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Dilute metals:
low carrier conductors
(n=1e18cm-3=> small EF=10meV)

+
well defined Fermi Surface resolved by QO

Enhancement of the effect of the interaction:
Er ~Ec
N.F Mott, Phil. Mag 6, 287, (1961)
BCS like instability when n->0 :
electrons-holes form bound pairs -
« an excitonic insulator »
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Introduction : dilute metals
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Motivations
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Semimetal semiconductor
+

well defined Fermi Surface resolved by QO

= Enhancement of the effect of the interaction: Er ~Ec
Semiconducer N.F Mott, Phil. Mag 6, 287, (1961)
é n->0: electrons-holes form bound pairs -
« an excitonic insulator »

material

®) \ Dirac like dispersion in 3D :
\ 3D « Dirac » dispersion NazBi,CdsAs2,WTeo...
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Thermoelectricity : High thermoelectric properties

Superconductivity : anti-adiabatic limit Er <ks©p

_ Quantum limit : Er~hoc
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Motivation - Quantum limit

Quantum limit




Motivation - Quantum Limit (QL)

Copper Bismuth Graphite
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but also in doped SC : InSb, PbTe, SrTiO3
and Weyl system i.e TaP

What is the electronic
ground state of a 3D metal
pushed in the
quantum limit ?

Quantum limit
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Nernst effect : low field regime
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Nernst effect : low field regime
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Graphite : Nernst effect up to 12T

(HOPG) Z.Zhu et al., Nature Physics 4,166602 (2009)
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Fermi surface of Graphite

(HOPG)  Z.Zhu et al., Nature Physics 4,166602 (2009)
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Graphite : Nernst effect up to 12T

(HOPG) Z.Zhu et al., Nature Physics 4,166602 (2009)
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Graphite vs graphene

(HOPG) Z.Zhu et al., Nature Physics 4,166602 (2009)
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Origin of the giant Nernst quantum oscillations

Between the peaks, the Nernst effect is “step like” ekp ’”‘mza kT
In this regime, the electronic spectrum is: Xyy — = ’
J P w h 3 < 2whvg,
E f Doron L. Bergman and Vadim Oganesyan

Phys. Rev. Lett. 104, 066601 (2010)
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The Nernst effect is dominated by the green spots of each of the (full) Landau levels.
As long as the chemical potential is far from the bottom of the Landau levels, the
Nernst effect is nearly constant.



Landau level spectrum of Bi Z.Zhu and al., PRB 84,115137 (2011)

Trigonal b) B(T)

Bisectrix

Hole : parabolic dispersion
Spin Mass anisotropic

Electrons (3 valleys):
Dirac dispersion

Charge neutrality :
Ne1+ Ne2+ Ne3 = Nh=N(0T)




Landau level spectrum of Bi Z.Zhu and al., PRB 84,115137 (2011)
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Dirac electrons in Bismuth : L-point
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Graphite in the quantum limit regime

In-Plane Resistance p_, (a.u.)

H. Yaguchi et al, PRL 81,5193 (1998)
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Graphite in the quantum limit regime B. Fauqué et al, PRL, 106, 246405 (2011)
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Graphite in the quantum limit regime

In-Plane Resistance p_, (a.u.)

H. Yaguchi et al, PRL 81,5193 (1998)
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Graphite in the quantum limit regime

In-Plane Resistance p_, (a.u.)

H. Yaguchi et al, PRL 81,5193 (1998)
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Graphite in the quantum limit regime

In-Plane Resistance p_, (a.u.)
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Graphite: origin of the field induced electronic instability ?

C. Hess, arxiv/1202.2959
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Can a DW decrease the Nernst response in the QL regime?




Graphite: origin of the field induced electronic instability ?
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When the chemical potential is far
from the bottom of one of the Landau
level, the Nernst effect is dominated
by the green spots of each of the (full)
Landau levels.

In a presence of DW, we lost the
contribution in the Nernst response of
the Landau levels where the gap is
opening

The DW scenario in the QL regime can explain the decrease of the Nernst coefficient




Electrical transport : Rxx Vs Rz Kish Graphite
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Electrical transport : Rz Kish Graphite
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Electrical transport : Rxx Vs Rz R o< exp(7—+)
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Electrical transport : Rxx Vs Rz
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Electrical transport : Rxx Vs Rz

Kish Graphite
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Ultrasound measurements D. Le Boeuf and al., Nat Com (2017)

Longitudinal mode : B//q//c  f=255Mhz
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Ultrasound measurements D. Le Boeuf and al., Nat Com (2017)
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a-transition : A second order phase transition D. Le Boeuf and al., Nat Com (2017)
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v-transition : first order transition from ICDW to CCDM

Hysteretic behaviour
observed at y-transition
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v-transition : first order transition from ICDW to CCDM

Hysteretic behaviour observed at y-transition
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Ultrasound measurements : D. Le Boeuf and al., Nat Com (2017)
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Nature of the 75T re-entrance ?

Theory : SM-SC transition @ 75T Experiment : B>75T a new (?) metallic phase
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Nature of the 75T re-entrance in the El insulator
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Thermoelectrical response beyond the quantum limit of 3D electron gas systems

Introduction

Nernst effect as a probe of quantum oscillations in semi-metals : the case of
bismuth and graphite

Transport and thermodynamic measurements in the quantum limit of
graphite

Narrow gap semi-conductors in the quantum limit: the case of InAs



Narrow gap semi-conductors in the quantum limit : magnetic freeze-out
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The case of InAs : Fermi surface A. Jaoui and al., unpublished
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The case of InAs : electrical transport A. Jaoui and al., unpublished
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The case of InAs : Thermopower and Nernst effect

A vanishising thermopower and Nernst effect in the field induced state of InAs !
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The case of InAs : a second channel of conduction ?

In presence of two channels of conductance

we have
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FIG. 1. Photoelectron spectrum from an IBA-prepared 0 | 2 3 4 5 6

InAs(111)-(2 X 2) surface showing the presence of a narrow
peak “P” just below Ep. The Ep energy was determined by
photoemission from a Mo foil.
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Conclusions

The effect of the magnetic field deep in the QL is generally to turn your metal into an insulating state.
However the nature of the insulating state strongly depend of the system under consideration !

For graphite we have a succession thermodynamic transitions with activation gap in charge conductivity
along the c-axis which coexists with in-plane metallicity.

In the case of narrow semi-conductor we have an activation gap for all direction of the current injection.
Like graphite we have an extra channel of conduction may be due to
a charge accumulation layers on the surface.

Theory of the Three Dimensional Quantum Hall Effect in Graphite

» . 9 o« o ‘ . 9
B. Andrei Bernevig!, Taylor L. Hughes?, Srinivas Raghu? and Daniel P. Arovas®?

! Princeton Center for Theoretical Physics, Princeton University, Princeton, NJ 08544
2Department of Physics, Stanford University, Stanford, CA 94505 and
3 Department of Physics, University of California at San Diego, La Jolla, CA 92093
(Dated: February 22, 2012)

We predict the existence of a three dimensional quantum Hall effect plateau in a graphite crystal

subject to a magnetic field. The plateau has a Hall conductivity quantized at %% with ¢p the
c-axis lattice constant. We analyze the three-dimensional Hofstadter problem of a realistic tight-
binding Hamiltonian for graphite, find the gaps in the spectrum, and estimate the critical value
of the magnetic field above which the Hall plateau appears. When the Fermi level 1s in the bulk
Landau gap, Hall transport occurs through the appearance of chiral surface states. We estimate
the magnetic held necessary for the appearance of the three dimensional quantum Hall Effect to be
15.4T for electron carriers and 7.0 T for hole carriers.

PACS numbers: 72.25.-b, 72.10.-d, 72.15. Gd

The field actually induces a many body gap !! Phys. Rev. Lett. 99, 146804 (2007)



