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Abstract: | will present a study of the single-particle properties of hot, lukewarm and cold electrons that coexist in the two-dimensional
antiferromagnetic quantum critical metal within a unified theory. | will show how to generalize the theory that describes the interaction of critical
spin-density wave fluctuations and electrons near the hot spots on the Fermi surface (hot electrons) by including electrons far away from the hot
spots (lukewarm and cold electrons). Through an analytically tractable functional renormalization group scheme it will be shown that low-energy
electrons are characterized by a universal momentum-dependent quasi-particle weight that decays to zero as the hot spots are approached along the
Fermi surface, owing to the coexistence of quasiparticle and non-quasiparticle excitations within the same metallic state. This approach allows to
characterize how the global shape of the Fermi surface is renormalized due to the strong interaction between the electrons and the critical spin
fluctuations. 1 will finalize by commenting on the scope of this approach to study properties that are sensitive to the entirety of the Fermi surface,
paying specia attention to some preliminary results on the superconducting instability of this metallic state.
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Quantum Matter: Emergence and Entanglement 3 The AFM Quantum Critical Metal in 2d

——

Pl The AFM Quantum Critical Metal in "2d

Spontaneous appearance of a spatially modulated electronic spin polarization:
Spin Density Waves.

@ Electronic spin polarization

S(7%) = d(Fy)e AT

@ Qarm = (m,7), commensurate.

o ¢(7")- SU(2) order parameter:

o (&(7})) # 0: AFM phase

o (&(F;)) = 0: Paramagnetic phase.

At QCP, the Fermi surface (FS) develops hot spots.
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Quantum Matter: Emergence and Entanglement 3 Outline: AFM Quantum Critical Metal in 2d

University W
\get/

The Theory of Hot Spot Electrons

Beyond The Theory of Hot Spot Electrons:
Single-particle properties of the AFM Quantum Critical Metal

(i it (o

S.ung—SLk Lee
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Quantum Matter: Emergence and Entanglement 3 Take Away Messages

Take Away Messages

The normal state AFM Quantum Critical Metal supports both Fermi-liquid-like and
non-Fermi-liquid-like electronic excitations.

Message ||

Despite the imminent onset of superconducting order, Non-Fermi-liquid signatures
survive in the normal state of the AFM Quantum Critical Metal.
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Quantum Matter: Emergence and Entanglement 3 The Theory of Hot Spot Electrons

The Theory of Hot Spot Electrons

Low-energy effective field theory:

;S = ;S'(,"" _+_ 'S‘d'a _+_ ;Svt,."; i s _+_ -‘S‘l"']'- ’

/‘(U{ 1/.}?\,‘(?(}{) ['i.ls.'” -+ i.(’N(l:."; 'v)] YN o (k)

-
A_Sqix —

S8 . Y
Sptay =92 D / Ik / dg ¢ (k4 0)Poor (@) 00 (k)

N=1ga'=1,1

Spa = u / dg /(iqg /dq;; Tr [P (g1 + q2)P(gs — q2)] Tr [P(—q1)P(—qs)]

A. Abanov, E. Abrahams, E. Berg, V. de Carvalho, L. Classen, A. Chubukov, H. Freire, M. Gerlach, S Hartnoll, D. F. Hofiman, D.-H. Lee, J
Z-X_ Li, 5. A Maier, Z. Y. Meng, M. Metlitski, A. Patel, 5. Sachdev, ¥. Schattner, J. Schmalian, P. Strack, 5. Sur, 5. Trebst, A_ Tsvelik,
Wang, 5. Whitsitt, P. Wolfe, H. Yao, amengst many others...
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Quantum Matter: Emergence and Entanglement 3 Electrons close to the Hot Spots

Electrons close to the Hot Spots

o Electron close to hot spot N:

UN.o (k) = N o (ko k)

Sy = Z Z /(U"' Pl o (K) [;ﬁ;m +ien (k; 'l’)} YN, (k)

N=1e=1,{
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Quantum Matter: Emergence and Entanglement 3 Electrons close to the Hot Spots

—

PI Electrons close to the Hot Spots

@ Electron close to hot spot N:
N0 (k) = N0 (ko k)

e Dispersion @ N = |
€1 (l? v) = vky + ky.

o Electronic spectrum

W= :l:|(’N (}?, ’U)|

Sy = Z Z ,/.(IA: (/-‘L,U(A‘) [""/‘fn + 'f-f’-N(Ei"’)} YN .o (k)

N=1o=1,]
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Quantum Matter: Emergence and Entanglement 3 Bosanic Collective mode

—

PI Bosonic Collective mode

o § measured with respect to Qapwm

e SU(2)-matrix bosonic field:

3

Poor() = Z(T”)m’d’”(fﬂw 7" € su(2).

a=]1

e Bosonic spectrum

Ey, ((f] = (.'.| (ﬂ .

~ I . 2 2 21 m ; .
Se = 1 / dg [q(} + c'l(ﬂ'] I'r [P(q)P(—q)]

Spa = u /(iql / dgs / dgs Tr[®(qr + q2)P (g3 — q2)] Tr [P(—q1 ) P(—q3)]
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Quantum Matter: Emergence and Entanglement 3 The Theory of Hot Spot Electrons

The Theory of Hot Spot Electrons

Low-energy effective field theory:

’-5' — #-S—"-r,‘"r + b'l/') + *S';’."Jf‘[\'l ) + lb'(lr'] y l

/ dk (/N - (k) |il‘.l\.'-() + -i..(’N(l:; -n)] YN0 (k)
P ——

Sp = - /dq [q;“: + ¢°|q° ]Tt [P(q)P(—q)],

.SHT dyp — Y Z Z /(U' /(1(1 l/ I‘ + fj)(])r”ﬂ(fj)f/N a ( )

_lr‘I(T' T_L

Spr = u / dqgq /«qu /dq;:, Tr [P (g1 + q2)P(g3 — q2)] Tr [P(—q1)P(—q3)]

Strongly-coupled field theory that cannot be studied perturbatively in controlled
way!
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Quantum Matter: Emergence and Entanglement 3 Low-Energy Theory of Hot Spots Electrons

& [P] = —2.

Low-energy properties encoded in Minimal Local Action:

Minimal Local Action

S = Z Z ./‘(U" "/-‘j\z,n(k) [jl,-._” + 'f-f"N(E? ”")] YN ,o (k)

N=1 (’T:T!J_

3 “ a
+g Z Z / dk / (lq ..(/;TTV_‘U(A- + q)(:l-)nn’ ('])"(/"N,n’ (A)

IV: | ('T‘c'T"’:T“L

Bosonic action is irrelevant = Freedom to fix L= ~ O(1) (marginal).
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Quantum Matter: Emergence and Entanglement 3 Low-Energy Theory of Hot Spots Electrons

—

Pl Low-Energy Theory of Hot Spots Electrons

Minimal Local Action
s__§: E: /dL¢N”L)th+nN( m]¢N5()

—1 c‘T—T J,

w”“i: E: /dA/dqd‘ (k+ @) Poor (Q)N,0 (),

N=1¢go'=

Emergent nesting of the FS @ hot spots:

If vo€1l, ©v—0 Stable low-energy fixed-point.

Dynamics of the collective mode damped by particle-hole excitations:

D(q)" = |go| + e(v)(|g=] + |ay]),
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Quantum Matter: Emergence and Entanglement 3 Low-Energy Hot Spot Electrons

—

PI Low-Energy Hot Spot Electrons

Low-energy spectral function of hot spot electrons dominated by:
Higher-loops suppressed:

o \ Ll
SF(LL]) ((‘(”) ) ,

with v/c(v) ~ /v < 1.

Close the fixed-point,

z =1+ OH/v), (U] = =2+ O(Vv)

Low-energy Hot Spot Spectral Function:

lc ]| A f ’,"f-ia,' )

. e log log (A I Jw) l
AN (”*L’d) i Jo————— . e
wy/log(Af/w)loglog(Af/w) Hog(A;/w)] 3

@ Hot spots: Highly incoherent electronic excitations — Non-Fermi-liquid-like.
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Quantum Matter: Emergence and Entanglement 3 Outline: AFM Quantum Critical Metal in 2d

Outline: AFM Quantum Critical Metal in 2d

Beyond The Theory of Hot Spot Electrons:
Single-particle properties of the AFM Quantum Critical Metal

i
SRR TR

Lee
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Quantum Matter: Emergence and Entanglement 3 Beyond The Theory of Hot Spot Electrons

Beyond The Theory of Hot Spot Electrons

Theory of hot spot electrons is not a complete low-energy theory for the AFM
quantum critical metal!

e Hot spot electrons are only a
fraction of all gapless degrees of
freedom along the FS.

e Fixed-point: Stable up to
superconducting instabilities.

Need to incorporate electrons away from
the hot spots in the low-energy
description.
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Quantum Matter: Emergence and Entanglement 3 Beyond The Theory of Hots Spot Electrons

—

PI Beyond The Theory of Hots Spot Electrons

Generalized Minimal Local Action
Z Z /(U‘ (/N(TU\) [flw() + Vi V) (kn)e N[k v N(AN]]] VYN, (k)

N=1lo=1,1"

+ Z Z /(IA /(U- f,”\’(l‘w\f-l”v)(/ (A + Q) Poor (QYN o7 (k)

N=1g ol=1.1"

e ky: Parametrizes FS locally.
ki = ko ko = —ky, -+

e At zero momentum,

UN (()) = v,
Vi) = 1,

gn (0,0) =
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Quantum Matter: Emergence and Entanglement 3 Low-Energy Theory: Functional RG Analysis

—

PI Low-Energy Theory: Functional RG Analysis

Functional RG Analysis |

What is the momentum profile of the coupling functions in the low-energy limit, ‘
i.e., their functional form at the low-energy fixed point?

o

Very hard to answer for arbitrary momentum dependence of the coupling functions!

The Weak Momentum Dependence Limit (WMDL)

Functional RG is analytically tractable in the case that

onv(0) =0 < 1 (Control in theory of hot spot electrons),

dlog Jn(kn)
Jlog kn

< 1, (Slow variation along the FS),

with Jn (k) = on (kn), V™) and gn (Kl kn ).

The WMDL provides a window in which the emergent momentum profiles can be
understood in a controlled way.
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Quantum Matter: Emergence and Entanglement 3 Weak-Momentum Dependence Limit

—

PI Weak-Momentum Dependence Limit

by

Start with the UV theory (1 ~ Ay):
VN (EN) = vo € 1, V£~N)(I\1N) =1,

In practice the WMDL means:

(/) Quantum corrections computed with momentum-independent coupling
functions.

(ii) Momentum dependence arises from the IR cutoffs quantum corrections and

(i) appears in observables through the RG flow of v.

Result: Low-energy fixed-point with

dlog In(kn)
Jlog kn

on(0) =0, &

~ Vo &K 1.
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Quantum Matter: Emergence and Entanglement 3 (%) Quantum Corrections

(¢) Quantum Corrections

The price to pay:
In the WMDL.:

@ Collective mode's dynamics governed |
by

D(9)~" = |qo| + e(v)(|g=] + lay])
c(v) ~ yvlog(l/v).

e Higher-loops suppressed

(E—2) v L—-L I
G(E,L, L) ~v ((.(,,) )

e Control parameter is still
v/e(v) < 1!

- —-3/2 -
kp ~ (2 / A(,, Af Y A(_.

Extended region of the FS governed by the universal low-energy theory in WMDL. |
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Quantum Matter: Emergence and Entanglement 3 (i) Momentum-dependent IR Scales: One-loop e.g.

. . McMaster
(i4) Momentum-dependent IR Scales: One-loop e.g. University

Quantum corrections have IR cutoff scales depending on momentum of external
electrons.

One-loop fermion self-energy:

1. Virtual fermion at FS at expense of
creating bosonic excitation:
er1(kn) ~ ve(v)|kn|.
Virtual boson at zero energy at
expense of exciting an electron:
ea(kn) ~ vkn.

IR scale: minimum energy of virtual
excitations!

If 1 < e1(kn), electrons and spin fluctuations decouple!
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Quantum Matter: Emergence and Entanglement 3 [.-.-“)Mo_mnﬁfl||11_d1‘pe|_1(le_nf_sla|m vy (kpy)

Different quantum corrections have different IR scales!

Folkn) Fi(kn)

P

Flow of v:

o(¢) (€ + o) log (¢ + o)

I
volog(1/vo)

by ~

T T T U -+ ki
Ar gy Ar oty / Ag

Py o & e
] YpCo Voo

. 3 (! ._ 1
N (kN 1) = vo exp (— de v(f) log (—)

27 J, o(0)

20(0)c(O)|kn|) + - ])
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Quantum Matter: Emergence and Entanglement 3 Ideal Case: From Cold to Lukewarm

—

Pl Ideal Case: From Cold to Lukewarm

fy

Regions I, Il and Ill:

Renormalized Fermi Surface
I: AIH — _'l.,{_]l]_'__r

I: &k, ~ —vok., ~|~f—r-|— b

1l: LT‘U ~ _IUUA'T M =
‘ l I\Jp‘

Quasiparticle Weight in |, 11 & 1lI
I: Z,(kz) =1 (COLD)

| | L‘:p-. | \‘Ffﬂg;

(LUKEWARM)
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Quantum Matter: Emergence and Entanglement 3 Ideal Case: From Lukewarm to Hot

—

PI Ideal Case: From Lukewarm to Hot

Regions IV and V:
E

N Renormalized Fermi Surface
'
| N — f-[_!()l\f_.,. ( |Ar,,- ‘ ) 214
VV9og(Ay/lke|) loglog(As/|ke]) A

k..
. A‘( ~ - ; :
v Y log(Ay/|kz|) loglog(As/|ka|)

ky

Quasiparticle Weight

| | Ay
IV \J/log |T‘,L
Zi(ky) ~exp | —

| (HoT)

" A

|
: 5 log log w—’w)
Ar —to Aty 5106 \ Tk,

Yo YpcCo

Z1(0) = 0! Consistent with lack of quasiparticle peak of hot spot electrons!
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Pl Realistic Scenario I: Superconducting Instability Kicks In %ﬁ%ﬁ?}%

Forw~ Aje '8¢ > Are "0 and kn # 0, generically:

AN(E;w):ZN(A.'N;LU_(E))_ - 1 —_—
™~ (kv w(k)) (w—w(k))? + 7(k;w(k)) 2

Ea(kn)

A fec A o /
,J,(- el v ¢ tac

vpco

Erv(kn)

o Resolution

No Control

I -1 - > ;I-N
f,.‘ff.' to Ap —ty Ay Ay
1] Toco vh Toco
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Quantum Matter: Emergence and Entanglement 3 i " Realistic Scenario |: Main Difference:

R - - - N
Realistic Scenario I: Main Difference:

Region IIl' and no resolution region:

Ay
vpeg

Lifetime:

—

TN U\?N 3 u-’(['.])_ b~ !.‘uw‘(l\‘-)

No Resolution
Spectral weight:

) | | wik
N Zn (kv w(i) ~ [ L)
“No Control

w(k) receives only power-law corrections
in kn.

Ay p £o _"}_J__ e fo

v vpcp

Scattering rate scales linearly in the renormalized energy: Deviation from
Fermi-liquid theory! (Marginal Fermi-liquid)
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Quantum Matter: Emergence and Entanglement 3 Realistic Scenario 1I: Mani Difference

by

Realistic Scenario |I: Mani Difference

Region V' and no resolution region:
g
E

A P
rf ¢ boo
coto

Lifetime:
j\f

—

w(F)
\/I()g(j\f/w(l:))

v (kniw(k) ™! ~

I No Resolution|:

Spectral weight:

%)

ZN(L:N;w(E)) ~exp | — ,

z Ag
log log 2L )
og log iy

w(k) receives superlogarithmic corrections

in L‘;’V .

Scattering rate deviates from Fermi-liquid theory!
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Quantum Matter: Emergence and Entanglement 3 Take Away Messages

PI Take Away Messages | %ﬁ%ﬁ%

The normal state AFM Quantum Critical Metal supports both Fermi-liquid-like and
non-Fermi-liquid-like low-energy electronic excitations:

Cold: Noninteracting: Unit quasiparticle weight
Lukewarm: Quasiparticle weight has power-law decay in momentum
Hot: Quasiparticle weight has superlogarithmic decay in momentum

At hot spots: no quasiparticles!

Message ||

Despite the imminent onset of superconducting order, Non-Fermi-liquid signatures
survive in the normal state of the AFM Quantum Critical Metal.

ARPES Experiments: Expect to see physics consistent with lukewarm electrons and

scattering rate linear in energy!
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Quantum Matter: Emergence and Entanglement 3 Realistic Scenario II: Superconducting Instability

Pl Realistic Scenario II: Superconducting Instability

Forw~ Aje 8¢ < Aje "0 and kn # 0, generically:

AN(E;w):ZN(A.'N;LU_(E))_ - 1 S
™~ (kv w(k)) (w—w(k))? + 7(k;w(k))—2

" Ea(kn) Er(kn)
I

"\,J, c fac {‘....,r’“ /

(AR v e

\%

No Control

AN SURANLLL R, » frtN

Ay e fac "\f(." to = Ay

o (] Toco
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