Uncover the mystery of strange metal state In
correlated electron systems

Chung-Hou Chung {f52&

Department of Electrophysics, National Chiao Tung University,
Hsinchu, Talwan

NTU, Nov 3, 2020



In memory of Prof. Pauchy Huang (&E{&#2= %)

| was Prof. Huang’s Master degree student during 1991-1993 in NTU.




Outlines

Strange metal phenomena in correlated electron systems
Strange metal in heavy fermion metals/superconductors
Heavy-fermion metal: Ge-substituted YbRh2Si2
Heavy-fermion superconductors CeMIn5, M=Co, Rh, Ir
Mechanism: Kondo vs. AF RKKY

Paramagnetic heavy-fermion metal on frustrated lattice

Summary



Landou’s Fermi -liquid theory: normal metals

Elementary excitations in fermionic solid state systems: quasiparticles

e ™™

_rl-l ey -
" o

a "

@ electrons dressed by density fluctuations

Normal states of most metals

# L
R ¥ K
s d L . .
3 \ quasi-particles:
: T +»
i i . .
| ! weakly interacting
% ..-""I electron-hole pairs
\\h Hf
Lev Landou Enrico Fermi
States of Fermi-liquid described by quasi-particle distributions
A7 o YO 4 (7 g,
asiparticle
— [z wespane )




Fermi liquid theory - physical properties
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Strongly correlated electron systems

Transition metal compounds
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Strongly correlated quantum many-body systems

High-Tc cuprate superconductors

 x=0, Large Coulomb repulsion U--> Mott Insulators +Heisenberg anti-ferromagnet
e X >Xc, holes destroy AF order--> normal Fermi liquid metal
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Phase diagram of high-Tc superconductors
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Strange metal near edge of AF pseudogap and Fermi liquid phases

Temperature

AF insulator
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Quantum phase transitions

Competing Quantum Ground States
Non-analyticity in ground state properties as a function of some control parameter g

Sachdev, quantum phase transitions, . \/
E

Cambridge Univ. press, 1999
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True level crossing. usuailly a Tirst-order transition Avoided level Crossing which becomes Sharp in the
infinite volume limit: Second-order transition
T QF~TF

TF: thermal fluctuations ke T> |g-0.|? QF: quantum fluctuations

Quantum-critical
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- Critical point is a novel state of matter

» Critical excitations control dynamics in the wide quantum-critical region at non-zero
temperatures

« Quantum critical region exhibits universal power-law behaviors: Non-Fermi liquid



Universal quantum critical behaviours:
Fractal Cauliflower, self-similarity --- Quantum Criticality

- <S(0) S(N>~ G(r)~ exp(-r/ ¢ )
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¢ Same correlations at ALL length scale !
m - Dynamical Scaling form near QCP:
i'dmRA;j:ji: ’ @(k, W, I{) = gdﬂo(k‘& 'r-*-*’gfr) Sondhi et al, RMP 1997

do scaling dimension of the observable O

close to the critical point, there is no characteristic length scale other than £ itself

and no characteristic time scale other than &;
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Quantum phase transition (QPT) & universal scaling
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Temperature
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Fermi liquid

Strange Metal: linear-T resistivity
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Temperature, T (K)
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Strange Metal: linear-T resistivity

Generic, Ubiquitous across various correlated materials near phase transitions
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Strange Metal: T-logarithmic specific heat coefficient Cv/T
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Strange Metal Behaviours near Quantum Phase Transitions and superconductivity:
High-Tc cuprate superconductors
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Insulating and antiferromagnetic
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Origin of Strange Metal ?
SM phase (new ground state) SM region (single QCP)

N Debatable Open Question ! /



Strong correlations--Kondo Effect in metals with magnetic impurity

Anti-ferromagnetic spin-exchange between
conduction electrons and local impurity spins

High T - weak coupling Low T - strong coupling
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resistance

Kondo effect in metals with magnetic impurities

electron electron

(Kondo, 1964)

impurity

impurity

[ electron-impurity spin-flip scattering

temperature

(Glazman et al. Physics world 2001)

For T<Tk (Kondo Temperature), spin-flip scattering off impurities enhances

I | T
Kondo singlet —=(|1) 4 |14
V2 I l

Resistance increases as T 1s lowered




Kondo effect on a lattice: Kondo lattice

Matsuda, AAPPS Bulletin 2017 P. Coleman, Magnetism and Advanced Magnetic Materials,95-148 (2007).
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Antiferromagnetic RKKY coupling

Tricicy (1) ~ —Jg COS 2;6}:'?".

dilute magnetic metal ions, the oscillatory RKKY - “spin glass”.
dense systems, the RKKY —>ordered antiferromagnetic state
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Kondo Hybridization in heavy-fermion systems

hybridized band
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Dispersive band: conduction d-electrons

P. Coleman, Electrons at the edge of magnetism, Handbook of Magnetism and Advanced Magnetic Materials, Wiley, 2007



Strange Metal Behaviours near Quantum Phase Transitions and superconductivity:
Heavy-fermion metals/superconductors
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To address the strange metal physics, we must find out :

What are the key quantum critical fluctuations?

In heavy fermion systems, they are:

Bosonic Kondo (charge) fluctuations

Bosonic RVB sin liquid (made of fermionic spinons)




Mechanism of strange metal state near a

heavy-fermion quantum critical point

Chung-Hou Chung

Department of Electrophysics, National Chiao Tung University,
Hsinchu, Talwan

Collaborators:
Yung-Yeh Chang (NCTU, Taiwan)

A

Silke Paschen (TU Vienna, Austria)

PRB 97, 035156 (2018)



Strange Metal (SM) near a AF quantum critical point (QCP)

heavy fermion Kondo lattice systems YbRh2Si2

/ quantum critical non-Fermi-liquid
D3 ————————7— :

Yb:4f 5d  Rhi4d . YbRh SI.

M

Anti-ferromagnetic Fermi liquid n:J-n:rJ}

0.2

Paramagnetic
heavy Fermi liquid

1 -
Gegenwart et al (2002)

B (T} Custers et al (2003).
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O. Trovarelli et al. PRL 2000
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T-linear resistivity: YbRh2Si2
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Specific heat coefficient: T-logarithmic
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Divergence of A-coefficient and effective mass near QCP

Ap = AB)T*>  A~(m*)*>~1/|B-Bc]
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Jump in Fermi surface volume at QCP for T=>0 for YRS

' 1,01
— "L By (mT): 0, 70, 150 s
195 cE: - T =65 mK ,J_‘_:;--" |
S. Paschen et al., ' S 0.5 T _
Nature (2004) I b
- =y
@
€ 1.0+
I:I:I i
0.9 |- 9B,
Ry,: Hall coefficient~1/V _ L
H FS i
a B,
- Lli'H
0.7 S B
0.0 0.5 1.0
d
03l
| YbRh,Si,
02| _
~ 1
!].1-— TN ;-)%_" PR
l M.
0.0 L L L L 1 L 1 1 1 1 1 1 " ) 1 .
0 1 2 3




Phase diagram -
Ge-doped YbRh2Si2

Heavy fermions :
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Non-Fermi Liguid Strange Metal Behaviors: Ge-YRS

breakup of quasi-particles
spin (f)-charge (d) separation

Custers, et al, Nature 2003
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DONIACH'S
Hypothesis.

Doniach (1877)
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Kondo Lattice Model
(Kosuya, 1961)
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Large Fermi surface of composate Farmions




Kondo breakdown and Quantum Criticality in Heavy-fermions

P. Coleman,
Magnetism and Advanced Magnetic Materials,

05-148 (2007). QCP

Tk < Trrky ooy > T

Doniach phase diagram
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New Kondo breakdown scenario
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Kondo singlets:
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Large-N (Sp(N))Mean-field Kondo-Heisenberg Model

Ho= Y [tijc;fgcjg + h.c.} — Y wcl,cir, (conduction electrons)
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Proposed phase diagram

B field suppresses
superconducting phase
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Effective Action—Mean-field

G — i + éij ®;;, xi :uniform values

Xi — Xi + Xi ®,:, X; : fluctuations
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Effective action—amplitude (Gaussian) fluctuation
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Beyond Ginzburg-Landau theory of phase transitions
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= B suppresses Jo but keep Jy nearly at Jy*
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Crossover scales

Temperature
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Divergence of A-coefficient in FL phase
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Specific heat coefficient »y( d )

Irrr,

Critical bosonic RVB fluctuations
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4 1 /T sinh”(x/2)
a =n*+3n/2 ~ 0.32 T = 1L

fitting parameter: 1 = 0.18




Specific heat coefficient (- )

Theor — .
\ y o Experiment
1 \ - 0.04 |- o -
! o AL B T { [
. L]
— - - 0.8+ F_I . g
3 quantumcritical 0.02 |- +H = 1F
[e
e 0.6 - Nyd gl =02 £
=~ T - 1 T ”ch'fubl_n'zj l 1
&~ g B [ —03 0.4 <
P T Bm ‘gi . 041 L & m_J
- ﬂ: ;ET \ : . —_— |_]‘p-_];p|—ﬂ.35 D 2
s | 203 - 1, 4l =04 =
Y GB1 10 11:}':}- 0.2=— lJ“r’_J*'Dl -0 S
TN - B (KT | == v~ (TT | .:'-n ! -
0.3 Loy gl C il SRR ﬂ L L L Iy | m - 0.2 AR NIRRT AR Rt BN Rt
10" 10’ 10’ 10° 107 10" 10> 2d bosonic 01 1 10 100
T . T (g fluctuations . _ . T/(B-B) (KT

Cv B 1 5 T anomalous exponent \ﬂ )
T b3 \Ty(b) BB, T)= (8- B) " Call.

$(x) = (max(x, 1)) '" Tire ~ | Jordo | ~ | B-Bc|




Linear-T Resistivity

Critical Kondo fluctuations (bosonic charge)
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Linear-T Resistivity
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Strange superconductivity near heavy-fermion quantum critical point:

application for CeMIn5 (M= Rh, Co)
PHYSICAL REVIEW B 99, 094513 (2019)
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Tetragonal

Celn3 ¢

Coln2

a=b=4.6A, c=7.51A

CeColnb5: Lattice Structure

Ce*t (6s24f'5dY)

Co?+ (3d7)

Matsuda, AAPPS Bulletin 2017

Tetragonal

e Discovered in 2001 by Fisk et al., heavy-fermion analogue of cuprate (LaCu204)

superconductor

e quasi-2D structure + proximity to magnetic order, favorable for unconventional

superconductivity

o |ocal-moment 4f electron on Ce + itinerant 5d (Ce) and 3d (Co) electrons

Kondo hybridization between f and d electrons, Anti-ferromagnetism (Ce)
Superconductivity at the boarder (quantum critical point QCP) of anti-ferromagnetism




Tc ~ 23K strange superconductivity in CeColnb:

Non-Fermi liquid (strange metal) normal state

anomalous power-law TC TEG h

magnetic susceptibility . - - 20
X(T) ocT™* |15} /1
0<a<l : ~
= 3 | ____Magnetic susgeptibility
- i 1 | 0.0 - C;'ﬁIIII[I{{"’ 4
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T | ' / {ie-Wei? pararmagnet
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L

temperature (K)
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C. Petrovic, JPCM. 13, L337-L.342 (2001).

linear-in-T resistivity p(T) o T.




Global Phase Diagrams of CeColn5

b

CeColns ' Pmaf 7,

T (K)

11
antum critical lin

L

4 /:i doping
B(T) © / (GPa)

J.D. Thompson et al. Phys. Rev. Lett. 106, 087003 (2011)
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— T Phase diagram for CeRhIn5
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J.D. Thompson et al. New Jouranl of Physics 11, 055062 (2009)



Kondo breakdown QCP for CeRhIn5

A Drastic Change of the Fermi Surface at a Critical Pressure in CeRhlns:

dHvA Study under Pressure
H. Shishido, R. Settai, H. Harima, and Y. Onuki, J. Phys.

Soc. Jpn 74, 1103 (2005) .
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T. Park, et al., Nature 440, 65 (2006).

Sg cross-sectional area of Fermi surface



Sub-linear-T resistivity (non-Fermi liquid)
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Open issues on mechanism of strange superconductivity in CeMIn5

 How do (f) electrons incorporate in the superconducting state?

 How does a strange metal turn into a superconductor?

 What are the links among SM, Kondo coherence,
superconductivity, and QCP?



Anderson’s RVB spin-liquid for cuprate supeconductors

T4 — 1)
V2

Resonating Valence Bond

LS (RVB) spin-liquid
LA i

AFM

Kondo—stabilized spin liquid E,S'L

Escape of RVB singlets into conduction sea
->Bose condensing Cooper pairing-

—>superconductivity Andrei, Coleman JPCM 1989 o
Inter-layer proximity |\ /
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ALarge-N Mean-field phase diagram

Q)
"

Te—
=
o I |
~ 018 . Kondo
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107 | CeColn5
= _,l' 'y - f—
- 0 Kondo+RV%
;7| o O ‘el
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T *]K/']H *
gc] E¢2

Superconductivity = co-existence btw Kondo and RVB spin-liquid




Strange metal (SM), superconductivity and quantum criticality

(b)

Temperature




SM €= QCP by Suppressing SC=> QCP

Fractionalized
Fermi-liquid (FL*)
‘ [Kondo Héavy Fermi Liqua

N ’
N - .
‘ B Xi = ()
\ Coexisting 7
v superconducting ./
S "

o;,; = U
Xa:\% (I}ij’,?'é 0

Temperature

(B = magnetic field)




Effective field theory beyond mean-field
Effective Lagrangian—Mean-field

Y. Chang et al PRB 2018

Bii — Dy; + gfjij I)E-j, \i : uniform values

Xi — Xi + Xi 'ii : fluctuations

Se ff = SD + SX 1 SQ T Sél T SH T SJ T SG

So = /dk Z r:;rm (—tw + e.(K)) cro —I—f;,:r ( 0 | )\) [k
o=11

Sy —/dﬁ Z lkf;ﬁ r‘;lg—l—h.“ Z/{!T‘MF/JH

o="11

Se = / dkrz [(I)kﬁﬂgfffffk + h.c. Z / d’?‘\‘-’l}”\ /Ju
3

(,9)



Effective action beyond mean-field —amplitude (Gaussian) fluctuation

o= [ [{ (~62 (0. 10) o+ ] (<G (0. 10) ]

b . 2(ex (@) (k)+my(a))
Gl@) (@ K) = o (e, 0 a2

Competition Kondo (S, ) vs. RVB (S,)

SK — JX Z /‘dkdk’ [(cjcafkrg))%jc_l_k, -+ hC] ,
o="

SJ’ — J(I) Z \/dkdk‘r Eﬂﬁq)kfk’fk—|—k" + h. C] ,
a,B=1]

U Al A
5y =" / dk1dkadks Rl %L Fk k- —ko—k

+ 22 | dkydkydks®] OF Bk, ® g,y




Cooper Instability: RG analysis near g, and g,

Serr=S0+5y+Se+Sa+ Sk + S5+ Sa4 Ssc

Composite Co A ~_ {_ﬂ;ﬁfﬁ}

via higher order collaborations btw Kondo and RVB

= 9

("

Use D (a.f)=1., J Ak1dkadks [ﬂ: 1';[, “ﬂr:;rb Wk ke TR c} (near g1) ,

?‘FSCZ[a.ﬁ}:H fddkddk’ [@ Bt F fJ[q.k_k, + h.c.} (near ge2).

\




Near g., : phase diagram of CeColn5 (Kondo dominated)

y d . .
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}

?&) ch g

linear crossover (via RVB breakdown under RG)
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Near g., : phase diagram of CeRhIn5 and CeColn5
(strong AF RKKY limit)
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strange superconductivity near heavy-fermion quantum critical point

CeRhIn5

CeColn5

Temperature
Temperature

Jc1 d) Oc2 g

Outstanding puzzles:

gcl gQCP gEE
(C) J

® How do the f-electrons incorporate in the superconducting state? Kondo?
® How does superconductivity emerge from the strange-metallic (SM) normal state?

® \What are the links among SM, Kondo coherence, superconductivity, and QCP?



Strange metal state in paramagnetic Kondo lattice:

dynamical large-N Fermionic multichannel pseudo fermion
approach (arXiv: 2005.03427)

Chung-Hou Chung ({f£2/5)
Department of Electrophysics, NCTU, Hsinchu, Taiwan

Collaborators
Jiangfan Wang (NCTU, Taiwan & loP, CAS, China)

Yung-Yeh Chang (NCTS & NCTU, Taiwan)



Strange metal phase: new! T- quaS| -linear ReS|st|V|ty p(T) ~T" 1<m<?

€ 20

CePdAl under B, p

Paramagnetic heavy-fermion metal

15

Crystal structure: Kagome Kondo lattice £ 1.0
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Non-Fermi liquid strange metal resistivity

B=0 under pressure

Peijie Sun et al., Nature Phys, 2019
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Kondo breakdown and Fermi surface crossover-line B*(T)

Sharp jump in Fermi surface volume
at Kondo breakdown QCP
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No pressure, paramagnetic fermionic metallic spin-liquid (state “P” )

- 43T /){ac Increases upon cooling
N

d saturates at low temperatufe—

Spin liquid .
. . E)
Pauli spin susceptibility T=20
= Fermionic excitations

g

&

00 05 10 15 20 25

Peijie Sun et al., PRB, 2018
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Frustrated Kondo Lattice

J. Custers et al., PRL, 2010

spin liquid metal
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Frustrated Kondo Lattice

Quantum phase transition between
a paramagnetic spin-liquid NFL phase and a heavy FL phase
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RG Phase diagram for Ge-YRS
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Fermionic Multichannel dynamical large-N 2D Kondo-Heisenberg (KH) Lattice model

P. Coleman et al,

H=Hy+Hf+H;y+ Hg PRL 2018
Hy = Z [s PCIaa(P)Ciaa,(P )] . (conduction electrons) €5

P,aa .
square lattice @
. JH

Hy = Z A [ JJia — 28 ] (localized electrons) @

Hyi = JKZS{ - 8 = —JWK T T (fﬂczﬁa) (c;r'abfja) ‘%&P
0 t,J afB,ab )

Hy=Tg 3880 = 2SS [san(a) sl f] ] sen(8)fi s

1] 1j af




Hubbard-Stratonovich transformation & order parameters

Hi — : ZXia,fiTaCiaa+h-C- | |Xia,|2
2

\/_ 1aQ JK
1 3 |A- .|2
H; — E A;iofiofi—o + h.c. -
! V2 v, j&fiafj—a+h.c J

Sp(N) sym.

Fermionic RVB JH
spin-singlet bond Aij = (firfiy — fis Fit)

. : T
Bosonic Kondo correlation Xia = (Ciaa z‘a)
v IN



Dynamical large-N self consistent NCA equations

local bath approximation ~DMFT

Y(w) =iw + X — |az|2G’co(w) — Y (w)

/2
Ex(z) = / (1 — zsin?y)~1/?
Y

OF _OF _OF _
oA  Oxr  ON
F: free energy



Quantum phase transition & critical spin liquid strange metal phase
for k = V2 (S=1/2in Sp(2)=SU(2) limit)
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- Particle-hole symmetry for k = 1/2.

- Region I.: Quantum critical strange metal phase:
Spinons and holons show critical (gapless) power-law spectral functions.

Qgoc becomes a QCP (continuous transition):

* Region Il. NFL SM becomes truly quantum critical region



NFL properties of critical spin liquid

Entropy &
The critical spinon and holon specific heat coefficient
give rise to NFL behavior 1
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NFL SM resistivity

Peijie Sun et al., Nature, 2019
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Summary

- Strange metal state are generic non-Fermi liquid properties in
correlated electron systems near quantum phase transitions

« Kondo in competition with RVB spin-liquid provides an excellent
description on the mechanism of strange metal behaviors observed

In quasi-2D heavy-fermion metals and superconductors

 Critical Kondo (bosonic charge) fluctuations lead to T-linear
resistivity

o Critical bosonic RVB spin-liquid fluctuations (made of fermionic
spinons) lead to T-logarithmic singularity in specific heat
coefficient



Acknowledgement

Experimentalists Theorists

Qimiao Si Piers Coleman,
Rice U. Rutgers U.

Stefan Kirchner Matthias Vojta,

Frank Steglich, Max-Planck, Dresden Zhejiang U. TU Dresden



Phenomenological Theory by Landau

energy functional:
E=FE,+ Zf{, )ang (F)+ oo Z me:, (k, K")on, (K)ony (")
h:’ T
deviation from ground state ground state distribution
ono (k) =no(k) —nl (k) n) (k) =O(kr — | k|)
spinindex @ = +1 filled Fermi sea
effective quasiparticle spectrum:
=~ i OE ’ !
& (k) = - =E.,(k)+ Y foor(k, k'Yonor (K
dng (k)
k",cr'*
bare quasiparticle spectrum: Fermi velocity:
. 2 E 2 effective 1 - - Rk g
—?- k = T p=
density of states at €p:
k%  m*kp

N{er) = & Z 6les (k) — €p) =
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Change of carrier density at the pseudogap critical
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Perturbative renormalization group (RG)

Wave-function + coupling constant renormalizations
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RG equations and RG flows

quasi-2d: d=z+mn, z=2, 0<n<<l1 i
Near P, relative to J, = Jy fixed :

SL + Kondo
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Specific heat coefficient ~ (TLFL)

s o+ .

The Gaussian fluctuation of RVB singlets dominate the specific heat.

rescaling of T
(Hertz-Millis theory)

Tg — Tg:UE'EE

Millis, PRB, 1993

mae is strongly relevant, me ~ O(1). €~ &= T/= 7=/ IirL



Anomalous Scaling in Free Energy and Hyperscaling Violation.

The Gaussian fluctuation of RVB singlets dominate the Gaussian Free energy (spin)

A
F=-TWg / e1/2 de [111 (1 — E:_'B(Hm‘f’})]
0
upon rescaling k — k/b and T — Tb* (b = €')

F(r, T) =\ SHDVAE(LT/Y) 2 gy = gz

anomalous scaling dimension A = 494 2n?

Wa(jy(b), ja(b), (b)) = b Wg(Jy, Jg, \)

hyperscaling violation due to boson-fermion coupling:

———
———

y=Cy /T yocr % a=v(z—d _|;>£)

/

Conventional Hyperscaing 0 = ;,,.r(;_; — d_)



Specific heat coefficient 7( d )

I'rrr

S, :./ ak [ 8] (~G% ! (w, ) &34

_ —am/2 AT -247/2
s-" (T) = —- | / aT — { 5
4 1/T sinh” (. /2)
I'= TLT;?L

a =n*+3n/2 ~ 0.32

fitting parameter: 1 = 0.18




Open Issues

e Microscopic mechanism of SM (NFL) properties
Due to QCP? What are the competing states?

Nature of the transition?

 How to explain exotic scaling behaviors in SM state?

Cy 1 T
— ¢
T b/ ('J'H:;&;;)

]

* Role of magnetic field?



Mean-field phases diagram
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Summary

SM In Ge-YRS can be explained by a guantum critical region due to a single
QCP at gc within Kondo breakdown scenario.

The magnetic field mainly suppresses the RVB term, while the Kondo term
stays nearly critical. YRS has spatial dimensiond =2 +n, n 2> 0.

Remarkable agreements between our theory and experiments on Ge-YRS.

The specific heat iIs dominated by the RVB (spinon) fluctuation
Kondo fluctuation contributes to the electrical (charge) transport.

Hyperscaling violation
Anomalous exponent in specific heat coefficient is explained

The dynamical ®/T scaling exists even for d+z > 4 due to the Kondo
breakdown



Intertwine between dynamics and thermodynamics

" . . Sondhi et al, RMP 1997
Partition function (thermodynamics) ona et
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Phase diagram of high-Tc superconductors
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Fig. 1. Schematic phase diagram of high-T,. superconductors.

Even higher Tc ?
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NFL SM behaviors in other heavy-fermion compounds
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T'x = Dexp[—1/2Jp

Strange Metal
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CeColn5:
x d-wave nodal superconducting quasi-particle scattering
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Anderson’s RVB spin liquid

Quantum spin liquid
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% -scaling

O(g = ge, k = 0,w,T) = T4 /ZQ(

-

-

G.(k,w) =

~

The Green function

1

w—€c(k) — X.(k,w)

(ImX¥, = oT)

/

Vojta, RPP, 2003
W

7)
usually exists at d+z < 4 G-L theory

-

w/T scaling:

1
w—1ImY(kp,w)
1
w—iad

_ W
=1 (ke. 7)

GC(ICF, w) —

-

~

/

Even for d+z > 4,
w/ T still exists due to boson-fermion interactions.
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