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What are they ?
Why are they interesting ?
How does high pressure help ?
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Heavy fermion systems
Some of the most exciting solid state physics today

Pressure experiments can be applied to many different materials
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Introduction to heavy fermions

Fermi Gas

HE)=1

HE) x T-0

Drude-Sommerfeld model
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Introduction to heavy fermions

Fermi1 Liquid or Landau-Fermi Liquid

P=pyTAT?

Empirical relation : A~ m*

C/T of copper 0.7 mJ/mol.K?



CeAl; : The 1st heavy fermion

Fermi liquid : C=yT
P=pytAT?
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FIG. 1. Specific heat of CeAl; at very low tempera- T2 (K?)

tures in zero field (e,4) and in 10 kOe ().

FIG. 3. Electrical resistivity of CeAl; below 100 mK
plotted against 7%,

K. Andres et al. PRL 1975



Heavy Fermions : Kondo Effect

AF teraction between local spins and conduction electrons

High T - weak coupling Low T - strong coupling
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Heavy Fermions : Kondo Effect

AF teraction between local spins and conduction electrons

Electrical resistivity p / u€2 cm
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High T - weak coupling Low T - strong coupling
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Heavy fermions

Not completely understood )
But very robust concept
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Unconventional superconductivity

resistivity (arb. units)
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Heavy Quasiparticles seen by dHvA oscillations

VOLUME 60, NUMBER 15 PHYSICAL REVIEW LETTERS

11 APRIL 1988

Heavy-Fermion Quasiparticles in UPt;

L. Taillefer and G. G. Lonzarich

Cavendish Laboratory, Cambridge CB30HE, United Kingdom
(Received 21 October 1987)
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Heavy Fermions are model systems for studies

Reduced energy scales
Tr10° K=> Ty 10K -100K

Easy to change ground state with external H, P



High pressure to probe strongly correlated systems

dV/V=dP/B, Typically 1 GPa => dV/V = 1% (B,= 100 GPa)
But low energy scales => relatively low pressures needed
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Often 2-3 GPa 1s enough : Large volume piston cylinder cells



But not always...

CeCu,Si, P(GPa)0 5 10

100

0 10 20
CeCu,Ge, P (GPa)

Pmax 10-20 GPa is desirable

1 A. Holmes et al. J. Phys. Soc.
1 Jpn., Vol. 76, No. 5



High pressure generation
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Measurements in the DAC

insulation
epoxy + Al203

Th electrical wire
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The principle of a DAC.




Measurements in the DAC

Au/Au:Fe
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Resistivity, calorimetry, ac susceptibility
15 GPa, 50mK, 18T



Material growth : single crystals




Normalized intensity

In-situ pressure tuning
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Transport measurements

Resistivity
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R=pL/S=pL/Ixh



Resistivity

Semi-conductors
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Metals

Scattering
P=Pmvp T Ppu+ T Pmac™ PEL

Pivp —Cte

Ppy=1° (LT) then T
Pmag = complicated !
Pp = AT? with A?
proportional to m*

Superconductors

R=0



Electrical transport
Scattering

P=Pmp T Ppu+ T Pmag™ PEL

YbCUzSiz
150 - J//a—axis -

YbCu,Si,~LuCu,Si,
]

LuCu,Si,




Anisotropy => need single crystals
Scattering

P=Pmvp T Ppa + T PMmag™ PEL
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Electrical transport
Scattering

P=Pmvp T Ppa + T PMmag™ PEL

UGa3 — magnetic order
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=
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Magnetically mediated superconductivity at a QCP

Quantum critical point
Fluctuations diverge even at OK
Non-Fermi Liquid effect
Increase of effective mass

Superconductivity
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Heavy Fermions : model systems for Quantum Criticality

Tetragonal,
magnetic fluctuations

Orthorhombic,
magnetic fluctuations

Temperature

Pressure/doping

Fe Superconductors

Pressure

Temperature

Pressure/doping

High T Superconductors



Specific Heat

Thermodynamic quantity
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Specific Heat

Non-adiabatic relaxation method
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A.C. Specific heat measurement

Thermometre
Sample YAVA
K
Bath
T Py P=P,(1+cosmt)
o K + jCo
C is contained in the signal amplitude and Phase AN

High frequency - C

log TA_C. X W

Low frequency - K

log w



In the diamond anvil cell

A.C. Measurement trigger

/ Optic
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Chopper / \
I |
gasket >\E/A_/é e
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epoxy 7 \
Au/Au:Fe

hermocouple

Sample
Ruby

Demuer et al. J. Low Temp. Phys. (2000)
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C_ / T (arb. units)

AC specific heat under pressure

Not quantitative but bulk measurement

T(K
G. Kne e? et al. PHYSICAL REVIEW B 74, 020501R 2006

In general AF order and SC are in competition, even though AF
fluctuations are probably the mechanism behind SC



DC Magnetization measurements

Copper wires

i
1 Plug
: Manganin coil
N Cell body
Sample
gﬁg Mushroom
Y )
NE Piston

Locking screw

Pusher

70 mm

Quantum Design, Inc.
Measurement System

Magnetic |
(MPMS®3;]

|| ] e
c locking nut (CuBe)
cylinder (CuBe)

AR

composite ceramic anvil
(FCY20A Fuji Die)

sample
(7]
CuBe gasket 3 l z
1oy I
lead (Pb)

g 5.0 mm

1

piston (CuBe)

NV centres

XMCD



AC Magnetization measurements

YbCu,Si,
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—
N

-
o
T

9.2

o8]
T

' (arb. units)
(®))




Quantum critical point in YbCu,Si,
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RE valence measured by RIXS

RIXS

YbCu,Si, BRUTS T=7K
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A. Fernandez-Pariella et al PRB 2012



Ferromagnetic order in YbCu,Si,
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-XMCD at E2

Direct microscopic proof of ferromagnetism : XMCD
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Extreme conditions : High magnetic field and pressure

A~
I

Superconducting magnets 20T
Hope from HTSC => 30T

Resistive magnets 35T
Hybrid 45T

Pulsed field 100T A

0 260 4(‘)0 660
time (ms)



Ferromagnetic superconductor ?

H.,x2n5 =®,

states Superconductivity

VWV
‘spin singlet’ B \/5 A

H,=Y""<185T,

Ferromagnetism P

b6

Normally antagonistic



Ferromagnetic superconductor ?

H.,x2n5 =®,

Normally antagonistic

states Superconductivity
‘ VWV ‘

Triplet |
Imphes trlplet SC Ferromagnetism

order parameter ‘ ‘ ‘ ‘



UGe, : First ferromagnetic superconductor
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3 ferromagetic superconductors
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FM fluctuations are the « glue » for the pairing mechanism

60
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FIG. 2. The p-state superconducting transition tempera-
ture as a function of the exchange interaction parameter /
with range b = 0.5k,

Magnetic (FM) fluctuations can be the glue for
Cooper pairs
D. Fay and J. Appel, Phys. Rev. B 22, 3173 1980.
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B. Wu et al., Nature Communications, 14480 (2017)

Magnetic field can also tune the
pairing interaction

Proof of the role of FM fluctuations



H (T)

Re-entrant superconductivity in URhGe
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URhGe under hydrostatic pressure

Hydrostatic pressure
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pressure drives URhGe the wrong way !



Negative pressure : Uniaxial stress ?

T/Tcurie

Measurement F. Hardy.
D. Aoki et al. Comptes Rendus Physique (2011).

Ehrenfest : dT. . /dP =-1.6 K/GPa

Curie



URhGe : superconducting phase diagram with stress

- Hg decreases

- Ty Increases
16 I I I I I I
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<« (K)

URhGe : Stress dependence of parameters
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Combining Pressure and Pulsed Magnetic Field

60T field pulse

45 mm

Ty 1.5K

Heating = 0.1K

D 15 mm
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CeRh,Si, - Low temperature phase diagram
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CeRh,Si, - Low temperature phase diagram
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Re-entrant superconductivity in UTe2

(c) 60
= =
I I
-— g-axis c-axis—

Ran et al. arxiv.org/abs/1905.04343



Summary for heavy fermion superconductivity/ High pressure

AF Quantum critical point : magnetically mediated superconductivity

Ferromagnetic superconductors (UGe2, URhGe, UCoGe) * - ..
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- Triplet p-wave superconductivity ‘ 3

- Superconductivity reinforced by magnetic field

; )

L L 1 L
0 0.2 0.4 0.6 0.8 1 1.2 1.4

. . . . . . T(K)
- Information on the microscopic mechanism of superconductivity

In general we are much closer to a full understanding of
superconductivity in heavy fermion systems than in other
unconventional superconductors



Perspectives for SCES with the EBS

Extreme conditions

- Lower T. Close to, though not necessarily in, the SC state
- Higher Fields

1o study :

- Structure

- Valence

- Magnetism



Diffraction : structural parameters
Compressibility, structural phase transitions

At low T, high field

Thermal expansion?




Absorption: valence state of the Rare Earth
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Normalized Intensity

2.0

1.5

1.0

0.5

0.0 |

Magnetic field control of valence ?
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Magnetism
XMCD : already the most precise magnetization measurment for FM under pressure
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ferromagnetic superconductor UGe2
F. Wilhelm et al, to be published



Magnetic diffraction under pressure ?

5000 el Al Lt Miadt ichies Ml Ceilel Mgec
:_: - CH{IZI) E=5.720 ke\«’:
2 4000 [ T=30WK -
1 1 > C 0.250 mm Al
Measurement in ID20 Ce(Fe,Co), in 2005 £ | —e—osi otk |
3000 -0~ 9.5 kbar :
< n J
22000 f ]
g 3 ]
S . ]
2 - -
REVIEW OF SCIENTIFIC INSTRUMENTS 76, 083909 (2005) i 1000 - B
Pressure device for resonant magnetic x-ray scattering X Q. )
) o o () RO = SO AERE
Nol K 2 Pascale P. Deen, and Luigi Paol ] E
Nolwern Kemavarcis,? Pascale P Doen and i Peolasi b ARz E=5.720 keV]

Daniel Braithwaite 'g 20 T=10K _
Département de Recherche Fondamentale sur la Matiére Condensée, SPSMS-LCP, CEA-Grenoble, - 3 -
17 rue des Martyrs, 38054 Grenoble Cedex 9, France W —@&— (.5 kbar n=a Li F(zm).
(Received 31 January 2005; accepted 25 April 2005; published online 4 August 2005) ;‘_‘; - == 0-= 2.5 kbar -

s

=

T wf

& [

* -

= -

§ 20

[-¥

-2 <015 <01 -005 O 005 01 015 02
Rocking angle (deg.)

I. Povedano et al (Diamond), talk in EHPRG Prague sept 2019



Predictions are difficult

In general advances 1n Strongly Correlated Electrons
have been due to the discovery of new materials

Macroscopic measurements have been predominant in SCES studies under pressure

This balance 1s probably going to change



