pk g 1530124,

Ce-218 1K % H Hl R CeaRhlng, CeyColng Al
CeyPdIng =M S KL Hr CeyColng (T, = 0.4
K) Bl CeyPdIng (T, = 0.68 K) 21251 L R #
i, S FE R B 554 P, {H/2& CeaRhing
FEW RN N RERRE, TR /755 T IS (2.3 GPa
i T, = 2.0 K) BT, 75— 5 | 7736 Bl 9 5 % 8k i
A7, DRI — 2800 k) b i) 3 T BB R YR T
Rk HE E ek VR, CeoPdIng 7E T, LA I B 524
CeColng [ E ¢ KM AT 1129 T, LR NQR 52

& P RIR 1/Ty o T3, RWIHE T RE B LA 4570 £
55 CeColns —8. X—HMRMERIIS TR B R

Par
p/Gpa T

LA CeColng AU Q AH, 16T Z i — D 1)L 5
FORIR

CesPdlInyy A& i 3T 37T R DL B 7oK 7 5 64
b 1420 Bl B 2 B R AR IR R A AN Rk e A
A A B SRR W AR (1.63 K) A B Bk W 3 AR
(1.49 K); # 5 HITE R AR, T, = 0.42 K. 45
W&, af i FE A RERIN 25 T R KET 5
R FECAT, ELA R SR i 1 O REAE

2.1.3 Cetk R % 2 3F F O 3 AR A F 1k
CePt3Si, CeM X5 £ 3]

T 7 Hp A R O B A AR G R TR, X R
LI 45 Ry B = B vs vb o, DR T B T S R S
RAEE K. BRERSH Z EARRE, 2ITLE
KAEH AR SRz — 27 Cedk e
SRR SR 247 127 CePtsSi, CeRhSis, CelrSis
1 CeCoGes. CePt3SifEH & T AN R H S
R HE, A S (a) BT 28], CeM X3 251 H
TEAMINE T T HILE S, Bl 8 (b) A CelrSis )£ /)
I FEAR P R S T R BR A (I S X LR
MR JEE R I 53, a8 i 1A R
Pauli R (21271

(b) T T T T
CelrSiz
T~
BaNiSn3-Type
(I4mm)

P/GPa

B 7 (a) CePt3Sifll (b) CelrSiz i1 J7 - I A AN g g 1441281

44,128)

Fig. 7. Temperature-pressure phase diagrams and crystal structure of (a) CePt3Si and (b) CelrSiz [ .

2.1.4 HACeX R4 #A FH: CeNiGes,
CeyNizGes, CePdsAly
CeNiGesz, CesNizGes 1 CePdsAl, ) #8 S 4B
HHLAE Sk g F Ak Tl B AR R LR 1
BT RS MR BT, 1% BN FEAE A28, HARgn i m]
SR [1,2).

2.1.5 Yb X R #A FH: YbRhySi,

YbRh,Sip # N Bk (T = 0.07 K), 1£
IR /N7 N R T, 2 B R 1 R SR T
I G A7 Ry 11291901 5l 526 & B0 Y1) YHRhySis 7F
2 mK LR HBLE T A AL SR8 3
T e R Tk g Ol
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0.9 F
Ui-,Th,Bess
% 0.5f
&
y Y
MAGNETIC
o L i i i i : i
0 2.0 4.0 6.0
z/%

8 Ui_,ThyBes ' T, BB 4K « B E (2% <
x < 4% HHE RIERIR TAAER A G54 D3] 15 2
UBe13 Mg RS 1)

Fig. 8. T¢ as a function of Th-concentration z, for
Ui1—.Th;Bes. There exist two SC phases for 2% <
z < 4% 53], The inset shows the crystal structure of
UBei3.

2.1.6 UK Rk #A F1R: UMAl;, UPts,
UBe;3, Ugke

UM, Al fA 2 5 2% K 1 i 3 AL 45 UPd, Al
(Tn = 14 K, T. = 2.0 K) PU AT UNipAly (Ty = 4.6
K, T. = 1.06 K) P2 50536 BoR i 5 5 I P d
A7 01520 b 5 HL T [R] A R 3 H R SR I A
JE T (13t X AR B AR df AR S R A IR, (B R
A5 R SO B 5 i ki ) & 1192
FN 28 i 193] L UPdo Al A BER & d Wk T,
T. UL F EE- @& mEBER /T oc T2 134 A 4
S 5 PR RO AT Sy 1950, REBR B LT 4
1. TTE UNis Al 1, NMR %3 45507 % Il & [136] §iF B
RS NAR=ES. SR 80sxx 26 S 40T
fE A & R [197,198],

UBey3 % & T M8 5 548 1 & 0.95 K9,
S 1 Tl 000 0 2 3 R 1 0 T S N p
BERRIE, HAERREAT 251 A, {2 NMR P2 Rt s
FEUK O3 S0 HIN N T e BN R . BRI
PN B A B BT R UBey 5 76 53 BESH 3R 58
(~1T)F, T<T.HNEH/CH)/T < H, HHE
Wi 5 e %, DR REBR AN L% A 35 A A 58
Wi A5 (~2—4 T) F ELABE G 5 17 B 4% 1) 57
PEAT ST LU = BB A %5 1) [ 1 Rl BURE T g e 7).

FIFHTh B U, 4 Th K E N 2% < z < A% I,
IR bR & 990 SR AN B 5642, i 8 B
o P31 A IR A SR R AE, S S
W R R AG FEHE 2 LB 7. UgFe A 7080/, FRAMT
AR A,

UPt3 T I AURR IR 8 5 6 B P A 2 hH I —
B AT T T 0L HOE R A R E K
WARAT N (v = 440 mJ-mol~1-K~2), 7£0.53 K Al
0.48 K AbA MR A% A DU rp - sz P4 3%
A5 K LA N A BE R BRI, 152 NMR s 1142
BERHESNER=ZESR, PABEMRRVILES
FAAT RER B RIR T kR B heikvE 1l B9 (b)
AL B AR D) Hodh = AN S X343
HARFMRERR LM, & 1o R LA
G AR A7 LE W] B S SRCBRRE R & DIl o6, Horp
B A KR S X Bt H AT IR A7 e S il 140], K Esend
SCHRERF TR B ICRT (B SEARPE) BAT—1501 A 51
KN NS B TR d PGSR (B XEFR ) 1401
BRILIEAH N T 554 B SERRYE B T 75 £
R 01192) 3 b B A MR RE SE U6 A AT —
MR BRPE. AT R s R SRS A TR, 5
Josephson Fi% 27 11931 AR 7] Kerr 28 154 f) 5246 45
R—F UPts H I A B A M
J, AEAFRNHE 7T 154,

(a)

0 l 012 l O‘.4 ’ 0.6
T/K

K9 (a) UPts MIdbIARLER; (b) Wi -IRLEEAH B (et A,
B, C =N SMAEARRREREH, Bl 7 &T
Eoq MFRPERIAE RS~ B 144])

Fig. 9. (a) Crystal structure and (b) magnetic field-
temperature phase diagram of UPts. A, B, C rep-
resent three SC phases with different gap structures.
The insets of (b) illustrates the gap structures with

E»,, symmetry (1441,
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2.2 BES5H%HRF

H A D010k Wl 1k B SR OK T SR R
U A4 KL UGes, URhGe, UCoGe, Ulr fil UyPtCs.
HH UGes F1 URhGe Hit8 5 HI AR BRRAH P95, P
F A7 D657 UCoGe Ml UTr T8 5 HY BILAE 42k i AR
iy it B8 =001 I Mkl — M B AR K BIG 5%
Heo (83T T Pauli tkFR), I H & B Te @& T
SEEARR R T, 1%,
2.2.1 UGes, URhGe, UCoGe

B 10 /2 UGes 1 & 44 &5 ¥4 A1 ) -16 B AH
P (06,1570 ARG R A7 A8 B SRR A FMOL(ZNRE R
) ATFEM2(CK BEHEAH). AR, 8k W A 4 0
p ~ 1.2 GPa i} FM1 i —B#HAZ 3k N 2 FM2 A1,
P EEAR IR FE (R KA N 0.8 KOl p ~ 1.6 GPa
I FML 4 58 4, 8BS FBE K. AAHE
F, BT e T B N, KT LA
FAAE. BB TS UGey B8 5 0 & 055 H g
(odd-parity equal-spin) [ = B A fcxf [,

URhGe l# 3 (T, ~ 0.3 K) t i 31 8
FE AR A BT (B 5 UGey A ), o BLIE FE BE 4h n
JE 33 K BT, S ATE~ 4 GPakhil k.
B 11 (a) /& URhGe 737 - 165 AR B 197)) 6 25

20

15

S w0

r E]

L E]

- D‘

- Q\

5 0

i 5

[ s 2
% %Eﬁ Tcurie Eg
05— ! ! ! | ! ! ! H

0 5 10

T/K

11
W, Tourie 7= BRMEHEAR IR (1571

Wy ¥EI, e R, fEsRm R ]

20 557
HESZ

BTl Ak B, SCHBL T ASE A T A

20

15

10

H/T

60

50

40

20

10

P/kbar

10 UGes HIJE 7 -5 A E (FM1, FM2 A# R R [H
MRS, A AP SE R oR — B AR AR, SRR
FAAR, ML, B IX oA 22, 1 BN UGes 1
ViNZ T [156,157])

Fig. 10.
UGez. FM1 and FM2 denote two different ferromag-

netic phases. Thick lines indicate a first order phase

Pressure-temperature phase diagram of

transition, the thin line indicates a second order tran-
sition, the dashed line indicates a crossover, and the
shadow area indicates the SC dome. The inset gives

the crystal structure of UGesg [156,157]

i (b)
i UCoGe
B H//b
L g
L ‘o,
L o
L o
— \‘;]
B ‘C] TCu e
- “O
- |
L s O
B 0
i 0
r =
i it %
| . | oy
0 1 2 3
T/K

(a) URhGe fll (b) UCoGe 17 -1 £ SCUn AT 6] 5 S iR £ 1) (L rh Hg 2 i BB p(H) WA v e 57

Fig. 11. Magnetic field-temperature phase diagram and crystal structure of (a) URhGe and (b) UCoGe. Hp

[157]

is estimated from the maximum of p(H), and Tcyrie is the Curie temperature for the FM phase .
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K 11 (b) /& UCoGe [ Bl 37 -1 £ AH I 197 55
URhGe AN, K7 5 @S KEES. £
SMIEITF (p < pe = 1.4 GPa), UCoGe H 1t
SH(T. ~ 0.6 K) 5551897 2kl e 3677 08 #
IR T 0 Flfs 537 98] 7 o il R0 b by 1) Al 2
I (H%(0) ~ H%(0) ~ 5 T), ##H T Pauli #f [}
(HEM ~ 1.84T. ~ 1.5 T), I Hiz KT 4l )5 A
(H5%(0) ~ 05 T), XHFFHE=ZESME SR
it H T S 11990 SR B By ) A T RE BRI
W57 . B NMR 5256 11901 F Meissner %53 52

56 161 B 7R UCoGe Hh )3 5 HL 1 B X 7] BE SR JR T
I NCIKER A S
2.2.2 Ulr

Ulr 2 3 06 BRI B 38 oK 188 44, 51
FE A7 - AR R 12 fis 102 R R =
AN BRBEAR (FM1, FM2, FM3), #S HBLE
FM3 (153 5 1601, 52360 8 FM1 Al FM3 2 Ising 4
FlAE 1621 58 S AH 58 RIEAT Rtk — B AR

50 . . . . .
Ulr b [010]

b 4 s L
40 B O 7
Tor g e
30
4 .
= el
20
10 o FFHEK
= AR
o AR
0 L Il
0 1

P/GPa

12 Ulr ORI F7 -IB A B S S5 (IRIR T Ulr &
=AERELAH (FM1, FM2, FM3), #8 % (SC) HBLE FM3
fiy 32 5 4k 11621

Fig. 12. Pressure-temperature phase diagram and
crystal structure of Ulr. FM1, FM2, FM3 denote
three different FM phases; SC occurs at the border
of FM3 [162],

2.2.3 UyPtCsy

UoPtCo 18 5 5 A2 IR & Sy 1.47 KOO H
ﬁi&ﬁﬁ’]illkﬁiﬁ(}[é( ) ~ 78 T, HY(0) ~
9.2 T) O, & & F Pauli MR IR, 1R T B HE -k it
T%%ﬁﬁ%w%@i% VERFE, T, LA N SRR AL AN B
TREEARAK, DR 5 O B i = AN, BARGHT
AR 2 W SEERAF IT.

2.3 BSS5HMESF

XA R HE URuoSio (Bl ), Pr & Sk
(PrOsyShis Fl PrTy Xog 14 %; HL VU ARHE 7)), BL R
W A % LB B 35 4 7 1) Pu ik (Pu-115 &%), Np 3
(NpPdsAly) f1 Yb % (8-YbAIB,) # A1}

2.3.1 URu,Si,

URw,Sis £ Ty = 17.5 KA — /AW & (1)
5 S A EARIRE R (T, = 1.53 K) 17,
B3 (a) A T EE RSB0 3l 7). T LR
RS B AR e Lk L 5 e A oV
DR L R AE “BROBUT”, 245k — B B R R SE 0 i
IR D0 B 13 (b) NS se 43 1 s -
HFE )78 Ty LA | URuoSip F I H 5 S KR T
N, TEARIR FINIE, ek e 485t — B A AR 3k N 31
YiA, S RAEAE T BRI A, 7 Lz (62,69,
G L A D106 T - i st 7 2R 11671 ) i 42 7

(a)

400

200

(C/T)/(mJ/mol-f.u.K?)

0 0.5 1.0 1.5 2.0
P/GPa
K113 (a) URu2Sio HIH AR HBERE 92 0T (b)
JE 77 -1 ¥ A I [169)
Fig. 13.

tion of temperature for URuSis [!

(a) Specific heat coefﬁc1ent as a func-

I, (b) temperatue-

pressure phase diagram of URu2Sia [165]
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URuoSio HIKHR A T RE R AT 419 AL, g BN
AJ RE A P RE AT TR d BEC XS Bl AR 0] Kerr 2%
Jo7 (550 1 L FAHE 0 B (colossal thermomagnetic re-
sponse) 55 105] 506 8 W 7 8 S A AR R 17 I I e 95
XS FRAE, AL RS A2 75 A7 A5 I 1] S IO AR
Bk H AT i AE 4R U0 G RS 2 (K SR AT

2.3.2 PrA € Wik 5 A PrOs,Sho,

PrX, My 7 7

T SR RN, KRR ) Pl H B
EHEM ) non-Kramer 2£ 75, # SEEANE Pr 5
T £ ELT R E AR R kA A O (65,661,

PrOs,Sbyo N M <5 J& 78 1) 77 &5 07 45 1)
(skutterudite), J& fx - & I i) Pr 5 5 oK 1l 3
P (Te = 1.85 K) 4. B 14 Jy LR - AR O],
Horhsiilin % S WA P A (FIOP) B ek
VOB PP R AIE, I L 5 2547 75 I 8] S350 AR 1k
Wik, fh TR T AL AE S Bk R DU B R B I SR R
T, — M L TR T L DY AR R ok

. —
| ]

4
7 Schottky peak
H//[001]

e
EO [001]
3
(100] 1510]
° [//[001] |
® 11//[110]
& H//1]
sc
O ———— - I
0 1 2

T/K

Bl 14 PrOs4Sbio Wi - U EAH EIA G R L5 (FHIE
FIOP F/RxMia 7 SN TR, SHi B H A gy
R 3 A REAE [65])

Fig. 14. Magnetic field-temperature phase diagram
and crystal structure of PrOssSbi2. FIOP denotes
a field-induced ordered phase, which experiment sug-

gests being of antiferroquadrupolar order [65]

PrTeXoo 72 I JL 4F B0 &K BL ) H 2% oK 7 1k
AR08 TRk P R &)@ (Ti, V, Ir, Rh%E), X
N E 4R (AL Zn%E), BTN E KTl
SR PrTizAly (T, = 0.2 K) BT R PrvayAly
(T. = 0.05 K) 08, ix—f&k R BA JErEME LSS, R
THTHEEHERRR ST 2R O]
U e DU R AR 7, 223838 Kondo BN 2%, R RIETRL )
FL DU AR PP 5 AR T T 73790 9 2.0 K (PrTigAly)
F10.6 K (PrVoAlyg) [00-681 8 S 25 #8 th B 7F L Y
PP Y, TR H DO AR A Bk v A % 1661,

2.3.3 Pu-115 £ 7|, NpPd;Al,, 3-YbAIB,

Pu-115#8 5 # K019 H §f 5 PuCoGas
(T, = 18.5 K), PuRhGa; (T, = 8.7 K), PuColnj;
(T. = 2.5 K)fM PuRhIns (T, = 1.6 K). H
PuCoGas £ H Bl T A M E K T F 4 A
e T 70 NQR SEE 0708 5 B R T, DUF
HIE- a5 1/ Ty o« T3, R FREMH A2
RN, Pu-115 KRR Ce- 115K R dn i 25
FIARAL, {HJE Pu A Z BN A (Putt —Pubh),
1M Pu-115 74 08 % 230 A R o3 i m. 515
W90 71 R B PuCoGag 75 48 5 7 AR 10 B 2 B bk
R E B M7 9, AR R 5 B IR S R
FPIRZS BRGNS, J5 ok X & 720 R 3R A
Pauli IHL AT, BRETIN AR S Pult) 2 BNt
Ji A 9 091 e SRop Rl o (R S AL T B S
Pk Y& 5 Pu K Ak i A e 17073,

NpPdsAly 7EAGHR & FEAN R I H L RRAE, &
SHBIE49 KM I C(T) o« T3, KRB FHE

BEMIEPOKRIBRARAT Sy, ol S FRI%EIE A £F
S5 £

B-YbAIB, H [ #8555 A2 5 FE £ 9 80 mK 7],
XF dm A 5 & SRR = (RRR > 100), B 1584
L o R 45 R R R 3 - P R B DTRTOL BY DAL,
IEH&BERHRNIE SR BAAT N TL RET
Ap(T) o< T3/2 x(T) oc T=2, A InAR /Mg K B
S IKIBAEAT N, BN A TC 7R I i R R AR
BT &P S AT 0L S p R R A il —
WRER, (H S R PR R AR AR SR AN 75
@ng_" [172]_
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(a) B-YbAIB,

T/K

A a

() °

- /

:i QW ,

- o)

- SC

/
1 1 1 1
103 102 101 100
B/T

15 B-YbAIBy ] (a) db ALK EIA (b) B i A (171.76]

Fig. 15. (a) Crystal structure and (b) magnetic field-temperature phase diagram of 8-YbAIBy | .

3 ERARTHFNELRR
3.1 EBRTBSEILHN

HIOKRTH SIS — L SLI AR RS A
THILFEFRW B, 19854, Volovik f1 Gor’kov
2 ITS] L F FE 0 07 VAR J LR 8 oK TR AR I
BT FRIEREAT 1 7328, KRR KU S0 AR FR 1)
AY 18R S W Sigrist M Ueda [ 4258 2 174, [7]
4, Hirsch % 0701 75 LA S0 -3 Ry e ik 7t (1700 11y
Fefih B H, AR BRI LE A7 (on-site) FE & HE R AH
HAEHT, RN A ek nT LAk S & m e
A XS R E, Monod % 177 Scalapino
2 117810 Miyake 25 179 = A /NHZ 7 e 72 H i
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HA B e B85 Bl & 1) 7 U i I8 2 R 4
A RIS B E = ESEX, ¥ T UGe,
SRR AR R S R R B PO, T, Nishiyama
g [184] g LT DA 7 VEAF5E T CeCusSis 1 Celrlng
RS, RIPOKIIRER B TRmE S HT

.

171,76]

B /& Wl i ik, % 2 E kT &R (W
CeCug_yAu,, YbRhySis, CeRhlng % [129) % 3
A AT e % B (SDW) B 5 18- 187 (4
CeCuySiy %5 900 [y JE 5 M & 1 s ik ¥ AT M,
X B ) B Im K IR RE S RS, 2
A EE A BB 8. 6 W75 YbRhaSip H,
Si &% 188,189 B T BT AR 10 R Bk I R EE A, A
SN AE ST I F s B, AN B Sk G AR e P ) 3k
12 (19 Kondo B i 1 [7] 55 31 2, AT FLAG B8 i R
TP N A A Je 1 & T kR AT R i T
RBLAE SR 3R T T s BT, B S TR Y 9% B
o JE 2515 B B B AR 1901 O T R B CeCusaSiy
H1 CeCuyGeg 10U 1 R N T S AR FIHE T 4,
Miyake % (1921 %5 j& 7 17 5 S5 o1 7 2 [A) 1) 2
CHEAER, RILTLLE S Ce MM & AR 781
Sehh b, AR R B T I SRR A S R SR
X B (1931961 {HZ F 8 BE 15 B CeCuaSis
RS AR 75197 5845 5 58 2 R RSO R 9. T 7E
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AW RGBT (R R AR 3 25 2 1) T2 B SR AR )
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PRI Ak, Tl P8 B AL IZE I ) Jel il R A Dy a3 B
o (2292900 i — T 0 () A o R T DA G
TR PR IAE SR (A0 1B 16 FTaR): — R AR
PR 2 AL 7 A 1) 38 Gy LT, B Kondo AR (BUE
N (D)), 3Tt il AR AL £ RS
B B IR (BN L — f(T)). T S256 44T,
J(T) D FEE 138 165 R 4 12211

F(T) = fo(1—T/T*)*?, (1)

o 20 £ FL 5 5 T 21 2 e 02
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R L AL

0.

P — f N—ms
Bk | s /

\ | c}l 3 ST
$- 5 ig

Lr—\—' ——\

ﬁ‘ r @ b | |

(

\_\‘\ - ’ II\.’:II -,
\\ \‘ ‘ Sy ‘
L !

16 FIOKT g5 Hn
Fig. 16. Schematic plot of the 2D structure for heavy

fermion materials.

R BB, R RBRIEA PRI T P F
PRI A 38 5 RILANRRE ME: B e ik 1 A F
SE VAT e T BUR U SR AR REE e, 1 H
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FAOREeR R 3 AT B BR A B SO A, RIS T
17 B AR P 227 S oen AR /e . XA
(L A Py 25 T R Ay (220,252

(i) fo > 1R, FALBGHR, ARG TR
TH R AR R, B SRS T
Pra BT, iR R IR Ty N

T, (p) = T* (p) [ — fo ()] % (2)

Ty, LAR, B BRI 2%, R A7 48 L Kondo
M, Tl S B R R, SR B A e R
Trr, (< Ty) A FILH Landau 2K BARRIAT A,

(i) fo < LW, Zeib%e8s, RIEAE IR T £
TWAR TR, KSH5RAH TR T
(T AF) A R HESIE B 8RB 7, 534 8 Kondo
WARIEAE. DRI RVAEAE S B mEAH 9 £ L7~ BT LAY
BORHILL IR EY, JFIR R .

(iil) fo = 14, 1B RIBURE Ty, 5 R HE AL
TJE T BB FE, BEALXS B SOkl & 7 I 5, HL 9%
KA ARA (171 poe). FEIm T AT, #
PEBK 7% v] B 5 HL IO TR BGE S
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SRR S HL

fo<1 fo=1 fo>1

17 HEFORFHES R B (R Ao
fos T* AT 43 | AR TR B RR R AL IR, i 5%
W poe W0 T HETE R TR AR, pr 4 Ty AT AH AT, XY
i T R Al 2271

Fig. 17. Predicted phase diagram for heavy-fermion
superconductors in the two-fluid model. Pressure pro-
vides a tuning of the hybridization effectiveness fo;
T* and T, mark the coherence temperature and the
delocalization temperature, respectively. pqc is the
magnetic quantum critical point, and pj, denotes the
intersection of 71, and T, where T¢ has its maximum
value 2271
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P TR A 1 e A
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Forbt 1+ In (7% T) 96 B TR T4 RUF I, ix—
S LS50 AL 5 2.1 P LA NMR 9256
SRR R

AR e, B FOARE GRS T DA
W ER 42 Al [224,226].

x = f(T)xxL + [1 — f(T)] xsL (4)
il
K- Ko=Af(T)xx.+B[1 - f(T) xsL, (5)

Horp v, /& Kondo AR IR, xsr, 72 H e AR
IR E, AR B 2 PR LAR 5 1% B T i RS 40 A
G R HT T UL E A S L R S8
FH, REPALRE S AL 2 R MR R

K = Ko + Bx. (6)

T LU, ERFIHIGIA THRD &, 15 K
Aox i 1 (6) b A Z 2% 2, i 85 1 KN BN

RS R
Kanom = K — Ko — Bx = (A - B) f(T)XKL (7)

TR, 25 R A R B IE BT E T
Tl 1 % (J5 B 25 % ) (0 TR, LA CeColns A
(118 (a)) 2201, 76T, A b, R AL K nom
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AL N Kanom B EEHIAZ ML (SEENEIGILE); (b)
CeColns fEA I 77N (¥ TV T Bt i 186 4k [0 5256 43 B
S5 () BEIRTIURI (S24R), SRS T To BEE J1 0%
1, [226]

Fig. 18. (a) The Knight shift anomaly measured at
different nuclei and magnetic fields for CeColns. The
solid lines are theoretical fit. (b) Comparison of the
predicted (solid lines) and experimetal TRET as a
function of temperature for CeColns at different pres-
sures. The inset plots the derived Ty as a function of

pressure [226] .
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Fig. 19. Comparison of the superconducting transi-
tion temperature, T¢, and the AFM exchange interac-
tion, Jex for a number of heavy fermion, cuprates and
iron-pnictides superconductors. The arrow is a guide

showing a connection between the two quantities for

all these materials [234],
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hins [228],
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Abstract

One of the most salient features of heavy fermion superconductivity is its coexistence with various competing orders.
Superconductivity often emerges near or at the border of these exotic orders and their interplay may give rise to many
interesting quantum phenomena. In this paper, we give a brief review of the various heavy fermion superconductors
discovered so far and show there may exist an intimate connection between their superconducting pairing and quantum
critical spin/charge/orbital fluctuations. We classify these superconductors into three categories:

(A) CeM2 X5, Cen MpmInsniom, CePtsSi, CeM X3, CeNiGes, CeaNizGes and CePdsAls, in which superconductivity
emerges at the border of antiferromagnetic phase; YbRh2Siz, in which superconductivity was very recently found inside
the antiferromagnetic phase at 2 mK; UX3Als and UPt3, in which superconductivity occurs inside the antiferromagnetic
phase; and UBe13 and UgFe, in which the connection between magnetism and superconductivity is not yet clear. Among
them, CePt3Si and CeM X3 are noncentrosymmetric, while UPt3 exhibits spin triplet pairing inside an antiferromagnetic
phase.

(B) UGez, URhGe, UCo0Ge, Ulr and UPtCa, are spin triplet superconductors under the influence of ferromagnetic
order or fluctuations.

(C) URu2Siz, PrOssSbiz, PrT5 X0, Pu-115, NpPdsAl; and 8-YbAIBy, in which superconductivity may be related
to other exotic quantum states or fluctuations such as hidden order, valence fluctuations and quadrupolar fluctuations.

In these compounds, f-electrons may participate in both superconductivity and other competing orders and often
behave simultaneously itinerant and localized. These could be described by a phenomenological two-fluid theory, in
which two coexisting fluids—an itinerant heavy electron fluid (the Kondo liquid) and a spin liquid of unhybridized local
f-moments—compete to give rise to the various low temperature orders as well as superconductivity. Combining the
two-fluid picture and the idea of spin-fluctuation-induced superconducting pairing, a BCS-like formula is proposed for
calculating the superconducting transition temperature, and the results are found to be in good agreement with the
experimental data for Ce-115. This model can explain naturally the microscopic coexistence of superconductivity and
antiferromagnetism in these materials, and provides a promising guidance to other heavy fermion superconductors to

achieve a systematic examination of the interplay between superconductivity and other exotic orders.

Keywords: heavy-fermion superconductivity, competing order, quantum critical fluctuation, two-fluid

model
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I #® Heavy-fermion and organic
- —®@— Cuorate (TMT'SF)QPFG
—r— Electron-doprd Cuprate Organic
M @ Others L 2
1 1 i 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 [] | 1 1
1920 1940 1960 1980 2000 08
AEGy
1 ARSI RRIER L T, B gy AR R RHE R4 14
[14]

Fig. 1. An illustration of the history of discovery of various superconducting materials
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(WLJE3C). A SCRA 214 B -2 35 2 4 S A I
st 1) 6 AR R T DA% O P B SR A ) & e A
HH I AR S A PR I R 2R i e T R b T A O
BT RS AR R Wi AR (38—
Hor) BT IR KO R I 6 B SR PR
HLF RS 4 S R KOS R SRR, K
LR KRR B T R AV, SRR R 4 =
B CE=34r). &JE CENUEY), L4
JE TR KRR B 2 o0 R R AR A b, PR TR
WGBTS BRSO L R E
PR, T a7 L35 A A S AL P 1) A T 4538 T8 2%
SCHR [13].

2 BTHBRFAANMFARE =
2.1 tEEHE

X e il T LT AR LB PR 2 R RR A B
S BRAR R R A FE I AR IR T ONATTx 4 S5 A 4
PBNIR, JE ik — A B v AR T R B R
Wi AR 2R R I IR T AR
Josephson 23 12 Andreev 24 [16]) Little-Parks
P53 U718 DL R HL ¥~ 25 IR A (particle-hole mix-
ing) 19 45— R 51 [ SL6 0T 70 IR B HL kS T
FAAE. i SR AR AR AR 7 R AR R AE AR T Y
IR, 25 NMR 256 PO E B i 7 et B
H e AT M. X2 BB % i il 44, A 90
PG il (ARPES) UL = g 45256 P2 Bl K st
FIEIRSE PO, LAk P Ak G 0] 25 % ol Lk
SHEBAA d,a_ye W,

REBA S 28 Y20, H
Fe X HEC X HLEIE A S8 — 450 4 )8 S ) i
P A5 B T AR T AN N T e A A ELAE
(1 BCS BB HE SR Py, i 0 T4 5K 0™ A AL ) 25 3k
U R, ORI SRR I B i/ R/ TE
T BB ) 8 5 1 B 20270 R ik ) P
W23 2% K 1 W« FL3 NG T 4% T BOR R 458
SEE G HAM LS 7] B T, K IR R Sk
TE A S B S T A AH BRI B

2L 30 FE AR, ATE 3RS 7%
T AP R A L I 2 R, BT
A AR 2 18 5 X AT A2 5 T (dome) #92Y) [E
EBARNBMN, 8RR E ST, Bk R
DRABJE N B 388 U i e 3 e A P2 DX IR g e

B, BTG T EH D 1S T 2 BIFR
NRBEME B, ERFBRHEEY, Ttk
TR T B, BEE B AR RS M
9N, #8SARKIRE D R A, S AR AR
BARTORIBAM. 270 5 i B 0B SR A
7] Z AbAE T

1) H 7845 SR A D I SRR 2 R IR T
(Tn) TR TN E 115 2, BRI X R
o, BARHEE X

2) 25 2R M B IS 2 i X — 2%
RAESEREBRAT IR B h £, FRVRn A fpdk— 28
TF 7 (281 i P 2R 45 A 1 v i DX 3 ) el R I 4k
th Py Bk Vs oS 4 32T, S 5 A T 9 K T R
T 73 A58 BE R S BUR BE B B0 B AN R, AL
P A R IR BE B I ST

3) AR A 28 SR 5 2 A A0 v 1D TR E B
120 G AN BRI AL TR S A Ze A 250 T N A2 T
T DX 3 — A 2R B BT I AR, B
MR TIm A AL AR ZEFR L EAAE— IS
DX gk, R AT O b BT Tk R 32 O B R T R AR
LML R B, XA PR IX SO PR 77 57 4 (strange
metal) X3, 5B B 70 TAE R AR 2 XA Ak
AP EIE SRR R I T =3k X, 5
JEBERRIL A AL A, (BB FURRGZEMEA
6 PO MRS R I ORI A 1A S LA 19 B
€, AIERH AT, 3 RS PR A
AT R B Hi%i0 5 BE RS 13 R A 38 A
Tz B,

FRULZ AN, DI I B AR S R AT R X ). R
T FAN T 32— 20 7 DX 3 ] 2 ik v, 7 2R 0 4 Y
A AR AT LTS S 2

electron-doped hole-doped

300 f

RE;_,Ce,CuOy Las_,Sr,CuQy

strange

st
strange metal

normal
metal

03 02 01 0 01 02 03

2 T RBRMENAIE I 214 HiHR ALY T 0K
H ] (261
Fig. 2. Phase diagram of electron- and hole-doped

cuprates [26]
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2.2 RIBFXiFITEE

LIRSS EVANLE X TR &Y )RR AR R
BRI S SN S D= k. PN T NN
B IRGENRIR TALR 2p LB 5, 5 ol 48P
Cu?™ 1 1/2 B e 73 5% il B e s 2, AT A8 P
A Cu?t BIEATHEY, R iR 1 4 S 1 1
FGMEKAE T, FE T BE R B ek, Ty A
fiX. TS NE AR B, S 78R 1) 3d 3
T8, fFiZHs SUAR R Cut BTG E e, HRERAUY
52 Wk 1 Cu?t |iE, X Cu?t-Cu?t K A% I Bk
A RRIAYE N, A AR R ) B ek va . DR
T B A A AR R ) SO G RE 7 AT LAAE
TRK )35 G N AFAE.

O, HAE — TN R PR K
RIBH N BB IR 0 E ) S L B AR i =,
I 7~ HL - 245 R A S8 A W N BER T 4R 8 =, AN
2 B dome F4 78 32:331 4y Bpr (A0 75 2 B 2
AN, W B AL G B, i — 0 HEB) 0 & i 3
FUERGR, H2, 3525 A5 4 A A () BE A
LaoCuOy 7E & EUIGOL T KA B, [FIREAT LASRAS
R P B R A A B AR Y S
FEARAEAT Il L 1 AH 2 B, $0EE B T4 AR
I T 8BR H A G E 18,

I AR SR T8 R B, T2 O 45 2 A S A A,
WMYBCO M %, HH F X 7] fe /2 M 2 dome
B INTE R, fim T 53 0l 5 H e 5 SO 14 5 LA KCH
o 25 30 R AR 135,361 k¥ o T 9B e R AR Ak
WV, FRAB F X el il 3 20 B S R T ek V&
F, HEHT ) TAE R AT B AfEE — A5 ket
AW ELATE FF (charge ordering) [X 5 7).

7o A E R K IR AE YBagCuzO,,
YBayCuyOg, HgBasCuOyys 7k R 1R B 4% X 35,
SRIEY T ¢l T 1) 1) FE i dz (PR BELAT Hall H BH) 25
47 Shubnikov-de Haas #& % H B 05291 15 012X 15
FAEE R TR AR T 18, 2 T 445 28 4
FAYINCCO K R, Helm Z KL T chhfia
AR TIRYG. ETRGHIEWRE AW Y &=
NRAB AR X 9 oK AN I 45 % X 3 58 48 ok
KT Z A1 75 1 B oK 1 A4 1561,

X T B SH A4, ARPES #iE NCCO fifi
HCe T BN, FERB I (n, 0), wmEB R (,
0) B3 19 H 7 24 48R0 (1 /2, 1/2) B I 1 =

PSR A7 72 101, Helm 2500 58 2 A1 41R 3% S 25 28 4%
(ERE TR EM), IR R AR T B
WIS i A ey DXl (1)) L gk — 205 4 5 % o W PEL 9%
i 2B HE T A R SE AR R A AR T S Ak 12,

A %2 R 15 T A SR AL W TR e B A B2 9 LA B
HL 7 T35 2% 4 SR AL B e A ) R AR SCAS

itie.

2.3 EEBREXEXIE

<

TEZ BB A A R B R X I, & TR
o SLIOWLIN 2] 1 Hall REL, IXFP T30 7 1 AT IR
DA% A B B K T 7E 3 2 18] A B I Ak F 4+ i 2
Hr. OB A A BT R A T (I B e 2
FEEIR) 3 B B oK T EL A 9] (E AT HRIE A £
Hall 22 57T G kI8 1 fi i i) sk 144,

XtF BB, FOTE 1994 4
Jiang 5 191 i 3@ ok W 8 AN (7] 48 7 B A Ce 5 2%
Nd; g5Ceq.15CuO4+s FF it 1) Hall B P #4HE 35 A1
Nernst 28N, & B 5L 68 7 15 51 AN RE 1R 47 Hh 3 f A
I SEEG 45 . 1M AT 32 2 ARPES W 2 % £
Z NCCO 7E (1, 0) Bz i 5~ 8 AR AN (0 /2, 1/2)
BT f 2 RO 148 R B A7 A8 100 DUt St i s 0
SEREE R SE. HAS ARG H 7. 2 NAE
AL IR R P AL AL — RO A T R Bk
P AFAE, S5 25 TR) 79 A o bk T Ly ol — A 1
DRI T A1 BL YK DXk e, 3 B SR oK T A B AL, LAk
AR DL (£, 4m) A0 23 R e B 9 oK T %
(m,m) KIS, FoRERZ SR FHEY, £
A LYK DX T BB AN HL 7 2 oK AR — A 23 5 3
K4S UL 5 —Fh 0 AL O HE R (U)
IVEF, £E BT Culf] d e e BEH R SR O RL R
EEZ454 1. N Hubbard G847, 7€ I Hubbard # Al N
Hubbard 77 Z [H47E Cuzq O, 4L HUIE, ZAEH 5
I Hubbard # [ BE B K218 1—2 eV (H 1 5% 7% B
B) 21 Bt Ce 5240380, M3k L Hubbard
B 7 [7 B 437 20 B K THT DA R ) A Ak RE 5 1) 98 K THT 5
WE. (EREESS 2% I o TR0 2 O B 4 3 2 K R
g&[47]

IR R TS R B R 1 oK
AR, X T H T A4S R A A I o O A =
238 i R RE AR AL, Jiang 25 K BN T BB
= NCCO (z = 0.15) ik 8 KL 5 A 5
I, JRTF I Hall R %022 bl A A& 200 BRI FUE
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BAR NIEA ). fEYBCO Mk &b, & B
BRIt R B TORE R BRI, £ T B RIER
Hh SRR K R AR AR AL, FRAT R4S B 5 S A A
SIS 5L, BIBE G A il 3 AR KRR TR) 3 (L) 3,
X AR R AR, Hall RECRRZ AR N IE Y.
BHT I ARPES #F 780 & L AE (Pr, La)s_,Ce,CuOy
(PLCCO) &£ (z = 0.10) 1, ALK IR
HL TR IAE 9 oK T |, B KA #E (annealing) f8
IR AE AL 7 4855 B US1. R, 7T
BB J A P S R A, IR KOS AR
e B YHE R TR

2.4 FBEXIEITLE

MAH B E&, o35 2R A 15 40 S 4k &=
T XIS PR T ORI AR XK. TR SRR X
B, FE S IR BRI SR, W
p=po+ AT?. Hrh po RFIRE R R, 5
Fe BT AR O, RAL A IR 2 H T - E T B
T, 56 R ERT 0 R IE . 6T 2Kk =
1T Pauli ASHH 2% R B H 78U 5 5 S Re gk, A
NRHFOKBER M kT R BRI N T2 5
B, BT A HLBH 26 p 35 2 R P 7 KOG R AT
PR B 1A 5 4 1 F PH BB LR 2R MR Ak, B AT
G PCRMAMARAT . mRE R R DG 58 A B
RILEAEA 2 YBCO, LSCO ) HBHE AR 9% F 36
SN EEI ] iR 2 (12 G N R S i = )T N
B4 8 e 1 PR HAT AT DATE i TR FRIRLEE Ty I,
HAEE S e H e, (HREKT Ty, HEHETT
BRE PRI R, =485 0N HLUBE N % B 6
FEM TR TT R B, MR SR T, #in =5, 1)
MARIEA K, H2 LA mK IS RE H 2 1
BELBOT (DL 3). JE T Rk RGE I LS, Moriya
M Ueda 4 H AR — 4 & R POV 7 i 4k bl 2 1 1I
A A IR B BEAT O HLRE IE S iR Rosch i
T AE{ET T (disorder) (I =41k &R, KL/ =1
ToFF RENE S 3L M HBH X 3 1],

REEG N S BIK TSR WAk
Ve TR BRI TR R R BT X b 4R 1 B,
B A5 EEATAMAE R MRS R SRE
PERLEAT N, — AN EREW AN E 2 BT Rk
W T V4 38 BT, SR i I T AU — N R E. R
G H A J2, 2009 4F Cooper 25 H J 1 5T 1 LSCO
TR 91 16 60 T kvl 3% T HE S 48  ill F 3R 15

1 KERPAGR EFS, KIMIEESBHaSSA
e VE PR BH IO, 22k 1 F BH TA R 3 A AR AR 1), B4
P FELRHYH 2k N SRR XIS, EIN 2R 258
HLPE. 5 oK Taillefer & 45 & I 2 4B JLE T4k,
WA HUE T4k D21, 25 8 B 24 A AL M0 254k R 1
R A I RE N A I R R R R, dE—2P
6 H B e T AR H T B R A PR

p/n2-cm

3 2 = 0.5 LCCO B 7.5 T Wi kil
FEIEFSI R (o)-HFE (T) #h£k (A 20 K 3] 20 mK
SRR, B3 MR ) BO)

Fig. 3. p(T') of z = 0.15 LCCO films in a perpendicu-
lar magnetic field where the superconductivity is just
suppressed that is at 7.5 T The linearity of the resis-

tivity of x = 0.15 persists from 20 K down to 20 mK

spanning over three decades in temperature (307

DN T3 7 = O (A B e e N S ST N =P
X T B AR AR A A P AL B, AR, X
7 A5 A S A P AIGR TE 5 A IR S T Il R
JUAN A

1) BRI B B R S B LS RS R R
TR SE A Y A ) B ilm A s (> 50 T), &
S b 7 R s o FL R T L, 25 DR 3 R A
fli. LSCO & RSN &3 7 1 K EHRWIEH
SEE, ERERE R TR, HarRateik
Mg AN 2 DL SE 4 T il 5.

2) REIREA (10 T, 1 meV) Al 2> 5 LI M)
Ak BRI RS A T R DB A R Bl S K T A
WA EE, 25 Z i o BN FE R A B .

3) BEAR LA HL FHL X 3 2 SR A B X3, e
YSAE AL T2 2, BRI AN T e m BEL O
HLEE.

WAL >3 TE=R R 7/L0 Y 2] = A ERTEILE 518
WA A e B S A 10 T A, R
B oA & EA A B S s 3R 1 IE
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mK Zl B SE SR, I HRA RIFHRE
bE, & AW T A B R I BE RS A s A R, s
F, MBI E E A (La,Ce),CuOy (LCCO)
M RAERRAGIR 1E 3 A BB FE R W, W i S ] LLAK
A 2 P P BELAT Ay e 3 B B R A AT Ry B

X5 ER I WA NG Z IR TS A
FIRBB I A B AE ], AT T P9 &
[F) 2 Ak, ] S BT BT g 3 HED T 2 B T R, 1 B
HA, 1 HRY 45 % 40 S A0 0 PR IR 9 0 B A v e i 5 L PR
FUE S, o B A SR R SRR A I O
SRR AR KA T, FuviJT e 5 hniR A\ 4025 ) ot
FOLAE. AERE o B0 5T B 5 ) el R rp S R AR kit
FEREAEIG, J5 T 8K B AR D IR O 3 1

AU

3 BEFABIEA MY EKTE
3.1 TH5T'#

DA B F e o5 5 ) 18 A e AR 7 25 R A T R
SEPR b RS e RN S R B R A A T
FE dn R S5 0 b A 35 A0 (5] SORIAS [ . 4 S8 e
T T A B AT 85 ERE 45 74 (perovskite), {H i 17
FEMAZ B ST A, W A — ZEZ Z A S
M2, SR AE AR PP AT b B R S
A JZRGTT, TE AL 2R, A2 R A FR
NEGR T PEIZ. B0 PR BT 25 AN 58 B e
BT ER I P T ERE . A B AR H A
TP AR AN BOR T, H R A T E, TP
S DAL LI 2 4B A4 S AR W LSCO AN
HFR5 0 34k LCCO A A M A 1) ReCuO4-214
ghit, (RN 17 B G E T AR B, A R
i S AR A AL B AR . B R
I LSCO H1, A4~ Cu Ji T4l A 6 MR+, Mk
— AN A\ TR RS AL AR, T HL T 4B 2R I LCCO Hy,
TS Cu i 7 48 R A 44N AE [ —F 1 )R
BT RARR TN EE IR LR IE TR,
Lacy 2NN T W S Ay o A A S G AR )
214 Z5 R T AHFL T AH.

3.2 BRBETF

VA R R R S5 R DE T T AR T AR ERE
iz, R4 HE TR R e —E L

5 R, A REE AE 2 458, Bringley 25 P21 Al
Manthriam 25 P M S A 4h 22 £ B R, 32 495
ERAT 25 R 25 R 7 ¢ AR AR 4 e A e 1 A 4, B
ri(Ln?’Jr) +7;(0%7)
~ V2(ri(Cu®F) 4 1i(02))
H r(Ln3T), ry(Cu?t) flr (0%27) =R N2
MAE AT A ¢ RELT @S Ln-O )2 # Cu-
O JZ R, o5 & Ln-O 14 4502 18] B 77 (1) 3
55. W TR AFEAESEY K, t = 1. t{EH
/N, JUIHE AR MG . 7E Lao CuOy 18 &, SR H H A
Lot & 736 7 U Ladt 19 77 30, 77 o8 -7 14 25
T4, DRI 38 I 1 T 45 2 U B T SR AR AR A
HIt. Bringley %5 X Lag_,Ln,CuOy4 1 R G H K
M, N4 0.87 < t < 0.99 I, T-214 &5/ FaE; 4
0.83 <t < 0.86 I}, T/-214 g5ty A FasE; 4t < 0.83
B, T 5 THEWEAFE. HARHTHE T
MG A2 B FAEt = 0.865 I, @H [ /Ean T
R Mt N1 JF AR R/ B, A% ey A8 2 AR ) K R
71385 T AHH CuOg J\ A R L7 15 LA SR AR, 4
t < 0.86 1, BRI A AR, 5T A
I, T AH 454 o AT 2 2R O R Cu BB,
AFAH CuOg \H1AE.

KEMLI R, BT R8BS
SR T TG, I ZER 0T et
FasE TV A, MEF La®t, M Pr3t, Nd3+, Sm3+ 5§
Budt S8 7R B/ NI ot ER R A 5 15 2
BUNEIE, AR TR RIRREE ST M. =
& EEERBRE], M RoCuOy-214  (Hh RS2
Fiit 0% Pr, Nd, Sm B¢ Eu) fIEHA &, TiE5
56 R 1) 45 ZAH B SR T8 S S G AR . T
M LaoCuOy B H &, K H Ce & X La &% o
MRB A, BEB RSB TORBR X . B S
MR G, T, B Lot 4238 K Fhm BT Ladt 2
Bk, AR RIS M T, B, R —MES
S FE BT 5Tk .

AN 2 LagCuOy WA T2t = 0.868,
AbF TAHYE . RSB TR BN Cet T
43 BUAR Ladt a] LAy /N ¢, 46 T A0 Y 3036 B 7%,
HSZI K IMLCCOE 2 = 0.151, &RIRELA N
600 °C. [ [ B e 45 7 1l 2% LCCO AT i, 2
7330 4 b PR U B RE A BGRLEE RZI7E 900—980 °C
Z (8], WARA R 2 TAH. 1990 4F, Muromachi
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25 [9) i) % 7 T/ A Lay 5 Ceo.15CuO., {2 A Bt
RS HPE. HH 19944, Yamada 2560 A&
i A B S 5 T B A LCCO, Bl T4 sl &
IS, FEmasd AT, SRR, BN FE
AR IR N 30 K, & T/ MM i i, (H2 58
R B E RN 17 K, Z4ELIH 2 SR A
FIF RN T M. 2003 42 Oka 25 (01 FIAE 717
X (TSFZ) 4K LCCO H i, (H R A RHE-E S 1
T HH, 1X 5 PL B AH S50 4 B o — B0, AR B
G BT &, MRS BGR AT DURIR 2, 1M B
B (1) A K 22 H00e 9 P4 SR 1, A6 TT R AT HE DL B B
ERFPE IS AR TEASAAAE. BUA PR R A7 I A e T i
56 4 ] DAGEL 5 vy o1 R R IR AN T R MR &

£ 1 AR Lot BFHERE4% L KARRIN ¢ K71

i 5%)

Table 1. values of t factor in accordance with empirical

radii of various Ln3+ ions 78],

Ln3t r; (Ln3+(IX))/A Tolerance factor ¢

La3+ 1.216 0.8685
Ce3t 1.196 0.8618
Pr3+ 1.179 0.8562
Nd3+ 1.163 0.8509
Pm3+ 1.144 0.8445
Sm3+ 1.132 0.8406
Eudt 1.120 0.8366
Gd3t 1.107 0.8323
Th3+ 1.095 0.8283
Dy3t 1.083 0.8243
Ho3+ 1.072 0.8206
Er3+ 1.062 0.8 173
Tm3+t 1.052 0.8 140
Yb3+ 1.042 0.8107
Lu3+ 1.032 0.8074
Y3+ 1.075 0.8216

Manthriam 1 Goodenough (62 2 p& 3] 4 K b
WAL, Ln—O 8 Cu—O 84 & A R 1) #4
K 2R, B 7 M Ln—O B 3 Ik R B L L
PE Cu—O B R, F B¢ R 7 B B2 T+ s 1 48 .
TR AT O A ] R R S BT /T A R A A
Bl 4R T ARV T, 78 (000)-SrTiOs 1 &%
L g B T RS R E AL LCCO(x = 0.1) ¥

JEL (1) 0-20 F 3 5. MBI o] BUE 3, 7R 8 m BI T
TR 780 °C F A K1 LCCO 78 i b 7778 W B 1)
T #H (007) W, FH o5 ] 5 T/ 48 (001) Ve LL . BE#E
DURIERE B#A%, T 0 (001) U 1) 560 B S0 7 PRI, 136 B
VLI AR T A P L A3 o DR R P AR T R . TE DL
BURJEAKT 680 °C I, L MMIAS S T AHIE. KL,
TEARIE 25 d 1) il b, BRI AR KR B K A B
FIRAGE AL T/ AAE . (B[Rt S E = S, RTE
B FIT T AH I T B, B ) 3 2 53K
T/ #H (103) B Al HE 3.

* —LCCO(001)(T)
+ —LCCO(103)

LCCO(002)
STO(001)
o
LCCO (006)
STO(003)
LCCO(0010)

SR /arb. units

10 20 30 40 50 60 70 80
20/(%)

4 ARFEVIFEET, £ (001)-SrTiOg 1 & I il & 1)
LT B4 S Y Lag—, Cep CuOy (z = 0.1) AR
XRD 1) 0-20 H1 50

Fig. 4. X-ray diffraction patterns for Lag_,Cez CuOy
(z = 0.1) films grown under temperature ranging from
500 °C to 780 °C.

3.3 IRAXEBSHZ

FEHFNHRCLRR), X T T HEBIRAE
Wi AR B e b T 2N B Ak, — A
FEL) J DR e T DA 2 SR AR . TE iR
Mo FBea e T R B 2 A A AL M RE L (22 0
dr W), BRI ST A R T EER TS
B R (BRI ) MR K. IRE TSR BoR
IBKREER T RE R P AR, BN R AR A AR
RS 0.1%—2% 99, BAR R R BRAD—H 0
A, HAPRYIPEARL AN 2190 25 1.
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il 4, S 56 R B IB k 2 U A K R
TSR T A A R S L T B A Y IR L
S AR IR R AR A A — 5 (b g 100, JE
IR O BB A B R R 3RS Hall
RA 2 WA A B0 B AR AR I % 78 O IE
18, 23010 Ce #5244 & 190, Higgins & kB2
B O FE RS2 R B S L o B i Ce, 3843 5
ANEF O YaZW R T Pro_,Ce,CuOy (PCCO,
o = 0.15) FE S 0T P RERH, 2 0L 0 25 % Bk £ i
FHERGR K TS, B s R R S e (55 (O8], i
1) ARPES BF 7t 25 5 22 B 1R K Ab BRRE RS A% T 9%
KT R 25 R R I8 4B ST I 27 R B oK R g 18]
LB KSR TR A T4 — i S 4l 5eix
AN EFT T 05, ARRMERI A R

1) Kang 2 90 )\ 7™ 4% 44 46 2 B L
PLCCO Ff & R, K ILIB KT A S 4F 5 Cu
A AN N 1,73, TR K5 AR S X ME AR
1.66, X FiiE K AL FE 5| EE 1) Cu h B BBt 3 5
LCCO # JE v X it 2 0t fL 1 Re i (XPS) 45 th 1 45
R ), Kang 2 AR LB KA RS BT
Cufitk, Z IR 7RI T Ce B 22 IR, At
DAFE S AN T X e 2R 1) Cu R 7 7EIB K A2
BT RoOg B3 A AH 1 H BT 75 20 %0 42

2) Fournier 2 (U 7 il 5 F i 51 N Al &
f Cu, A ISR J8E G B il A K 2 2 A Ca BB,
ESEIG R, RIMEEAT CuBba, #5457 ZhE &
FUR KALFE A REFRAF B T M. AT R AR
KADE AR S R AELE D B T AR, 22 H R TS UK
DR L FRRER T EEROGT TR A, IR K A H
s £ T A CuOg J\ A H (1) T 5 %8 (apical O),
B S R AR T, 7S 2T £ 00 T 48 72
Radaell % [7] 5 Ndy CuO4 BEAIE KRG 5 T3
FTHT I 1) 45 AR IR KT AU A 0.1 B 2
0.04. Schultz 2 ™ % NCCO [ 7 s AT 5 25 5
HET ARS8 HRMEER ERE, &
FHB AN AR S T AHME S T A8 1R
TR — B0 (42 R R PUAN AU ). dn T3
fift I\ T AH 2 T/ AH A28 5 B R B — 3 A7 BT
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Abstract

The high-T. copper-oxide superconductors (cuprates) break the limit of superconducting transition temperature
predicted by the BCS theory based on electron-phonon coupling, and thus it opens a new chapter in the superconductivity
field. According to the valence of substitutents, the cuprates could be categorized into electron- and hole-doped types. So
far, an enormous number of high-7, cuprate superconductors have been intensively studied, most of them are hole-doped.
In comparison with the hole-doped cuprates, the advantages of electron-doped cuprates (e.g. lower upper critical field,
less-debated origin of “pseudogap”, etc.) make this family of compounds more suitable for unveiling the ground states.
However, the difficulties in sample syntheses prevent a profound research in last several decades, in which the role of
annealing process during sample preparation has been a big challenge. In this review article, a brief comparison between
the electron-doped cuprates and the hole-doped counterparts is made from the aspect of electronic phase diagram, so
as to point out the necessity of intensive work on the electron-doped cuprates. Since the electronic properties are
highly sensitive to the oxygen content of the sample, the annealing process in sample preparation, which varies the
oxygen content, turns out to be a key issue in constructing the phase diagram. Meanwhile, the distinction between
electron- and hole-doped cuprates is also manifested in their lattice structures. It has been approved that the stability
of the superconducting phase of electron-doped cuprates depends on the tolerance factor ¢ (affected by dopants) doping
concentration, temperature, and oxygen position. Yet it is known that the annealing process can vary the oxygen content
as well as its position, the details how to adjust oxygen remain unclear. Recently, the experiment on Pro_,Ce, CuOy4_s
suggests that the oxygen position can be tuned by pressure. And, our new results on [Lai.9Cep.1CuO4_s/SrCoOs_s|n
superlattices indicate that more factors, like strain, should be taken into account. In addition, the superconductivity in
the parent compounds of electron-doped cuprates has emerged by employing a so-called “protective annealing” process.
Compared to the traditional one-step annealing process, this new procedure contains an extra annealing step at higher
temperature at partial oxygen pressure. In consideration of the new discoveries, as well as the 7. enhancement observed
in multilayered structures of electron-doped cuprates by traditional annealing, a promising explanation based on the
idea of repairing the oxygen defects in copper oxide planes is proposed for the superconductivity in parent compounds.
Finally, we expect a comprehensive understanding of the annealing process, especially the factors such as atmosphere,
temperature, and strain, which are not only related to the sample quality, but also to a precise phase diagram of the

electron-doped cuprates.

Keywords: high-T, film, cuprate superconductor, electron-doped, annealing
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Fig. 1. (color online) (a) Schematic description of the magnetic penetration depth in a superconductor; (b)

the I-V curve of a tunnel diodes (model MBD-1057) at different temperatures; (c) schematic setup of our

TDO-based measurements of London penetration depth.
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Fig. 2. Crystal structure of CePt3Si (101,
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Fig. 3. (a) Temperature dependence of the London penetration depth AX(T') for CePt3Si and LaPt3Si [45,51]

the inset expands the low temperature part of CePt3Si; (b) temperature dependence of the spin relaxation

ratio 1/TT for CePt3Si [47],
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B AT R FE AR [ 1 5 R 45 4, {H AT BEAF7E Nb/Re
A B A2 e mk # A G, B SRS T
T (T < 4 K) W48 3075 3% R B Bl i B2 O O%
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1.5 K DL EEAANBE IR B2 A2 4k, 7] LA $Re BCS
BERAR G4 A. AH S, R JAT 2 2 B i 1 84
ps(T) AT LLH B8 BOS B & (S2£R). Hife
FYEE 75 R P AR I R B B A A H I RERR S
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B Nbyg.1sReq g2 /& —F5mA A 1Y BCS # F14.
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Fig. 11. Temperature dependence of the superfluid
density ps(T) for Nbg.1sReo.s.

the London penetration depth A\(T) at low temper-
(77
s L0

The inset shows

ature
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UWIHT TR, 26 SR B = ot SO FRES,
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REZHRNZ SFES, HWES SR RATRE, W
Lis(Pd;_,Pt,) 3B. 5 REl# H s i 5T 1 B S R
XK A BT 38 0 1% 2 1 O VSR AT X e R

2 AFEARF LR SRR PSS

P REBE . REH 7> LI I OC &, RN A7 B
TR T IR e RL b AT e B PR AT, ] 403 4

s 1oL,

REM B U Easoc BRI § 2 & 135)

Table 2. Pairing states, band splitting energies and other parameters for non-centrosymmetric superconduc-

tors. (Since the ASOC strength is expected to be proportional to the square of the atomic numbers of the

atoms on the NCS crystalline sites, we assign the band splitting Eagsoc with “large” or “small” by their

atomic numbers in case that their band structure calculations are unavailable) [3°].

Compounds T./K woH(0)(T) Exsoc/meV E; Paring state
CePt3Si 0.75 3.2//c2.71lc 200 3093 s+p
CelrSiz 1.6 45//c, 111lc 4 10 triplet
CeRhSi3 1.05 30,7 10 25 triplet
LioPt3B 2.6 1.9 200 892 triplet
BiPd 3.7 0.8//b 50 157 two-gap
LaNiCy 2.75 1.67 42 177 two-gap
Mgiolri9Bie 5 0.77 large — two-gap
LioPd3B 7.6 6.2 30 46 s-wave
LagCs 13.2 19 30 26 s-wave
Y2Cs 16 29 15 11 two-gap
Nbg.18Rep.82 8.7 23 large — s-wave
ResW 7.8 12.5 large — s-wave
BaPtSi3 2.25 0.05 Large s-wave
MosAl2C 9 1.7,1.6 small — s-wave
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Abstract

The non-centrosymmetric (NCS) superconductors (SCs), a class of novel superconducting materials, have recently
attracted considerable interests. As a result of antisymmetric spin-orbital coupling (ASOC) arising from the absence
of inversion symmetry, the superconducting pairing state of these compounds allows the admixture of spin-singlet and
spin-triplet components. This is in contrast to other previously studied superconductors, which usually possess an
inversion symmetry in their crystal structure, and therefore their pairing state is of either spin-singlet/even parity or the
spin-triplet/odd parity due to the restrictions of the Pauli principles and parity conservation.

Determination of the gap structure is crucial for unveiling the pairing state of NCS SCs. In this article, we first
describe a method of measuring the precise temperature dependence of the changes in the London penetration depth
using the tunnel-diode-oscillator (TDO), which provides an important evidence for the superconducting gap structures.
Then the pairing states of NCS SCs are briefly reviewed, putting the emphasis on a few compounds with different ASOC
strengths. It is proposed that the ASOC may tune the ratio of the spin-triplet to the spin-singlet component and,
therefore, the spin-triplet state may become dominant while the ASOC effect is sufficiently strong in NCS SCs. However,
our investigations demonstrate that the actual case is more complicated and there is no simple correspondence between
the ASOC size and the pairing states. Instead, it is found that the band splitting due to the ASOC effect divided by the

superconducting transition temperature 7, may better characterize of the superconducting pairing states in NCS SCs.
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Fig. 1. Phase diagram of BaFeaAsy with hole and electron doping. AF and SC represent antiferromagnetically

ordered and superconducting states, respectively. Ty is the nematic structural phase transition temperature.
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T = 100 K spectrum.
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c-axis (a) and the a-axis (b), respectively.
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Fig. 7. NMR spectra with different doping and temperature dependence of 1/T7. 7> As-NMR spectra were obtained by

sweeping the frequency at a fixed external field Hp = 11.998 T applied along the ¢ axis. (a) The spectra above and
below T = 74 K for x = 0.05. Solid, dashed and dotted lines indicate the position of the central transition, left-and

right-satellites, respectively, when an internal magnetic field develops; (b) the spectra above and below T = 48 K for

z = 0.07. The red curve represents the simulations by assuming a Gaussian distribution of the internal magnetic field.

The black arrow indicates the position at which 77 was measured below Tx; (c) the central transition line at and below
Te for x = 0.10. The spectrum shift at 7" = 1.89 K is due to a reduction of the Knight shift in the superconducting
state; (d) the temperature dependence of 1/T; for = 0.07. The solid and dashed lines show the T3- and T-variation,

respectively. The solid and dashed arrows indicate T, and T, respectively. The error bar in 1/7 is the standard

deviation in fitting the nuclear magnetization recovery curve.
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Abstract

In the past several decades, quantum phase transition and the associated fluctuations have emerged as a major
challenge to our understanding of condensed matter. Such transition is tuned by an external parameter such as pressure,
chemical doping or magnetic field. The transition point, called quantum critical point (QCP), is only present at absolute
zero temperature (T), but its influence (quantum criticality) is spread to nonzero temperature region. Quite often,
new stable orders of matter, such as superconductivity, emerge around the QCP, whose relationship to the quantum
fluctuations is one of the most important issues.

Iron-pnictide superconductors are the second class of high-temperature-superconductor family whose phase diagram
is very similar to the first class, the copper-oxides. Superconductivity emerges in the vicinity of exotic orders, such as
antiferromagnetic, structural or nematic order. Therefore, iron-pnictides provide us a very good opportunity to study
quantum criticality. Here we review nuclear magnetic resonance (NMR) study on the coexistence of states and quantum
critical phenomena in both hole-doped system Baj_,K,FesAsy as well as electron-doped systems BaFea_;Niz Ase and
LaFeAsO,_,F,. Firstly, we found that the > As NMR spectra split or are broadened for H //c-axis, and shift to a higher
frequency for H//ab-plane below a certain temperature in the underdoped region of both hole-doped Baj_.K;FesAso
and electron-doped BaFes_,NizAss, which indicate that an internal magnetic field develops along the c-axis due to
an antiferromagnetic order. Upon further cooling, the spin-lattice relaxation rate 1/77 measured at the shifted peak
shows a distinct decrease below the superconducting critical temperature Tc. These results show unambiguously that the
antiferromagnetic order and superconductivity coexist microscopically, which is the essential condition for a magnetic
QCP. Moreover, the much weaker T-dependence of 1/T} in the superconducting state compared with the optimal doping
sample suggests that the coexisting region is an unusual state and deserves further investigation. Secondly, we conducted
transport measurements in electron-doped BaFes_;Ni, Ass system, and found a T-linear resistivity at two critical points.
One is at the optimal doping 2.1 = 0.10, while the other is in the overdoped region xzc2 = 0.14. We found that 1/7} is
nearly T-independent above Tt at x.1 where T = 0, which indicates that x.; is a magnetic QCP and the observed T-
linear resistivity is due to the quantum fluctuation. We find that 1/74 close to the optimal doping in both Ba; K, Fes Aso
and LaFeAsO:1_,F; also shows a similar behavior as in BaFea_,;NizAse. The results suggest that superconductivity in

these compounds is strongly tied to the quantum antiferromagnetic spin fluctuation. We further studied the structural

* Project supported by the CAS Strategic Priority Research Program, China (Grant No. XDB07020200), the State Key
Development Program for Basic Research of China (Grant Nos. 2012CB821402, 2015CB921304), and the National Natural
Science Foundation of China (Grant No. 11104336).
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transition in BaFes_;Niz Aso by NMR. Since the a-axis and b-axis are not identical below the nematic structural transition
temperature T, the electric field-gradient becomes asymmetric. Therefore the NMR, satellite peaks associated with
nuclear spin I = 3/2 of " As split for a twinned single crystal, when the external magnetic field is applied along a- or
b-axis. We were able to track the nematic structural transition up to x = 0.12. The T extrapolates to zero at z = 0.14
which suggests that z.2 is a QCP associated with a nematic structural phase transition and the T-linear resistivity at xq2
is therefore due to the QCP. No existing theories can explain such behavior of the resistivity and we call for theoretical

investigations in this regard.

Keywords: nuclear magnetic resonance, iron-based superconductor, spin fluctuations, quantum critical

phenomena

PACS: 74.25.nj, 74.70.Xa, 74.40.Kb, 74.25.0p DOI: 10.7498/aps.64.217404
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(2015 4E 8 A 14 HYE; 2015 4F 10 A 21 HWEMESH )

T ERILLIK, CROyEER S Y B U R BT 22— SRR, IRYERRH R S BOR M BE D S —
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RN — 2R T 0 K G ) il 25 A1 R AR AT AT, A AEARZE AR T 44 SR LR A RS S &8 280 Bk B 5 A LA T AN
el T ST AT B, JERHZ U2 — P R efi il 1 .

KR IR4EH T, ifmis, W, 40Kk

PACS: 74.25.F—, 73.63.Bd, 74.78.~w, 73.63.-—b
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IR 20 tH AL IR R B R I 2 —.
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FEfC 2 4.2 KUUREF, MFHERFEAE. AR 71X
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FE 1% BN LR ORH 2%, I IRFESEIR il Th 4
KRR Ar . BRI R R IR R E
3 TR BRI KR, iz Ak, & A A
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YN (Meissner effect) 1, B8 SAALE HE B S
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2 i 1Y) Bardeen-Cooper-Schrieffer(BCS) # it 7 fif
B YR B AR BRI R, 1973 4F 45 Leo
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SO REEN T2 —. BEHN, HREER
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th, SR, BRI TG A BAE 248,
2 SR AR B (75 1) LR 51, 2H R E R
(Cooper pair), 2t SEHLE T M.

Ginzburg-Landau(GL) H & 21 & BCS # &
It PR 3, RAE T, M3 gz, Hodro IE b T
FHERR A WL EE, o BT AN R FE FE N i
CIER AL ¢(r) = [¢(r)]exp(ig), [ (r)| 19 J7
RERBESFHTEE, oEAEFSEHTIA.
BT R T B AR R AR, iR BT
TR AR i, R TE R TR,
ARG AR R BT o) A/ N EE, Hic R BIE A — A A
Hit, " LUK HERET AT SENERE, 5%
L s, A B ARz ek AR /N B AT A 2
2[0S ST SRR TR (GL ),
X2 GL B PIE ARG .

X1 R T AR S AR, r K B AR

gs(T) = gn(T) +

h? 9
vyl

Fa(T R + GBI,

B2 B E r B, REATE ST H HEE®
FERT PLRIR B b FERRIR I —4ES 0L R, X T4
BT S, WA &AM (0) = 0, ATLMRHF 2 &8y
%
x
(a) = o tanh ().

Hrr oo RIFZSEBALE FANEL, 28 54 S 1E;
ZHT)BAKENEN, iz T FSEER
TH AL A I RAIE K S, B FR A GLAH KB (super-
conducting coherence length), Bi% 5 BCS 12 H
PEFAR K. 28 AR I 23 [A) 4 B /T L
FAXS AT RS, PEFA XS AR 1% 7 [0 4% 5 52 3112
W, TR L S 4.

MORME — | ZEEANER /N T AT FE €
TR AR T Y A — AR R4RIRES. X2
KR R A, &R EAUREROK R 2401 Rt
(IRLEEE A IE 0 B AR R T (R 4541 12
EREEN, ST LRI 5 25 AR AN [F] 1Y)
.

EHSET, B3 F S8 EAHE+
(), F ARV B8 28 5 | P Vi v 2> BB AR 1)
FHAVE, LEAERLAE P REA 1 3 7 2 5] S Jm) 30
I PR SR, AR ) 2 D) FRURE A T B € P

g, X PR AR AAERS (phase slips), TE#- 14
HHAREI R ZIERAE R A T = 4R Sk, XK
DX deloxsf Fi At P o ) ) LA Re e, R ot Rk
FOT R TS TKEE, FEHX A ST 8 X
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BEL 0T 8 ¢ 2 3E X ) B d, A 45 R4 ) ) T B ALK
T 2 R X 3 B A AH AL H 0 (phase slips center).
R s 45 R EEA IR IE R — 2
AR, R MENESEE KRS
Tl 7% v PHL.

2 #& Hohenberg-Mermin-Wagner # i, 7£ 1%
YEfk R, BTk I BRI ol R,
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SFKEF. RN 4R R, il (vortex) FlR
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A DU #ER AR B e, HE T 45 DLAEAE, XAk 2
Berezinski-Kosterlitz-Thousless(BKT) A4z [0, —
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3.1 BERZ
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Fig. 1. (a) The resistance of Bi nanowire versus tempera-
ture under perpendicular magnetic field (Sample N1); (b)
the resistance of Bi nanowire versus temperature under

perpendicular magnetic field (Sample N4) (23],
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Fig. 2. (a) The R-H curve under parallel magnetic

field; (b) the R-H curve under perpendicular magnetic
field; (c¢) the R-1/H curve under perpendicular mag-
netic field 1231,
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F AT R AR AR I H F8 B i 3R 5, FRATTH
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Fig. 3. (a) The R-T curve of nanowires of various
diameters. Under different temperatures and magnetic
field parallel to the axis, panels (b) and (c) are the R-H
curves of the nanowires with diameters of 20 and 32 nm,

respectively (361,
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Fig. 4. Under different temperatures and magnetic

field perpendicular to the axis, panels (a) and (b) are
the R-H curves of the nanowires with diameters of

20 and 32 nm, respectively. The arrows indicate the

minimum of the oscillations [36].
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G AR IR W JE Tonser A 6.9 K, B 51T Pb i
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Fig. 5. (a) The STM image of Pb thin film; (b) the
four-electrode measurement of Pb nano-ribbon; (c) the
SEM image (371,
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Fig. 6. (a) The R-T curves of Pb thin film and nano-

ribbon; (b) the residue resistivity of Pb nano-ribbon
37].

versus temperature [
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(a) 2,3, 4 15 K T Pb #EfY R-H #iZk; (b) 2, 3, 4, 5 K T Pb 44K R-H Hh4k; (c) BARBLIATEE N,
2 K I Pb #K35 R-H R4 (d) Pb #KBER RIS FIERRBAN R-H ik 37)
(a) The R-H curves of Pb thin film under 2, 3, 4 and 5 K; (b) the R-H curves of Pb nano-ribbon

under 2, 3, 4 and 5 K; (c) the details of R-H curve of Pb nano-ribbon under 2 K and low magnetic fields;

(b) the R-H curves of Pb nano-ribbon under various temperatures [

4.2.2 A F KR & F 89 <A A7 (phase

slip)
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Fig. 8. (a

under 4.3 K and different magnetic fields [45],

37].
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SERBIMEES I Ag+2n B FE R AL
AR 2R, R EBd %%, Wit
Jit 5 i RE BT DL A RE (VO A% ) BUR 1Tk
(BT AHF) $R L.

FERFSE AR BEVE B N, — R BIINAL 2 1]
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b KRS

10
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(a) FHEMEARAR R R P 90 R M EA R T V-1 #1128, (b) Pb AORMTERE N 4.3 K, NEWAEE N V-1

(a) The V-I curves of Pb nano-bridge under different temperatures; (b) the V-I curves of Pb nano-bridge
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Fig. 9. (a) The R-T curve of W nano-ribbon (The in-
set shows the actual SEM image); (b) the R-T curves
of W nano-ribbon under different magnetic fields; (c)

the R-H curves of W nano-ribbon under different tem-

peratures (551,
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Fig. 10. Panels (a), (b), (c) are the V-I curves under different temperatures from 2 K to 6 K at magnetic field of

0, 10 and 20 kOe, respectively. The red arrow indicates the direction where the temperature increases. Panels (d),

(e), () are the same figures with panels (a), (b), (¢) in the logarithm coordinate [°°],
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Fig. 11. (a) The R-T curve of Co nanowire of diameter
40 nm and length 600 nm (The inset is an SEM image
of the sample); (b) the V-I curves of the sample under
1.8 K and different magnetic fields (791,
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Fig. 12. (a) The R-T curves of Co nanowire with diam-
eter 40 nm and voltage-electrode distance 1.5 pm un-
der different magnetic fields; (b) the R-T' curves of Co

nanowire with diameter 80 nm and voltage-electrode

distance 1.5 um under different magnetic fields (701,
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Fig. 13. (a) The R-T curve of Co nanowire of diameter 40 nm. The current electrodes are W and the voltage

electrodes are Pt. (b) The R-T curves of Co nanowire under different magnetic fields. The current electrodes are

W and the voltage electrodes are Pt. A W ribbon is deposited in the middle. (¢) The R-T curves of ferromagnetic

Ni nanowire of diameter 40 nm and length 3 pm under different magnetic fields with four W electrodes
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Fig. 14. (a) The R-T curves of Au nanowire with voltage-electrode-distance of 1.0, 1.2 and 1.9 ym. Inset on
the left: the actual SEM image of the sample. Inset on the right: the HRTEM image of the Au nanowire. (b),
(c) The R-H curves of two different samples under different temperatures and magnetic fields perpendicular
to their crystal axis, from bottom to top, at 2.0 K (gray), 2.5 K (black), 3.0 K (red), 3.5 K (green), 4.0 K
(blue), and 5.5 K (cyan). (d) The R-H curve of 1.9 pm sample under different temperature and magnetic
fields perpendicular to its crystal axis, from bottom to top, at 1.8 K (black), 2.3 K(red), 2.8 K (green), 3.3 K
(blue), 3.8 K (cyan), 4.3 K (magenta), and 5.8 K (dark yellow). (e) A detailed graph of the magnetoresistance
of the 1.2 pm nanowire near zero field. Except at 3.5 K, the magnetoresitance of the curves all reach zero

at zero magnetic fields (711,
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Fig. 15. Under different magnetic fields, panels (a), (b)

are the R-T curves of Pb nanowires with diameters of

55, 70 nm, respectively [74],
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Fig. 16. (a) The STM image of smooth surface of Pb thin film; (b) the R-T curve of smooth Pb thin film
measured by four-electrode method; (c¢) the SEM image of exposed rough surface of Pb thin film; (d) the

R-T curve of irregular Pb thin film (421,
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Fig. 18. (a) The differential conductance tunneling spectroscopy under different temperatures, which are normalized by normal

conductance spectroscopy under 10 K; (b) the superconducting gap of 2ML Ga thin film versus temperature and the fitted (red)

(86]

line according to BCS gap function; (c) the 3D graph of tunneling conductance under 2.7 K and different magnetic fields (°°.
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Fig. 19. (a) The Rgpeet-1 curve under zero field; (b) the Rgpeet-1" curves under different B ; (¢) Rsheet-B1

and (d) Rsneet-B// curves; (e) the magnetization verses temperature under 10 mT magnetic field perpen-
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Fig. 21. The transport studies and diamagnetic mea-
surements of 1-UC FeSe thin film grown on insulating
SrTiO3(001) substrate. Panel (a) is the R-T curve
under zero magnetic field, showing T9"5¢t = 40.2 K,
Tzero = 23.5 K. Inset: the 30 nm amorphous Si/(10-
UC) FeTe/(1-UC) FeSe/STO heterostructure. Panel
(b) is the diamagnetic response measured by a home-
built two-coil mutual-inductance system. Inset: de-
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diamagnetic screening at 21 K. Panel (c) is the mag-
netic susceptibility of 1 UC-FeSe under 1000 Oe par-
allel field measured by MPMS-SQUID-VSM system.
Inset: the magnetization curve of 1 UC-FeSe under
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Fig. 23. The BKT-like phase transition of 1-UC FeSe thin film grown on insulating SrTiO3 (001) substrate:
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where the « is fitted from the power law; (c) the R-T curve using the [d(In R)/dT]~2/3 scale [85],
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Abstract

Superconductivity is one of the most important research fields in condensed matter physics. The rapid develop-
ment of material preparation technology in last few years has made the experimental study of low-dimensional physical
superconducting properties feasible. This article gives a brief introduction on superconductivity and technology of low-
dimensional material fabrication, and mainly focuses on the experimental progress in electrical transport studies on one-
and two-dimensional superconductors, especially the results from our group. As for one-dimensional superconductivity,
we review the superconductivities in single crystal Bi nanowires, crystalline Pb nano-belts, and amorphous W nanobelts,
and the proximity effects in superconducting nanowires, metallic nanowires, and ferromagnetic nanowires. Surface su-
perconductivity is revealed for crystalline Bi nanowire. The step-like voltage platforms in V-I curves are observed in
Pb nano-belts and may be attributed to phase slip centers. Besides, vortex glass (VG) phase transition is discovered
in amorphous W nano-belts. Inverse proximity effect is detected in crystalline Pb nanowires with normal electrodes,
and proximity induced mini-gap is found in crystalline Au nanowire with superconducting electrodes. Furthermore, in
crystalline ferromagnetic Co nanowire contacted by superconducting electrodes, unconventional long range proximity
effect is observed. As for two-dimensional superconductivity, we review the superconductivities in Pb thin films on
Si substrates, 2 atomic layer Ga films on GaN substrates, and one-unit-cell thick FeSe film on STO substrates grown
by molecular beam epitaxy (MBE) method. By both in situ scanning tunneling microscopy/spectroscopy and ez situ
transport and magnetization measurements, the two-atomic-layer Ga film with graphene-like structure on wide band-gap
semiconductor GaN is found to be superconducting with 7t up to 5.4 K. By direct transport and magnetic measurements,
the strong evidences for high temperature superconductivities in the 1-UC FeSe films on insulating STO substrates with
the onset T and critical current density much higher than those for bulk FeSe are revealed. Finally, we give a summary

and present a perspective on the future of low dimensional superconductors.

Keywords: low dimensional superconductivity, electrical transport, thin film, nanowire
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Fig. 2. (a) Resistance—temperature curves in the ambient superconducting phase (SC-I) up to 9.4 GPa;

(b) electrical resistance curves for the same single crystal at higher pressures, where a new superconducting

state emerges; (c) superconducting transitions observed in the real susceptibility component of the sample

at pressures in SC-I; (d) the real component of the susceptibility versus temperature for the crystal in SC-1I

at a pressure of 12.2 GPa. The inset shows the set-up of alternating-current susceptibility measurements in

a diamond-anvil cell with a signal coil around the diamond anvils and a compensating coil.
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Fig. 10. Temperature-doping-pressure phase diagram of Rb-245 superconductors. Te doping supresses the
superconductivity of SC-I and SC-II phases. As the doping level reaches 0.4, SC-I and SC-II disappear
together in the pressure range investigated, demonstrating an intrinsic connection between the two super-

conducting phases. The data of upper right panel is taken from Ref. [48].
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Fig. 11. X-ray powder diffraction patterns of Rbg.gFez_ySez_;Tez (x = 0, 0.19, 0.28 and 0.4) samples at
various pressures. The peak (110) resulted from superlattice structure of /5 x v/5 arrangement of ordered

Fe vacancies exists below ~ 10 GPa for all samples.
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Abstract

In the frontiers of condensed matter physics, pressure is widely adopted as an independent control parameter for
tuning states of matters and plays an important role in finding new phenomena and corresponding physics, as well as in
testing the relevant theories. Remarkably, a great deal of success has been achieved in searching for new superconductors
and uncovering the microphysics for known superconductors. In this brief review, we attempt to describe the progress
in high pressure studies of alkaline selenide superconductors A;Fes_,Sez (A = K, Rb, T1/Rb).

The high-pressure studies of Tlg.cRbo.4Fe1.67Se2, Ko.sFe1.7Se2 and Ko.gFe1.78Se2 superconductors show that after
the ambient-pressure superconducting phase is completely suppressed under about 9 GPa, the reemergence of a pressure-
induced superconductivity with a maximum 7. of 48.7 K is observed at ~11 GPa, which is the highest 7% in this kind of
superconductor. The systematic investigations on transport and structural properties for Ko.sFeySes (y = 1.7 and 1.78)
reveal that a pressure-induced quantum phase transition occurs at pressure between 9.2 GPa and 10.3 GPa, where the
antiferromagnetic state with Fermi liquid behavior converts into the paramagnetic state with non-Fermi liquid behavior.
Therefore, it is proposed that the observed reemergence of superconductivity at high pressure is probably driven by the
quantum critical transition.

In addition, some intriguing puzzles on these superconductors and corresponding possible answers are also reviewed
from the perspective of high-pressure studies, including the roles of the insulating magnetic phase in developing/stabilizing
ambient-pressure and high-pressure superconducting phases and the significance of the pressure-induced antiferromag-

netic fluctuation state for the emergency of superconductivity in the high-pressure superconducting phase.

Keywords: iron selenide superconductors, high pressure, quantum phase transition, antiferromagnetism
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Abstract

SroCrO4 with a KoNiFy structure can be synthesized by different methods under ambient pressure and high pressure,
while the properties reported are quite different. In this paper, pure phase SroCrO4 with KoNiFy structure is obtained
by one-step solid state reaction under high pressure and high temperature. Powders of SrO and CrO2 are used as the
starting materials. The SroCrOy4 structure at room temperature is determined by powder XRD measurement and GSAS
Rietveld refinement. SroCrOy crystal is of tetragonal symmetry with space group I4/mmm and its lattice parameters
a = 3.8191 A and ¢ = 12.5046 A. There are two oxygen sites, apical O; and equatorial Os. The CrOg octahedron is
slightly elongated along the c-axis, forming a longer bond Cr—O; = 1.9180 A and a shorter bond Cr—Os = 1.9096 A.
Temperature dependence of the magnetic susceptibility is measured in the temperature range of 2-300 K under the
magnetic field 1 T. A weak antiferromagnetic transition can be seen at Tn = 95 K. Above T, the susceptibility obeys
Curie-Weiss law. The Curie-Weiss fitting gives the Weiss constant § = —364 K and the effective magnetic moment
Hett = 2.9 B, in good agreement with the theoretical value of localized Cr*T, indicating the localized electronic state.
Field dependence of susceptibility has been measured at different temperatures. The magnetic properties here are
different from those in the previous reports, and this discrepancy is attributed to the quite different sample synthesis
methods. Temperature dependence of electrical resistivity of SroCrO4 shows insulating behavior. Activation energy A
is estimated by the relation p o exp(A/kgT) at temperature range 150-300 K. In the temperature range 150-200 K
and 200-300 K the activation energies are Ay, = 0.134 eV and Ag = 0.168 €V, respectively. The insulating behavior
is consistent with the previous experiment reports and the theoretical calculation, which is possibly attributed to the
suppression of orbital degree of freedom, resulting from the elongation of CrOg octahedron and the narrow band width

induced by the two-dimensional crystal structure.

Keywords: KsNiFy structure, high pressure, Mott-Hubbard insulator
PACS: 75.25.Dk, 75.47.Lx, 75.50.Ee DOI: 10.7498/aps.64.217502
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