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Ferromagnetic superconductors

e Compounds

HoMogSs (U. Geneva)
ErRh4B4 (UCSD)
ErRh1.1Sn3s (AT&T, UCSD, BNL)

 Reentrant SC'ing behavior due to onset of FM order
First-order SC'ing—normal FM transition at Te2 ~ Tm < Tet

Narrow temperature interval above Tc2:

» Microscopic coexistence of SC and sinusoidally modulated
magnetic state with A ~ 102 A (HoMogSs, ErRh4Ba)

e Macroscopic coexistence of SC'ing regions (containing

sinusoidal magnetic state) and normal FM domains (ErRheBa)

Reminiscent of "cryptoferromagnetic" state — based on
exchange interaction (Anderson & Suhl '59)

A ~ 2(n2E/3kp2)13 < 10 A (ErRh4Ba)

Various theories based on electromagnetic interaction (~'80)
A ~ (4n3D/C) 1) 12 ~ 102 A

Spontaneous vortex lattice




Reentvant SC due to M oraer £TRAL By (HoMy3,)

I I I ] I I T I 1

3
i Eth4B4

o
I
]

Xgc (arb. units)
= =
|
9
1

-

-.2- —
S 150F T
s
S looF a. -
= | o
2 soF | .
o
0 ! | 1 | L L 1 T
0 | 2 3 4 5 i 7 i 9 10
b4 TEMPERATURE (K) }
72 G Ly
= Sc -
e—FA—
] Sc'f'ng ;.-:' FM n:y:bns

S¢ ¢ sinusoie lly~modidatod magnetie state (A~toof)

# Fertyy, Tohnston, Delong, Me Clliom, Maple, Matthies 77
*Moncton, MeWhan, Schmislt, Shirane, Jhomlnson, Maple,
MacKkag, Woolf, Fisk, Tomnsion ‘S0 (newutron Scattoring)




=+ Macroscopic coexistence of 3C & rermal /M domadri3

| |
0 . (l0NPEAK (a)
' ~. ErRh, Bl
LI SAMPLE I
— o TG|=B-?K
= Tep=0.93K
=
!
= N
@ 0.5 N ML
= \,
3 |
= 0.8 0.9 1.0 \
=
T P
Tez Teo
0 | S
(b)
=
T 40
=1
o
=
= 20|
| |
0.5 ' 1.0

TEMPERATURE (K]

D £ Moncton, D.B. MeWhan, PH, Schmid; G. Shirgne,
W. Thomlinson, M.B. Maple, #.5. MacKay, 4.5 Wool%,
Z Fesk, £ D.C.Johnston 89




= MLCTO3COPLG IALIGCICr Ul = —WUADTellla =Y S O/ R A e Cr

mﬁjﬂs&e State with A~19*A ‘

LrRhyB, T, 2065K

070k~ 7{.:2,

0 0

102 NEUTRON COUNTS /2.5 min

11
i o) 2.0 3.0
' SCATTERING ANGLE 28 (degrees)

D.E. Moncton, D.B. MeWhan, PH. Schmcdt, G. Sirare,
W, Themlinsor., M. 8. Maple, .B.Mackly, £.2 Wool,
2. Fisk € D.C. Jonnston ‘S0

Scmilap boharior — /oMySy Lynnetal ¢/
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Heavy fermion compounds

Metallic lanthanide and actinide compounds
SC’ing, magnetic, nonmagnetic
Nonmagnetic compounds: heavy Fermi liquids
Y(T) = C(T)/T ~x(T) ~const., p(T)~T? (T<<T)
Y~ 1J/mol-K? « m* (m* ~ 10%-10° m,, Ts* ~ 1-10 K)
Heavy fermion superconductors (T, ~ 1 K)
CeCu,Si,, UBey5, UPt;, URU,Si,, UNi,Al,, UPd,Al,
Anisotropic superconductivity
A(k) vanishes at points or lines on Fermi surface
SC'ing properties ~ T" for T << T, [instead of exp(-A/T )|
Electron pairing mediated by spin fluctuations
SC coexists with weak AFM (u~ 102 )
Multiple superconducting phases
Coupling between multicomponent superconductingt \
3

order parameter and AFM order parameter (e.g., U
Complex superconducting phase diagrams
UPt, H T P
Ui Th.Bey T, % P
Chemical substitution
Suppresses SC and weak AFM
Induces local moment AFM or FM (i~ 1 pg)
UPt; — Th for U; Pd, Au for Pt = local moment AFM
URu,Si, —Rh for Ru = local moment AFM
Re, Tc for Ru=> local moment FM
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C/T(J/mol K?)
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unu hnvq electron AFM-SC
chla 868  polycrystalline material

Palstra et al ’85 single crystals

BCS-type mean field transition at Ty =17.5K

8C = Aexp(-A/M); A~10°K~10 meV

AFM (u = 0.02 pg/U) coexists with SC

y(O)i’ = 0.6 = ~ 40 % Fermi surface removed by SDW

Maple, Dalichaouch, Kohara, Rossel, Torikachvill,
- McElfresh, Thompson ‘86
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Non-Fermi liquid behavior in f-electron materials

* Materials — Ce, Yb & U intermetallic compounds
Ce, Yb, U — magnetic dipole, electric quadrupole moments

Chemically substituted materials
La1-xCexCusSis, Y1-xUxPd3, CeCus-xAux, UCus-xPdy, . . .

Stoichiometric compounds
CeNioGez, YbRh2Siz, UBeq3 (P=0)
Celng, CePd2Siz (high P)

* Physical properties at low T << T

Non-Fermi liquid (NFL) behavior: characterized by
weak power law, logarithmic divergences in T

T<<To:

p(T)=p(0)[1 —a(T/To)"] (1=n<1.5;a>00r<0, lal~1)
C(TYT == (1/To)In(T/To) S(0) ~ (kg/2)In(2)

(T) =x(0)[1 —=¢(T/To)"] (n~0.5;¢c~1)

%(T) == (1/To)In(T/To)

x(T) = C/T* + 6)

]

% (®,T): /T scaling

T-dependence below T.:
* Appreciable = lower energy scale than Fermi liquid (FL)

* Scales with T,



* Magnetic or charge degrees of freedom

e Two scenarios
Single ion
Unconventional Kondo effect (multichannel?)
Inter-ionic interactions

Fluctuations of OP in vicinity of x, or P, where
magnetic or quadrupolar phase transition vanishes

e Atomic disorder (distribution of T,’s; Griffiths’ phase)

Stoichiometric f-electron compounds under pressure

SC observed in narrow range of P in vicinity of P, where
Tw— 0 Kin single crystal specimens with | >> &,

AFM: CePd,Si,, Celn, Cambridge

CeCu,Ge, Geneva
CeNi,Ge, Dresden, Cambridge
FM: UGe, . . Cambridge, Grenoble

ZrZn, Karlsruhe, Cambridge




Models of NFL behavior in f-electron materials

Single ion

Multichannel Kondo effect — Nozieres & Blandin '80; ...

Two-channel, spin-1/2 Kondo effect: two channels of
conduction "overscreen" spin-1/2 impurity ion
= Residual spin at T = 0 K = Local NFL (single ion QCP)

Quadrupolar Kondo effect (U*, T'; g.s.) — Cox ‘87
Kondo disorder — Bernal et al. '95; Miranda et al. '96

Local disorder = Distribution of coupling constants N(E;)7
= Distribution of values of T ~ T-exp(-1/N(Egif1)

Impurities with T, < T remain magnetic = NFL behavior

Inter—ionic interactions

Fluctuations of OP near 2™ order phase transition at
T = 0 K — Hertz '76, Moriya ‘85; Millis '93; Continentino '93;. ..

QCP — groundstate changes from ordered to disordered as
control parameter (X, P) changed

Quantum fluctuations in OP near QCP = NFL behavior

Griffith's phase — Castro Neto, Castilla, Jones '97

Competition between Kondo effect & RKKY interaction +
disorder = Inhomogeneous system: paramagnefic FL phase
(Kondo effect) & magnetic clusters (RKKY) = NFL behavior

Other
* Electronic polarons plus disorder — Liu '97
* Proximity to disorder-induced metal-insulator

transition — Sdllow et al. '00



The M,_U,Pd, (M = Sc, Y) systems
Y, UPd,
- NFL behavior for 0 < x < ~0,2
p(T,H), C(T), M(T,H) for 0= x<0.55
Quadrupolar Kondo model

Seaman, Maple, Lee, Ghamaty, Torikachvili, Kang,
Liu, Allen, Cox ‘91

« NFL behavior for x = 0.2
o(T,H), C(T,H), M(T,H) forx=0.2
Second order magnetic phase transition at T = 0 K
Andraka, Tsvelik ‘91

- NFL behavior scales with T, and x (0 = x = 0.2)
Single ion effect

Ap(T) = Ap(0)[1 - a(T/Ty)] QKE: no
QKE: Ap(T) = Ap(0)[1 - a(T/T,)"]

AC(T)/T = -(bR/T)In[b'(T/Ty)] QKE: yes

S(0) = (R/2)In(2) QKE: yes

Ax(T) = Ax(0)[1 - c(T/T)"? QKE: yes

Small magnetoresistance QKE: yes

QKE — not applicable or needs to be extended
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Y1.xUxPd3 — Fermi Level Tuning (FLT) of Tk

* PES/BIS measurements (UMUCSD — Kang et al. '89)
= esf = (EF - Esf) increases with x (by ~1eVasx=0— 1)

Er

4|j51‘=(EF'E51)"Eo+S1X (e1=1eV)
Esi @zzzzmm | =

U 5f state

* Substitution of U4+ for Y3+
= ne, EF, and ess = (Er - Esf) increase with x

®* J ~-<Viie>/esi< 0 where Hex =-2]S.6(0)
esf increases with x
= |J| decreases withx
= Tk ~ Trexpl[- 1!N(E|:)|j 1] dmeaﬁ_e_ﬁwnh X

i.e., TK ~ Trexp[-esy/N(EF)<Vki2>]
~ Trexp|-(eo + £1X)/N(EF)<Vki2>]
~ Trexpl-eo/N(EF)<Vki2>]exp[-e1x/N(EF)<Vki2>]
~ (Tk)oexp[-0x] |
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AC/T(J/mol U-K?)

1.0 _'.'| I LI I B A FRL AL | ' T l.llrlll |' |-
[ = ° YO.QUU.‘I PdS : ; _:
LT - *  YosY02PY; -
g " YosTNg,Yp4P0, 2
0.61F T i
0.4 i
0.2
TR, AT
0 1 10
T (K)

C(T) data between ~0.5 K and ~10-20 K described by
AC(T)/T = (-bR/T KIN[b'(T/TK)] + y

Same form as two-channel spin-1/2 Kondo effect where
b =0.251, b' = 2.44 and residual entropy S(0) = (R/2)In(2)
Tsvelik '85; Sacramento & Schlottmann '89_

Upturn in AC(T)/T below ~0.6 K = removal of residual entropy

Compound Tk(K) y(mJ/mol U-K2)
Yo.9Uo.1Pd3 220 11.5
Yo0.8Up.2Pd3 42 12.2
Yo0.8Tho.1Up.1Pd3 30

12.8




The U,_M,Pd,Al, (M = Th, Y, La) systems

- Parent compound

UPd2Al3 C. Geibel et al. '91

Moderately heavy electron AFM-SC
vy =140 mJ/mol-K2, TN=14.6 K, Tc=2K

Hexagonal PrNi2Al3 structure
+ Neutron & X-ray scattering

AFM stacking along c-axis of Krimmel et al. ‘92
FM sheets in basal plane Kita et al. ‘94

(u=0.85 pg) Paolasini et al. ‘94
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Polycrystalline UGe,

60

1.5

P (kbar)

1. C(P,T): Vollmer, Pfleiderer, v. L6hneysen, Bauer, Maple ‘01
ACHT, ~0.2 at 15 kbar = bulk SC (~ 20 vol% at 15 kbar)
SC'ing volume increases with P
y increases with P; y(15 kbar)/y(0) ~ 3
(similar results for single crystal; Tateiwa et al. '01)

2. | ~E, ~ 102 A for polycrystalline UGe, with p, ~ 4 nQcm

p-wave SC? | ~E, = T, — 0 K - Sr,RuO, MacKenzie et al. '98
Inhomogeneous SC, FM filamentary structure?
ErRh,B, —narrow range of T between T, & 0,




9 o UGe
L 2
E-E . _/f"ﬁf‘ '.'“ . 15.0 kbar
3 ‘5 p = pu + AT
2'3#""‘"‘"‘
| B Tl
s g .
) ° 1.0
0.5 L 1 L 17.6 kbar
é 0 5 10 15 20
b P (kbar)

T (1K)

Keedbwaki - Wooas retation, (86)
PPAT £

A= ((xfa',j;fﬂm)(ma/—ﬂ/mﬂgi‘z < p*



THEORY - Coenstence of SC € M
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