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 Bad metals (intro)

e (1) DMFT picture of a bad-metal: low T FL, high
T bad-metal

* (i) high-T regime for doped U=infinity Hubbard
model (from DMFT and high-temperature
expansion technigues)

e lattice theories vs. continuum theories
* (i) beyond DMFT



What happens at T above the
strange metal
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* Question of transport related also to DOS. How
does the DOS for a Hubbard model look like at
Infinite-T?



Bad metal

e 1990s: “Bad metals”, ?=? no quasiparticles

Emery & Kivelson, PRL (1995)

The failure of bad metals to exhibit resistivity satura-
tion strongly suggests that any theory based on conven-
tional quasiparticles with more or less well-defined crystal
momenta suffering occasional scattering events does not
apply. Since there is no crossover in the temperature de-
pendence of the resistivity as the temperature is lowered,
this conclusion applies by continuity even at lower tem-
peratures where the putative mean free path deduced from
the measured values of the resistivity would not, of itself,
rule out the possibility of quasiparticle transport. In other
words, a bad metal behaves as if it is a quasiparticle in-
sulator which is rendered metallic by collective fluctua-
tions [4].
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Other bad metals

Ruthenates, cuprates, organics (el-el driven)

Alkali doped fullerides (eI ph driven)
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Bad metals turn good at low T

 Many (all?) “bad metals”, however do show crossover and
are at low T Fermi liquids

Sr,RuQO,
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Questions

* Does a MIR criterion have a meaning for
strongly correlated 'bad' metals?

* Are there quasiparticles and at what
temperature do they disappear (closeto T_ , or

close to much larger T, )?



Case study and tools

Single band Hubbard model, semicircular DOS

U=4 in units of D. To compare with a typical material, think
of D=1eV=11600K.

DMFT equations solved with accurate impurity solvers:

e continuous-time Monte Carlo (TRIQS : O. Parcollet & M. Ferrero:
ipht.cea.fr/trigs)+Pade analytical continuation

« NRG (NRG Ljubljana : Rok Zitko, nrgljubljana.ijs.si)

Converged & compatible results using both techniques



lU=4D, doping=0.2, T=0.01D
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Transport in DMFT

 Vertex correction vanish, from Kubo formula one has
2me? df\ 1
— L&J —_— v ;1 w U 4—1 "9
o= Jae (H50) # E et

vg = Ok /0Ky Ax(w) = —(1/m)Imfw + g — e — B(w)]

 Velocity distribution function (units [x]%¢ [W])
B(e) = (1/V)Y (D=x/0ke)*5 (2 — cx)

k

2me? 0 f
o = ﬁ: /f‘lw (;j) / deP(€) Ae(w)Ae(w)

 For semicircular DOS:

| 3/2 1/29MIR — {ifgfb(O)/hD
P(e) = P(0) [1 — (f/D)ﬂ



DMFT results: resistivity

1o Several regimes
FL:p~T?; T<T_

1;51}1 1 1 1 « Bad metal T>T,, .

P/ PMIR

--------------------------------------------------------------------------------------------------------------
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Calculated photoemission (ii)
resillient quasiparticles

-T/D=0.0025

Quasiparticle excitations persist up to temperature 6D ~T
Their width [>T, yet smaller than D, so they are well discernible.




e quasiparticles in spectroscopy disappear (only)
on approaching p,, .
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Drude-like formula

Peaked spectral functions enable rewriting of transport egs. to Drude
(Boltzmann) form

Qe )
o= ﬁt /dw'( ;i) ]d"‘l)(*“) w)Ae(w)

d(=) = (1/V) Z(_@Ek/@km)Q(j(g — ck) Ale,w) = —%I-HIG(E? w) = —% {Lu—l—_u—E’E:ejﬁ—l—E"z

k Qi
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I d 2
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]- - 5f :+c ]'
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= Of | ®(e"(w)) _ . .
= A /_ﬁ dw{—aw) 27T () compare with el.-ph. coupling analysis

of Prange, Kadanoff Phys Rev '64
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Generalized Drude

 Works remarkably well at all T.
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About resistivity saturation &
generalized Drude

 Scattering rate saturates, [-(2): [ durte
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Carrier number

« Within Drude description, at high temperature T saturates,
plasma frequency (effective carrier number) keeps
dropping 2

o= T =W,T

m p

 Bad metal regime is like doped semiconductor, controlled
by T-dependence of carrier # not their scattering
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° afyN = L
T = ] — (d_fj P ()7 (w)dw =~ rrt.jrf-‘gl.-Jrs /-fi'L;.-[;;;

 Tau = 1/Im Sigma(omega) = T independent

* |s this the asymptotic high-T regime?/ What
happens at higher temperature still?



* Take hole doped case, U-> Infinity
 How does the DOS look like?
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Preliminary results from 2013
support scenario 1 (wrong!)
» Technically difficult
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A tiny bit on the high-T expansion

(k,— 1 + Sw) 1i "\ (7.5
s M w) = — — | s
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o(w) o (e B t3 3) (@
s == mgo (7)) + 1 =mge®(T) +
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TABLEI The moments calculated in the present work for various
models and quantities.

Quantity Lattice dimension U highest moment
po(k.w)  hypercubic d infinite 4
pgffc,m) hypercubic infinite infinite 9
pc (k@) Bethe infinite infinite 9
pc(k,w)  hypercubic d finite 2
ps(k,w)  hypercubic d infinite 2
pxlw) hypercubic infinite infinite 7
px(w) Bethe infinite infinite 7
o (w) hypercubic d infinite 2
o(w) hypercubic d finite 0
o(w) hypercubic infinite infinite 8




DMFT vs high-T expansion: Self energy

high-T expansion predicts saturated self

more careful NRG (better broadening kernel) consistent with
that
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Interaction expansion QMC results
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DMFT VS. hlgh -T expansmn
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e dominant term agrees with DMFT at Iarge T

« TA3 correction explains describes quantitatively
DMFT down to p,, . (fails to describe RQP reg)



Einstein relation

0
o = €2KD, K= —,

Drude formula

a)2

p oo (—Ek)
O = _TH‘ (6))

2 > _
= p_4f_ooo(a))da)—4nd .

* kinetic energy and charge compressibility drop
as 1/T

See also, Calandra, Gunnarsson, EPL 61 88 (2003)



Saturation of diffusion constant

2 m
p/po +
; D/10 |
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Note also direction of the effect: charge susceptibility deviates
more strongly from 1/T behavior than diffusion constant from a
constant, hence upturn with respect to T-linear!

For more on the charge sucs. see
J. Kokalj, PRB 95 041110R (2017)



Distinct from continuum theories

nature
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Two key differences between
continuum theory and lattice models

* |n lattice, the kinetic energy (charge
compressibility drops as 1/T

* |n continuum, this IS not the case.
e |n lattice, there Is a minimal diff. constant

D=a”2 /time =a”*2* t. There Is no such thing In
continuum.

 These two work in opposite direction



Summary so far

* |n a single band situation, at high-T
e« DOS, > become T-independent (up to a shift)
 Resistivity ~ T
 Kinetic energy, charge compressibility ~ 1/T

« Diffusion constant , scattering rate saturate

* |n materials, all this somewhat academic, at
high T one has multiple bands, but perhaps
cold atoms could realize this high-T regime.

e | was mostly discussing Ic\lﬂoaxﬁrt%n1lfgo(e.t2 glt Nature 545 462(2017),

DMFT, but turns that DMFT in high-T
representative of the true behavior



sistivity

TE!

sqguare lattice in 2d solved by
Lanczos vs. DMFT
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THANK YOU !



From good old days — to the present

1. Good (nonsaturating) metals



Prior to 1960s: Bloch-Grueneisen
describes it all

* Resistivity due to el-ph interaction

5 (@ T
pL = 4(%') ,@;,(?).p@, _ Resistivity of Copper
Ziman,1960 6

« AthighT, p~T  :

03
EE / N
QT 1/
3 d. — 2{2).
J‘zdz 4(T)’
0

af 5 <]
a Ng 202
oCu 333
v Al 395
§ *Ni 472 d
02} -
I:I_ T T /
T T t - i
pr ™~ EPE‘ {T > @} ermperature

o 200 400

R/
o\o‘n

1
03



2.Metals with saturated resistivity at high T



PHYSICAL REVIEW

Saturating metals

VOLUME 136, NUMBER 1A 5 OCTOBER 1964

Anomalous Resistivity of Nb;Snt
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Saturating metals, MIR

In 1970s: Omnipresent saturation, Mott-loffe-Reqel

160 rloffe-Regel

e
-
e
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2500

Compound DPsat fm

vmin
(wacm) (&)

E lements
La 175 ~ 1
Ti 200 ~ 1

A15 compounds

Nb3Sn 135 -150 ~1
Nb:Ge 135 ~1
NbsPt 105 ~1
V3Si 135 ~1
MosGe 120 ~1
Alloys and Intermetallics

Tiy Ay 190-330 1-15
In:B; 140 1-15

FeapxNixCrz 180-250 1-1.5

« Minimal metalic conductivity corresponding to k_I=1 or I~a

Gurvitch, PRB'81

PB Allen, “Superconductivity in d- and f-band metals” (1980); N. Mott (Nobel Lecture 1977)

Gunnarsson, Calandra & Han, Rev. Mod. Phys. (2003)

Hussey, Takenaka & Takagi, Phil. Mag. (2004)



3. Metals with unsaturated P>P s

“Bad metals”
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Transport in DMFT (ii)

 Velocity distribution function (units [x]%¢ [W])

O(e) = (1/V) ) (921/0ke)?5(e — cx)

k

2me? )
T = { / {'(’.f,,:,_,,‘ ‘ I( / {.{F(I}(F)J%E (LL:)J;IE ('..L»'\J
h. C)._.a;_, ‘_ 7 Yl

 Atlow T, only w~0, k~k_ states contribute.

1/ puiir = €2®(0)/RD 2@ natural unit for conductivity,
used henceforth

 If evaluated for a 2d electron gas, one gets
T = (]11:” fI} /ﬁ P = I'F[){"Z/h

k.| times the conductivity quantum, thus this choice
corresponds to p,,. for criterion k_I=1



MIR for a 2d electron gas

U 7 3
ne2r ne<l ne“l
|:T p— p— p—
m mug kr

In 2d, n~k_?, sheet conductivity is G k.|

1 _-'T\'T‘;t’f:z]_ 1 €21
= kpl= ——— - krl
20 2h ¢ F 27 h c F

o

Taking k_|=2m, c=0.3nm one gets

130 uQQcm

2d - 3d; 2mn/c — 4/3 k,; taking further k.=m/a, one
gets 200 puQQcm

Several criterions: most to least restrictive
I=2n/ k., a, 1/k,



* Asymptotic high-T Hubbard model has T-lin
resistivity and saturated scattering rate

e Saturated diffusion constant, scattering rate
» “carrier density”, kinetic energy ~ 1/T
* (In distictinction with continuum)



Optical conductivity

0
[ g(w)dw = Wk =a()D* — o(0) = Wk /D

 Integrates to kinetic energy,

» Size of kinetic energy diminishes oo
frequency, hence conductivity)

* At MIR isosbestic point is lost
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Self energies &particle-hole
asymmetry

* -Imag part of self energy
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Al

Parallel resistor formula

(a)

{b}

R T R e R T N L T wARrwa ey v

The drift velocity in a field E w111 be found as
Vo= [Vd fr —”"fdf———f-

the current j =en VQ:U'E and o =0y =e’nr/m.
However, if we use the new distribution (35}, we
get

EE —{t—1ol/T
Vo= | V(tldP'= te dt
b f { } mtT f[}
3 )
== (1+7)
m
and
. gzn»r EEHT[)
o= m +H;_'=Uldeat+asal

which is the parallel-resistor formula.



Finite-temperature properties of doped antiferromagnet s 47

3 T T T
2 o
C‘? o
a
1 =
0 2 2 2
0 200 400 600 800

Figure 24. Sheet resistivities p(T) for various dopings (full lines) in comparison with
measurements in LSCO with x = 0.15 (dotted)., BSCCO (dashed), and YBCO (dash-
dotted).

Jaklic Prelovsek, Adv. Phys.’00
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