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Some big questions

® Complex phase diagrams often
observed in strongly correlated
electronic materials with a variety of
ordered phases. What gives rise to
this complexity?

® Can the metal-insulator transition
physics of competing tendencies ---
electron localisation (due to strong
local repulsion) and itineracy (due
to hopping) --- be learnt from

» simple model Hamiltonians?

» a local perspective, i.e., by looking at
~ the same question at a single site (or
few sites) of the lattice?
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Some big questions

* While we understand the physics of

the Fermi liquid metal really well, we T e
encounter strange (or non-Fermi
liquids) in many materials. Quantum
Critical

* Strange metals often found in (“‘I’i';':;')m'
neighbourhood of quantum critical
points, where Fermi liquid is destroyed Disordered
and an ordered phase emerges. |s this (Fermi liquid)
pointing towards some universal?

® [ntriguingly, superconducting 0
fluctuations often appear to condense New quantum Putative quantum
from critical quantum fluctuations of order critical point

such strange metals. Why?




The Mott Metal-Insulator transition & DMFT

®* Mott Metal-Insulator transition
Bath: Rest of

involves localisation of itinerant
lattice electrons for sufficiently
Mappin
ﬁ .Single site System
Auxilliar or Cluster
System

large repulsive interactions

® Easily argued for in the 2D
Hubbard model on the square
lattice at 1/2-filling : tuning
towards U (on-site repulsion) 'mpuritv-giaetlg’c°“p'i”g:
>> D (hopplng bandW|dth) Many-particle interacting system Transfer of particles etc.
leads to jamming of electrons

Single Impurity

® Dynamical mean-field theory Hubbard Anderson Model (SIAM)
(DMFT) offers a local Model coupled to a bath of
erspective of the Mott MIT eleg&gﬁ?ﬁﬁ?oﬁo”d“d'on




The Single Impurity Anderson Model (SIAM)

e Standard SIAM involves impurity with
on-site Hubbard repulsion, hybridised
through electron hopping with
conduction bath of non-interacting SIAM
electrons whose e-DOS is featureless.

Bath e-DOS of
— non-interacting
electrons

|mpu rity

® Tuning U to strong coupling shows a
dynamical transfer of spectral weight
from central peak (Kondo resonance)
at small energies to broad features at
higher energies (Hubbard sidebands) 4A(w) increasing U

® Only Kondo screened impurity phase el Metal Metal

obtained for any finite U; corresponds
to gapless local Fermi liquid

oment (W|th gapped impurity Impurity Spectral Functio



The Single Impurity Anderson Model (SIAM)

e Standard SIAM involves impurity with
on-site Hubbard repulsion, hybridised
through electron hopping with
conduction bath of non-interacting SIAM
electrons whose e-DOS is featureless.

Bath e-DOS of
— non-interacting
electrons

impurity

® Tuning U to strong coupling shows a
dynamical transfer of spectral weight
from central peak (Kondo resonance)
at small energies to broad features at
higher energies (Hubbard sidebands)

® Only Kondo screened impurity phase

obtained for any finite U; corresponds 'S”;Fégtrr'g
to gapless local Fermi liquid

Function

| moment (with gapped impurity

)= o0




DMFT: Extending the SIAM through self-consistency

Bath e-DOS of

® Gapping the impurity spectral function

needs additional physics correlated
electrons
® Self-consistency requirement of DMFT V
leads to conduction bath with non-trivial SIAM +

electronic correlations impurity ~ Self-Consistency
® Mott MIT observed through the impurity
spectral function:
Metal — broad Kondo resonance AAW) Increasing U
8 | Metal MIT Paramagnetic
MIT - sharp central peak lying 5 & Insulator
between Hubbard side bands g‘i’

__Insulator — Gap separating Hubbard
ands; local moment correspond

Self-consistency :



The Mott Metal-Insulator transition & DMFT

® Mott MIT in DMFT is exact for
5 -filled Hubbard model on

Bethe lattice with °© coord. no.

Y(w) = {tn}

Sen et al,
PRB 2020

® On this lattice, no non-trivial
loops can be formed during

Bath
round-trip journey of electron e-DOS
from a given site back to itself Vv

SIAM +
® |n the limit of ® coord. no., SRS (DRLELY
. i H (fully frustrated
all such journeys are rendered AAW) Increasing U "yt insulator)
independent of & identical to one - Paramagnetic

another: the single-particle self- Insulator
energy is local (i.e., independent




DMFT: A local view of the Mott MIT

Broad Kondo resonance around
w = 0 for small U/A : good metal

Dynamical spectral weight transfer

from central peak to (Hubbard) side—— 200 |

bands as U/A is increased

Sudden appearance of pre-formed
(optical) gap in spectral function at
U.; (Mott-Hubbard scenario)

Pre-formed gap increases, and
width of central peak decreases,
continuously with tuning U/A

Zhang, Rozenberg & Kotliar, PRL 1993

towards MIT (U,,); signals
coexistence of metal & insulator

Central peak shrinks continuously
and disappears at U, (Brinkman-
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ice scenario), and true gap appears

re-formed gap: local



DMFT: A local view of the Mott MIT

Kotliars & Vollhardt, Physics Today, 2004

® Finite-temperature co-existence region

. . 0.05— o
of paramagnetic insulating and & Constence
metallic phases (light brown region). &m‘a Region
B 1st order
® True first order transition at U(T) 0,025 / transition

(dashed line). Spinodal lines
corresponding to destabilisation of
metallic solution (U_.,(T)) and
metastable insulating solution (U_,(T)). 0

® Spinodal lines meet at finite-T critical e Questions:
point, above which there is a crossover |
between the metal and the insulator. ~ How does the SIAM change in order

to accommodate the MIT, and such a
0Add|t|onal physics could lead to a rich phase diagram?




Mott MIT & DMFT : Our goal

Alw)
DMFT represents
excursions from a site into the /\A/\u

correlated bath in the form of

self-energies for the bath and Our Goal:
the impurity. This results : :
in a three-peak DOS fi ".d' hg an eﬂ’ect_t ve
of the bath. Hamiltonian de§cnpt§on
for the % that gives rise
to the MIT.
_  DMFT | |
lmpurlty (but without demanding
e self-consistency explicitly!)
< " impurity o effective
Imilar approac ® .
iR Hamiltonian

adopted by Si & Kotliar i
for extended Hubbard  zeroth site
model (1993)




Extending the SIAM (but without demanding self-consistency!)

o
*—=
Jsd * So ......

impurity site zeroth site

other lattice sites

Wilson chain-like mapping of
conduction bath sites;
Nozieres local Fermi
liquid at site 1 of bath

H = Hxp+VY, (cga% + h.c.) U (figy — 1rqy) 2+ S4-So—Us (or — o)
* We extend the particle-hole symmetric SIAM (minimally) to include

I. Exchange coupling (J) between impurity and bath zeroth site

ii. On-site Hubbard interaction (U,) on bath zeroth site

® Analyse this model using Unitary RG method developed recently.




Results from our analysis
of the extended SIAM
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Phases of the extended SIAM &"-—)“t°*;""&“““Q"“““"Qs“”
J54 3 1

_ 1 U impurity site eroth site
Phase T — _% Tc Ub i |

Diagram Impurity Spectral Function

o
o)
o)
3
o)

———
= r =0.60r,
10-1 = r =0.68r,
Broad - r= 8-ggrc
r = 0.887r,
Kondo - r=1.00r
~ =) €
10 = 1.01r
resonance. r = 1.01r,

Good Fermi

103 liguid metal.

1072

B - J, V relevant; U irrelevant; U, negligible.
Bl Cirey region corresponds Broad Kondo peak, Weakly correlated )

to a decoupled resonant level

urity model. Disappears local Fermi ||C|U|d (red Curve) ‘j\ |
- w

iagram upon




Phases of the extended SIAM @"-—J““‘““‘&“‘*Q"““'“’é”

15‘5

o Ub — l U _ Q impurity site ® zeroth site
Phase — T 7 cC 4 b — 10
Diagram Impurity Spectral Function
V turns RG " — 0.00r
irrelevant r= 8iggr§
here. -l
Coincides r ;giggg
with well et s
formed dip
in Impurity
Spectral ; ;
| Function.
103 102 ~10 0 10

. :J relevant; V, U irrelevant; r <r..

(Note: Grey region corresponds 3-peak spectral function (sharp Kondo peak + Hubbard side Aw)
B eeup ed resonant level bands), Strongly correlated local Fermi liquid (cyan curve),
mpurity model. Disappears
diagram upon appearance of pre-formed gap suggests separation of energy
stem si scales for opening of gap (Mott-Hubbard tran5|t|on

nce of Kondo peak (Bri



Phases of the extended SIAM

V (cacy + hec. other lattice sites
@ @Poo
;§d ’ S':o 1z

T L l L U impurity site zeroth site
Phase T:_Tb e — 4 Ub__ﬁ
Diagram Impurity Spectral Function
U turns RG 05 — r=000r,
B relevant - 7 =0.60r,
10 here. — P=poe
Gapped DOS r = 0.88r,
102 of Local P %18922
Moment.
| Paramagnetic '
107 Insulator. ' ;_ :
B 0.0
103 102 —10 0 10
Jo/ Dy -
c i . - - c A(w)
RS i rosion corresponcs | |:J, Virrelevant; U relevant;

r > r.. Gapped spec. func.,
Local Moment (green curve)

—

urity model. Disappears




Phases of the extended SIAM

Phase — T 4 10
Diagram
MIT: J turns 05
RG irrelevant )
here. Sharp

Kondo
resonance

V (cacy + hec. other lattice sites
@ @Poo
;§d ’ §0 1z

impurity site zeroth site

Impurity Spectral Function

I
e B R

signals
breakdown of
Fermi liquid
metal. 0.0
—10 0 10
(Note: Grey region corresponds — : MIT; r = r.. 3-peak spectral function, A

to a decoupled resonant level
impurity model. Disappears
iagram upon

sharp central peak corresponds to
local non-Fermi liquid (yellow curv
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RG flows of the extended SIAM

r=—%

Te =

1
72 U=

Phase
Diagram
~ 10—7
RG flows
M) for
|/\Af\ Blue Phase

> SC

-U/10

line of critical ‘/\L\

points, ~~
”

te U T
P10 102
Jo/ Dy
e RG Pha:se diagram
RG flows for hybridisation (V)

for
Purple Phase

is similar to that of
J on left, showing
transition across

red & blue phases.

other lattice sites

V (caco + h.c. ?
& 1§ =
impurity site zeroth site

" RG Eq. for J : ||
AJ J(J + 4Ub) 'I

J wants to grow & dominate,
but U, cuts it off at U," =-J/4

RG rows
for J V
Red Phase




Metallic phase of the extended SIAM:
ground state & correlations

V(cacy + h.c.? other lattice sites
@

15,3,

1.0 Lesesesensssss impurity site zeroth site
a o’ « |[(LM|WUg)| = ® Overlap of Ground state with spin singlet
% 0.8 Lo o | (SS|Wg) | between impurity and zeroth sites grows
3 06 & « [ (CT| W) | upon tuning towards the MIT
§04 s ) TTETTRTT e Overlap of Ground state with charge triplet
- “a, between impurity and zeroth sites decays
30.2 i
heo *y ® [ocal Moment appears across the transition

0.0 l.Illll..!Ol:"'.lll..lllll"l'l..l

0.00 0.05 0.10 0.15 0.20 0.25 0.30
.

58) = (| tabo) = [dato)  |CT) = 5(10420) + 2400))
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Metallic phase of the extended SIAM:
ground state & correlations

V(cacy + h.c.? other lattice sites
@ Poo
]gd : go .

10 Cesstsssssssss impurity site zeroth site
a oo’ | (LM|Ug) | = ® Overlap of Ground state with spin singlet
< 0.8 o o | (SS|Wg) | between impurity and zeroth sites grows
8 06 . | (CT|Wgs) | upon tuning towards the MIT
gm s ‘ TTTTRRTT e Qverlap of Ground state with charge triplet
° ' P between impurity and zeroth sites decays
302 "
§o "y ® [ocal Moment appears across the transition
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0.5 ee0080sernnsnanann
7 2 o ® . 1 v
e Spin-flip fluctuations between impurity % hil . ) l(chfg;fOJrT\t;)
and zeroth sites grows upon tuning o o ) i(cﬂrcl_ +he)
towards the MIT: sudden fall at MIT g 03|° 2 \~d -0
L)
® Holon-doublon fluctuations between _;%002 e ——
impurity and zeroth sites decays L1 ‘-_.
g-()() IllRIII:::”“'*Qﬁl.llll.ll"........i..

allfabo) = el _ + [2400)) 0.06 010 015 020 025 030
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Metallic phase of the extended SIAM:
ground state & correlations

V(cacy + h.c.? other lattice sites
@ @oo
Jgd * go .

L5 8:3. seseesessee . ITTTpUrlty site ‘?emth 5“.19
" e ® Mutual Information between impurity
‘-, 9.0 and zeroth sites decreases steadily
2410 . - upon tuning towards the MIT, then
B ek nnnannnns 15 falls to zero
o £ 2 17 ~
= 'T 1.0=" e Mutual information between zeroth
' and first sites of bath zero in metal,
0.5 jumps across MIT

().() eeeceesesscsccscnsosessosossonxxnnnxnnnx () ()

0.05 010 0.15 020 0.25 0.30

® Holon-doublon fluctuations between zeroth and
first sites of bath grows sharply in metallic phase
very near MIT

® Coincides with sharp fall in spin-flip fluctuations
responsible for Kondo screening

fluctuations destabilise

LA R B N R R NN N

®
o‘.
0.00| eoee®®®’
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Metallic phase of the extended SIAM:

V(cacy + h.c.? other lattice sites
@

bi- and tri-partite entanglement W35 W
impurity site zeroth site
Ty .‘... Decreasing |ncrea5ing e
- entanglement entanglement
10 between between bath —""
= |mpur|ty zeroth & = 0.50 ..'.
0.2 °®
and bath first sites. o ;
- — zeroth sites
| 0.2l 0.2435 0-2500 {MH)....&;;;;.... 0.2495 0.2500
' Weakening & Destruction
of Kondo screening cloud
0.00025
S / Non-monotonic Increasing W e
- ; variation of tripartite g ——
—0.00015 — 06
3 o . entanglement entanglement "
~ o . between between s 04
O:EK5 impurity impurity, =02
0.0000() eeesessescesse *®  eseses and bath bath Zeroth & ool = 000 Gk

0.2490 0.2495 0.2500

0.2490 0.2495 0.2500 . ] e .
r first site first site




Meta”ic phase Of the extended SIAM: @V(c}co+h.c.? other lattice sites

bi- and tri-partite entanglement impriysits

TETT T

- ‘g L ] Iz((): ].)
@

= " «  I(d:0)
g A "ﬂﬂ'.O-oon-"""..'...
{2 ...0 tg:uuau.*ua'“"’”'
=0 o’
= ®
5 e
e

0.0 00000000.

104 10°

(r, —r)™

 Non-monotonic variation of entanglement
between impurity and bath first sites

* Increasing tripartite entanglement between
impurity, bath zeroth & first sites

;§d i §o

zeroth site

Decreasing entanglement between impurity
and bath zeroth sites

» |ncreasing entanglement between bath
zeroth & first sites.

Weakening & Destruction of
Kondo screening cloud
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A closer look at the transition

Co-existence

0.10 | Region
contains many
| 0.08— different kinds
@ separation of scales of quantum
g el CROSSOVER fluctuations
g; TC
5 0.04— METAL
ch Uc (T)
- (fi t-.order
transition)
0.00 | L '
o & 2 Yal . a4 5




Minimal effective theory for MIT

7 § other lattice sites
* Minimal effective theory for Kondo @. 54 5o .W
regime of effective SIAM is J-U, model LNt

impurity site zeroth site
Eff, 5 a A A N2 AAW)
namn Het = JSq - So — Uy (Ror — Moy )" + Hk E. Kondo
RG eq' A 5 4 1073 | e
1 10*}0/0U 1072
"’.gd " §0 . 1.0
(Neglect excursion "
.@.O ® into rest of bath) % 5 / @
impurity site . ~
th site o
zeroth si 50 . |43) ®10,2) o Local
® 2-site J-U, model obtained by taking = oment
zero bandwidth shows level crossing 05 KoSSee™ |5 = 0)

en unique Kondo singlet and
| moment states




Self-consistency within the extended SIAM eyl

e Self-consistency in DMFT: identical e-DOS at impurity and bath zeroth sites

* |n the extended SIAM, we obtain the effective e-DOS on the bath zeroth site
by integrating out the impurity site altogether.

o AA(w) increasing U -
inewimpurity) other lattice sites
(U0+Ub)®T. A/\A/\/\l/\
zeroth site i ; _|_>w
®* This generates additional repulsive e Spectral function of the bath zeroth
Interaction on the bath zeroth site, site (the new “impurity”) is that of

effective SIAM: Upy=J*/4 - U, >> 0 the standard SIAM

- ® Equivalence of spectral functions on impurity & bath zeroth
sites achieved in metallic phase of extended SIAM




Self-consistency within the extended SIAM gl

e Self-consistency in DMFT: identical e-DOS at impurity and bath zeroth sites

® |n the extended SIAM, we obtain the effective e-DOS on the bath zeroth site
by integrating out the impurity site altogether.

(new impurity)

(Up + Up)

other lattice sites

V(= -t)

AT

zeroth site

® This generates additional repulsive e Spectral function of the bath zeroth
interaction on the bath zeroth site, site (the new “impurity”) is that of
effective SIAM: Upy=J*/4 - U, >> 0 the standard SIAM

® Equivalence of spectral functions on impurity & bath zeroth
- sites achieved in metallic phase of extended SIAM.



Co-existence of metal and insulating phases within the extended SIAM

Co-existence

* DMFT obtains a co-existence of metallic JPCNI 26 035601 (2016)) gion
and insulating phases at T>0 in n | 2 1
- Metal 1Sulator
regime Ugc1 < U < Ugs 2 [ T
- Vi
. . . /.
* Metallic solution is true ground state . . ug, Ly,

forall U< Uy at T=0. MITatU=U,,. ©  Ua3 6 9
(7): p-h asymmetry)

® MIT: continuous sharpening of Kondo
peak, Kondo scale Tx — 0,

otliars & Vollhardt, Physics Today, 2004

i
it

: 0.05 &

Landau QP residue 7 — ( & Coexistence
e P & Region
Bl= : & around a

® Gap appears discontinuously at U = U, .

1st order

/ transition

0.025— @ Critical point

® |nsulating solution adiabatically
continued upon lowering U from
bove Ug, till U = Ug;.

Parédmagnetic
i}ﬁuiator




Co-existence of metal and insulating phases within the extended SIAM

* DMFT obtains a co-existence of metallic JPCNI 26 035601 (2016)) D>
and insulating phases in near-MIT n | . 1
- Metal rsulator
regime Ugc1 < U < Ugs 2 [ -
— /
. . . /.
* Metallic solution is true ground state . . ug, Ly,
U
forall U< Uy . MIT atU = U, . 0 3 6 9
(7): p-h asymmetry)
® MIT: continuous sharpening of Kondo
peak, Kondo scale Tx — 0,
Landau QP residue / — 0 oo \ 6-DOS
partially \\:> seudogapped
. . d |
* Gap appears discontinuously at U = U, . N
® |nsulating solution adiabatically 1 _ pomewes
. . Fermi liquid l_’aramagnenc Gapped e-DOS
continued upon lowering U from v psulator | with Hubbard

side bands |

bove U, (T) till U = Ugy(T). l A
: Hubbard o /\—/\

side bands



Co-existence of metal and insulating phases within the extended SIAM

DMFT obtains a co-existence of metallic
and insulating phases in near-MIT
regime Ugc1 < U < Ugs

Metallic solution is true ground state
forall U< Uy . MIT atU = U, .

MIT: continuous sharpening of Kondo
peak, Kondo scale T — 0,
Landau QP residue / — 0

Gap appears discontinuously at U = U,

Insulating solution adiabatically
continued upon lowering U from
above Ug, (T) till U = Ugy ().

(Logan & Galpin Co-existence

JPCM 28, 025601 (2016)) __ region
1 =
Metal ulator
(n<1), 1)
/
O [ Ur_: L > U/t
0 Uci3 6 9 .
(7): p-h asymmetry)
v Separation of scales
S
[ :
5 i local moment '
208 H
o ! '
' A e '
c 1
o i
U

-

o
-



Co-existence of metal and insulating phases within the extended SIAM

e DMFT obtains a co-existence of metallic JPCNI 35 035601 G016y e C°'f§§§i”ce
and insulating phases in near-MIT =
regime Ugc1 < U < Ugs
* Metallic solution is true ground state .~ U,
forall U< U . MIT atU = U, . 9
® MIT: continuous sharpening of Kondo
peak, Kondo scale Ty — 0, =060
Landau QP residue Z — () 2076
r = 0.88r,
r = 1.00r,
® Gap appears discontinuously at U = U, . =L

® |nsulating solution adiabatically
~continued upon lowering U from
~_above U, (T) till U = Ug,(T).




Origin of Co-existence within extended SIAM: physics at U 4

AAW)

4 separation of scales
E /
©
=1
ok local moment 3
0] .
@ } >
&1 _*
D-"-@

U r— impurity site

zeroth site

0
—

Kotliars & Vollhardt, Physics Today, 2004

o Uq1is when the side peaks get separated
from the sharp central Kondo resonance,
l.e., appearance of near-zeroes in the s
impurity spectral function as RG irrelevant
single-particle hybridization (V) vanishes

0.05

0.025 -

round state stabilized; I_oca_l Fermi



Origin of Co-existence within extended SIAM: physics at U,

separation of scales

=/ local moment

energy eigenvalues

(o peerr—
— |

l

v R

1 -C2

e Ucais when the singlet ground state and
the degenerate local moment excited states
cross (MIT) ; Kondo peak extremely sharp;
Kondo coupling J turns RG marginal

* Flattening of the near-zero regions of the
y spectral function show pre-formed

AAw)

. fon
ipUKiEy S zeroth site

Kotliars & Vollhardt, Physics Today, 2004

005- TR

kT

0.025 -




Crossing the MIT: emergence of local moment ground states

Alw
separation of scales AAW)

local moment

| &

545
Q5

c2 mpurity site zeroth site

energy eigenvalues

c

-~ 2
o L

c1

Kotliars & Vollhardt, Physics Today, 2004

o U > Uc2 : Kondo peak disappears
suddenly; J turns RG irrelevant

kT

0.025 -

® Sudden/ discontinuous appearance of
, spectral gap; local moment (paramagnetic)
e; U turns RG relevant




Why Co-existence of metal and insulating phases at T > 0 ?

Quantum (T = 0) Energy Spectrum

Therma
.F

| Free Energy for T >0

f

«» Sseparation of scales
S
< ;
i local moment :
B9, i
TR i
Uc 4 r— U, / \
Metal Insulator
um=U.(
s | I i [ ’ I/' I'-metal = I'-insulator
0.08— \ | Co-existence
3 L Region > Free energy of
I (rossoyes dacnodmesy  Metallic State
T3 o j
004~  METAL INSTLATOR > Free energy of
0.02[— A\ E< (i rﬂ-’order
: _"-},f" transijtion)
0.00 | | \ﬁ'\ |
0 1 L og b 4 5
Uel Ue2
Georges et al., RMP 1995 U/D > Ucy (Te) = U,

Metal Insulator Metal Insulator

U (M<U<U (@M U (T)<U<U,(T)

I:metal < I'-insulator I:metal > I'-insulator

I:metal = Emetal -T Smetal

I'-ins = Eins -T Sins

Insulating State Si,c > 0 : degeneracy of local

moment excited states

» U¢c (T=0) = U, (T=0) : Only transition at T=0

(To) : Finite-T critical point



A special finite temperature Critical Point

¥

Bad metal l Bad insulator

Temperature

Mott
insulator

Fermi liquid
Coexistence

Interaction

® Why are critical quantum fluctuations observed in the conical finite-T
region above the (finite-T) critical point via CT-QMC simulations of the
DMFT transition ? (Terletska et al, PRL 2011; Vucicevic et al, PRB 2013)

‘there a quantum phase transition (QPT) at T=0 hidden benea




QCP at U_,: MIT as breakdown of local Fermi

liquid metallic phase

0.10[

tence
on
een
lines)

(M

irstdorder

tion)

® The J-U, obtains a local Fermi liquid Co-exis
. 0.08— eg|
for U < Ug, , with | . (oot
. D
> qgp residue £ o< 1'x and B "y
o w \—2 _
;> ~J —_ 0.02
qgp lifetime 7T (TK ) , | |
» Breakdown of the local FL at MIT (U=U_,) i = B
TK ) T — (iljis r— ]'/4 @ separation of scales
_ =5 -
TK ~ (1 J ) 8 > O %i local moment :
D0k S 1
® QCP : Degeneracy of singlet and local g P pxn-é\“?"e‘
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QCP at U_,: MIT as breakdown of local Fermi liquid metallic phase
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QCP at U_,: MIT as breakdown of local Fermi liquid metallic phase

Fall in Kondo correlations
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QCP at U_,: MIT as breakdown of local Fermi liquid metallic phase
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QCP at U_,: MIT as breakdown of local Fermi liquid metallic phase
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Spread of impurity-bath entanglement near the MIT
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® Very close to the MIT (on the metallic side), the mutual information
measure shows growth in quantum entanglement between the __
impurity ( (d) and other bath S|tes beyond the zer




QCP at U_,: MIT as breakdown of local Fermi liquid metallic phase

» Critical quantum fluctuations in spin Co-existence

& holon-doublon sectors should be 0.10 | [ Region
visible in co-existence region for T>0. contains many
0.08/— different kinds of
: quantu
» However, may be feeble, easier to CROSSOVER :
. . 0.06/— fluctuatiops
sense in the region above T, T/D TC
_ _ 0.04 METAL
> Observed in some organics U (T)
(Furukawa, Nat. Phys., 2015) 00 (first-order
transition)
0.00 | | : |
Bad insulator 0 1 2 ‘ 3 } 4 5

Bad metal .: iics - Uel Uc2

Temperature

insulator

Fermi liquid

Coexistence .

Interaction



Conclusions & Outlook

T
Green
Quantum (2013)
Critical
(non-Fermi
liquid)
Disordered
(Fermi
liquid)
o)

New quantum Putative quantum
order critical point
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Mott MIT & DMFT : Our approach

DMFT represents e
excursions from a site into the ‘ /\A/\
correlated bath in the form of ;
self-energies for the bath and

the impurity. This results
in a three-peak DOS

The extended
SIAM represents these
excursions by generating

of the bath. interactions J and U,. These
interactions mimick the effect
of the impurity and bath
. . DMFT exten d ed self-energies as observed
Impurity SIAM within DMFT.

U
mpurity



Conclusions
e Extended SIAM captures phenomenology of

Mott MIT observed in DMFT for Bethe lattice. Extended SIAN

Complex bath
e-DOS
.—Shaped also
by local
holon-doublon
fluctuations

* Key ingredient: competition of
(i) Kondo screening physics of impurity (J), &

(i) local attractive correlations (U,) in bath. . .
Impurity

* Enhancement of local holon-doublon (pairing)
fluctuations in bath destroys Kondo cloud.

* Provides explanation for coexistence of
Mott insulating and metallic phases at T>O0. e 1t

® Mott criticality involves a NFL with long-
ranged spin-exchange and holon-doblon
fluctuations in the conduction bath.

Temperature

. Classical Mott
“.critical

insulator

Fermi liquid
Coexistence .

ment Mott Insulating phase Interaction
nti nsition.




Conclusions

® Coexistence arises from a clear separation of
energy scales, namely

» U, : emergence of (doubly degenerate) local
moment states in low-energy spectrum by
turning single-particle hybridization (V) RG
irrelevant; appearance of the metastable
insulating solution.

» Leads to formation of a ““pre-formed’’ gap in

the impurity spectral function of the J-U,
effective Kondo impurity model.

» Corresponds to abrupt Mott-Hubbard
transition where the metastable insulating
tion turns unstable, and the gap closes.

Extended SIAM

Complex bath
e-DOS
.—Shaped also
by local
holon-doublon
fluctuations

impurity

Bad metal Bad insulator

Temperature

Mott
insulator

Fermi liquid

Interaction



Conclusions

Coexistence arises from a clear separation of energy

Extended SIAM
scales, namely xtende Complex bath
» U, : raising of the singlet %'round state energy till it SO
becomes degenerate with the (doubly degenerate) local ~—shaped also
moment states. by local

holon-doublon
» Leads to weakening & destruction of the Kondo fluctuations
screenin%(spin-flip exchange scattering) of the

impurity by the bath zeroth site. RG irrelevance of J

impurity

» Leads to increase in long-range spin correlations
between impurity and other conduction bath sites, and
holon-doublon correlations between bath zeroth and O
Othel‘ bath SiteS. Bad metal .: - Bad insulator

» Leads to breakdown of the local Fermi Iic(|iuid metal,
and its replacement by a non-Fermi liquid.

Temperature

» Corresponds to Brinkman-Rice continuous transition N imsuiator
where the Landau quasiparticle residue (essentially the Fermi liquid
do screening energy scale) vanishes, and the
d state Is rendered unstable towards the Interaction

' d states.

Coexistence .



Outlook

® |s this a generic mechanism for MIT leading
to/away from Mott insulators?

e Can doping away from Y4-filling lead to
» a true QCP at which the NFL is revealed?

» condensation of the enhanced pairing
fluctuations (in neighbourhood of MIT)
into a superconducting phase?

“» Could a coexistence region (of insulator and
metal) with critical quantum fluctuations of
various kinds in it be an indication of the

pseudogap phenomena observed in the
cuprates?

<+ Suggestion of intimate connection within the

(seemingly complex?) arrangement of phases
hase diagrams?

Green

Quantum (2013)

Critical
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liquid)

Disordered
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liquid)
o
New quantum Putative quantum
order critical point

300 |

Strange metal
Pseudogap
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The Unitary Renormalisation
group method




THE UNITARY RENORMALIZATION GROUP METHOD

The General Idea

m Apply unitary many-body transformations to the Hamiltonian Hj

m Successively decouple states lying at high energy / high
momenta Uj

m Obtain sequence of Hamiltonians and hence extract scaling
equations for couplings Hj—l

Mukherjee and Lal 2020a; Mukherjee and Lal 2020b.



THE UNITARY RENORMALIZATION GROUP METHOD

Select a UV-IR Scheme

UV shell ky (zeroth RG step)
R; (jm RG step)

IRshell k, (Fermi surface)

Implemented for finite but large systems.

Size can be increased systematically for
conclusions in thermodynamic limit.

Mukherjee and Lal 2020a; Mukherjee and Lal 2020b.

= R

Isotropic dispersion e(R) = ==

assumed for conduction
electrons in the Kondo problem.




THE UNITARY RENORMALIZATION GROUP METHOD

Write Hamiltonian in single electron Fock basis (n;) of {Ej, a}

occupied particle-hole

=l
Nj = Cr, o Chyo component fluctuation

Hg) = Haj + Ho (1= fij) + T+ Tig

H.,Ho — diagonal parts

2~ 1-dim. — |
T — off-diagonal part

(j) : j*" RG step

unoccupied
component

Mukherjee and Lal zozoa; Mukherjee and Lal zozob.



THE UNITARY RENORMALIZATION GROUP METHOD

Rotate Hamiltonian such that off-diagonal blocks vanish

Hi—) = UpHp U,
1

Ug) = 2 (" Gt "*I(T;))
t 1 ' many-particle
L) () — Hp - T} " rotation

Hp : Diagonal part of H (contains
single-particle dispersion and self-
energies) ; 1:"(1') tracks energyscale of
quantum fluctuations being resolved

{107y} =1

[H(jy,m;] =0

n; becomes an
integral of motion

(IOM)




THE UNITARY RENORMALIZATION GROUP METHOD

Repeat with renormalised Hamiltonian

H(j_ﬂ = Fhﬁj * Ho ('1 — ﬁ),)

Hy = Hafij_y + Ho (1= ;) + ¢} T+ Tl

The new Hamiltonian obtained can also have
quantum fluctuations within it.

Mukherjee and Lal 2020a; Mukherjee and Lal 2020b.



THE UNITARY RENORMALIZATION GROUP METHOD

RG Equations and Stable Fixed Point

AH) = (ﬁj — ;) {C}LT, "7(1'}}

?ng) = ({I’}U) _ HD)—‘ICJ’{T S _,'-,’ detlzgu SlEd

ema@nt RN <
Fixed point: &) — (Hp)" =0 window

Stopping point reached as no
further rotations can be made.
w attains an eigenvalue of H.

I Mukherjee and Lal 2o020a; Mukherjee and Lal 202ob. i I




THE UNITARY RENORMALIZATION GROUP METHOD

Novel Features of the Method

m 7 = 0 method : Quantum fluctuation scale & tracks
all orders of renormalisation

m Finite-valued fixed points for finite systems -
leads to emergent degrees of freedom

m Spectrum-preserving unitary transformations -

decoupled

Lo . ! i0
partition function does not change, sum rules et ,_A;
satisfied window

m Tractable low-energy effective Hamiltonians -
allow renormalised perturbation theory around
them; studying the entanglement content of the
ground state wavefunction is also possible
sometimes




URG TREATMENTS OF OTHER PROBLEMS

m MIT of the 2D Hubbard model at half-filling (New J. Phys. 22, 063007 (2020))

m MIT of the hole-doped 2D Hubbard model (New ). Phys. 22, 063008 (2020) &
arXiv:2003.06118)

m The Cooper Pair Insulator and the BCS superconductor (Physical Review B 104,
144514 (2021))
m The 1D Hubbard Model & the spin-1/2 XXZ chain (JHEP o4 (2021) 148)

m The spin-1/2 Heisenberg antiferromagnet on the 2D Kagome lattice (New J.
Phys. 21, 023019 (2019))

m Phenomenology of a single band of correlated electrons with translation
invariance (Nuclear Physics B 960, 115163 (2020))

m The Sachdev-Ye model of disordered and correlated electrons (Nuclear
Physics B 960, 115163 (2020))



energy eigenvalues

A closer look at the physics of U,

Co-existence
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0.08
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0.00

Region
contains many
different kinds

I
METAL
Uc (T)
(first-order
tr#sition)
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Co-existence within extended SIAM: physics at U 4

§ separation of scales Alw)
S /
Eh local moment
004
@l L
B o
2| “
@ i .
U r—

cl

o Uq1is when the side peaks get separated
from the sharp central Kondo resonance,
l.e., appearance of near-zeroes in the
impurity spectral function as RG irrelevant impurity site
single-particle hybridization (V) vanishes

ground state stabilized; local Fermi

ave b= N A ~




Excited state QPT at U_;: emergence of degenerate local moment states

| ta 01 +_\0d to) Spl\illnlxgl‘nfh(;i;ge | L4 00) + |04 Jo) 04 1) ?poinm8i¢x:;|:1§ ro;e 04 o)
Splitti ? inf;fltr(ie’csy(;?te : RE : .__ states on
O;(: |tt;§ m (RG relevant V) irre Splltﬂng Impurity site
_ Degenerate __ b Degenerate
| 14 00) — |04 To) Delsot‘;atg:ed | Ja 00) — 104 Jo) | 14 0p) ~— Locasltmg?e"t:’| Ya Oo)
Excited states before U, Excited states after U,

(Similar states exist with doublon on Oth bath site.)

o—34
V(c:rico -+ cgcd)

impurity site .
sy zeroth site

separation of scales

local moment
states

energy eigenvalues

c- - ——

c1



Excited state QPT at U_;: emergence of degenerate local moment states

14 00) + 104 1) Mixing of

Splitting

x VU2 HV2

| ta 00) — |04 To)

energy eigenvalues

c- T

spin & charge

states on

impurity site
(RG relevant V)

.—Degenerate—
Delocalised | |4 0g) — |04 Jo)

states

| 4a 00) + 104 {o)

irreleva!ce

of Vat U

Excited states before U,

separation of scales

local moment
——

(Similar states exist with doublon on Oth bath site.)

A(w)

7

c1

impurity site

zeroth site

104 To)

Splitting
~U

3

No mixing of 104 Jo)
spin & charge

states on
Impurity site

Degenerate

| 14 0p) +— Local Moment—| 44 0o)

states

Excited states after U,

W

>

Local moment
‘ Td 00> ‘ de 00> states on
impurity site
Holon-Doublon
‘Od TO) ‘Od ~L0> states on
impurity site
LM states are at edges of
central peak, holon-doublon
excited states well within
Hubbard side bands.



Excited state QPT at U_;: emergence of degenerate local moment states

1a 00) + [0g 1o) Mixing of ||, 00) + (04 Lo) 0410)  No mixing of 104 lo)
- Spl;l f‘ charge — spin & charge
- states on
. states on
sph’g-;gW impurity site H Splitting Impurity site
X v (RG relevant V) irrelevance ~U
— _Degenerate, —— of Vat U _ Degenerate
| T4 00) — |04 To) Delocalised | |4 0g) — |04 o) | T4 0g) «— Local Moment— | +d 0o)
states states
Excited states before U, Excited states after U¢,

® Broad Kondo resonance (red & blue curves) for U <
Uc; includes V-mixed states in imp. spec.func.

® U~Uq;:RG irrelevance of V & increased splitting
between Local Moment and holon-doublon excited
states (purple curve).

(1| L T O

e

o Depletlon of spectral weight at intermediate
ies & |so|at|on of Kondo peak from Hubbard




Excited state QPT at U_;: emergence of degenerate local moment states

| T4 00) + |04 To) Mixing of | |, 00) + |04 Jo) 104 To) No mixing of 104 do)
N spin & charge

3 i — spin & charge
itti . states on
sph’g-;gW impurity site H Splitting Impurity site
X v (RG relevant V) irrelevance ~U
— _Degenerate, —— of Vat U _ Degenerate
| T4 00) — |04 To) Delocalised | |4 0g) — |04 o) | T4 0g) «— Local Moment— | +d 0o)
states states
Excited states before U, Excited states after U¢,

e

® Increasing U beyond U.; opens optical gap
(yellow & green curves). \%A& |
® Optical gap merges into insulating gap i

(pink curve) for U>U,,.

(1| L T O

® Hubbard side bands contain holon-doublon
s S on impurity site hybridizing into



Delocalisation-localisation transition of excited states at U,

1.25{®%%e00eq,,, 20 jeesees
R ‘ * Entanglement
Som between impurity =
=050 . & bath in certain =
025 g excited states .
R 0.7 0.8 0.9 1.0 ."“I..l. VanISheS’ StablllSIng h "5:{‘ ...... 0.8 0.9 1.0 1.1
r/ra local moments in the r/ra

eigenspectrum.

s ® Coincides with arsesees
” ° . . . 0.4 i
~0.05 . vanishing of single-
e . particle hybridisation o=
~ —0.15 .o . between ImpU rlty -::ZU‘Q &
ne and bath & increase ..

- . 0.1
02507 08~ 09 1.0 11 in the bath. 0.7 0.8 0.9 1.0 e




Delocalisation-localisation transition of excited states at U,

—0.14] 0aq,

1.0

1.1

®* Entanglement between
impurity & bath in
certain excited states
vanishes, stabilising
local moments in the
eigenspectrum.

® Coincides with
vanishing of single-
particle hybridisation
between impurity and
bath.

® Coincides with increase
in spin and charge

correlations in the bath.

0.7 0.8 0.9
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Excited state QPT at U_;: emergence of degenerate local moment states

@ separation of scales AA(w)
2}
— — %
D t < /\,Af\ w
egenerate g | >
Local Moment 2
states v .
U, r— -
U, . Jgd ) §0
e U1: Degenerate local moment excited states ——o
emergent in J-U, effective theory _ )
impurity site .
zeroth site

® V leads to delocalisation (“thermalization™) of local
moment (excited) states into bath.

0.15

® Vanishing of V corresponds to excited state quantum
phase transition (ESQPT) 012 {

® Localisation of charge on the impurity site: Insulating 0.09 |
solution of DMFT is stabilised

Signatures picked up in CTOMC-DMFT & NRG-DMFT
Dobrosavljevic et al 2014 & 2015, Eisenlohr et al, 2020) 0.08 1

0.06 A




Co-existence by starting with an insulating state

n 'separation of scales o o A(w)
> adiabatic continuity
[ —
&i local moment :
20y 1
! i
8! ;
@ i :
c1 1
@ ¥ . :
U, r—» Ue

® | owering U adiabatically through Uy, :
passage into spectrally gapped degenerate
local moment excited states

® Signals co-existence of insulating & metallic
solutions at T>0, by taking into account
degeneracy of LM solutions

e



Co-existence from insulating state: pseudogapped Anderson model at U,

separation of scales

n
0 - -
S adlabﬁtlc continuity
2, ;
8 local moment H
o0 1
S E
B s
£ | ;
Tl , :
Uc1 F— Uc2

® U—U,; + with insulating solution:
e-DOS on bath zeroth site shrunk
to pseudogap (p ~ |w|%)

e Effective pseudogapped Anderson
model: screening of impurity
emergent for 0 < a < %

isenlohr et al., 2020

e

AA(w)

p(w)

0.15

012 4

0.09

0.06 +
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Exiting the co-existence region from insulating state

vy Sseparation of scales A(w)
ER adiabatic continuity
S, —
el local moment :
20 I
@, i
B! a
3 | o
Uc1 S Uc2
® U< Uy : (degenerate) LM excited states ® JS4 S o
rendered metastable

impurity site i
® System relaxes to singlet ground state zeroth site




