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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].
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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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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
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18, 2B KT FHF A O 17

2 BRERFF
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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 .
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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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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 e
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
Tk 75 5 SOl SR I E, AR S B S A
I S A AR A T A ME A% 150 1991 4F, Mon-
thoux, Bakatsky Al Pines "' 3 T H Jie ik ¥% ) &
B, R MER TV, 456 S5l & 1 3 71 2 ik
(Y S B RO RSN W o k= <
S AR5 B B f5 Monthoux F1 Lonzarich # = 1
X A D100 182, 183] e g e — o A AR ek ek
HiEF WS EAE ST, 8 T M Celns
(~0.4 K) B CeMTIns (~2.3 K) [ T. 24k, i = T
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
UPdyAls 1, McHale %5 1981 4% ) 5f B A L i
AW RGBT (R R AR 3 25 2 1) T2 B SR AR )
JE BB . % S PrOs,Sbys, Thalmeier 25 [199,200]
W4 T O O AR BT (AR SRR EOR) i S
R R AL, IR R T RIL M2 A e iR
(LSR) 5256 201202 (3 #. ON T iR NpPds Al Hh
S G e TR £ R AN R B R B N R S (7
Flint 1 Coleman % 293 4 tH & & it %t (composite
pairing) B it 042051 )y R dk A Bie 5 T L
HEMA LRSS R A B SRR, X —Highs
Al e Cey—, Yb,Colns H1HE T FE5 % (122 {125
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fil R 12001 Bk b2 Ab, I AT 43 AL (fractionalized)
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ZEpi
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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)
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Fig. 16. Schematic plot of the 2D structure for heavy

fermion materials.
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17 B AR P 227 S oen AR /e . XA
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(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
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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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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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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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