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High temperature
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Is there a quantum phase transition
at a critical p=p.!




| Real-space view at small p |
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Momentum-space view at large p |
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Hole doped cuprates

Yang He,YiYin, M. Zech,A. Soumyanarayanan, |. Zeljkovic, M. M.Yee, M. C. Boyer, K. Chatterjee,W. D.Wise, Takeshi Kondo,
T.Takeuchi, H. Ikuta, P. Mistark, R. S. Markiewicz, A. Bansil, S. Sachdey, E.W. Hudson, and |. E. Hoffman, Science 344, 608 (2014)
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Hole doped cuprates

The remarkable underlying ground states of cuprate superconductors
Cyril Proust and Louis Taillefer, arXiv:1807.0507
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Precision Measurement of the Node
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One gap for p > 0.19 (Tc ~ 81 K)
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Two “gaps” for p < 0.19 (T~ 86 K)
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Hidden magnetism at the pseudogap critical point of a high
temperature superconductor

Mehdi Frachet!t, Igor Vinograd!t, Rui Zhoul2, Siham Benhabib?, Shangfei Wul, Hadrien
Mayaffrel, Steffen Kramerl, Sanath K. Ramakrishna3, Arneil P. Reyes3, Jéerome Debray#,
Tohru Kurosawa>, Naoki Momono®, Migaku Oda>, Seiki Komiya?, Shimpei Ono?,
Masafumi Horio8, Johan Chang®, Cyril Proust!, David LeBoeuf!®, Marc-Henri Julien!®
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pseudogap e 80T arXiv:1909.10258
@ 60T
& 30T Quasi-static magnetism in the pseudogap
60 v 18T state of La2-xSrxCuQO4. Temperature —

doping phase diagram representing Tmin, the

temperature of the minimum in the sound
velocity, at different fields. Since
superconductivity precludes the observation
of Tmin 1n zero-field, the dashed line (brown

area) represents the extrapolated T min(B=0).
While not exactly equal to the freezing
temperature 7t (see Fig. 2), Tmin 1s closely
tied to 71 and so is expected to have the same

doping dependence, including a peak around
p =0.12 1n zero/low fields (ref. 2). Onset

P* 0.20  temperatures of charge order are from ref. 33
(squares) and 35 (hexagons).
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We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a boson
b (the holon) and a fermion f, (the spinon):
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U(1) gauge invariance, b— be'®,  f,— f,e'®
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The physical electron (c,) and spin (S) operators are rotations in
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We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a boson
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We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a boson
b (the holon) and a fermion f, (the spinon):
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Differences from SYK models:

e The interaction term .J;; has 2-index randomness, in contrast
to the 4-index randomness in the SYK models
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e The interaction term .J;; has 2-index randomness, in contrast
to the 4-index randomness in the SYK models

e There is a local constraint. Consequently both the ¢;; and
J;; are 4-particle terms, when expressed in terms of SU(1|2)
particles f,, b, or the SU(2|1) particles b, §.
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H = ti'CT Cioy ng;g
\/NZ J Tra] N Z J J

i j=1 i<j=1

Differences from SYK models:

e The interaction term .J;; has 2-index randomness, in contrast
to the 4-index randomness in the SYK models

e There is a local constraint. Consequently both the ¢;; and
J;; are 4-particle terms, when expressed in terms of SU(1|2)
particles f,, b, or the SU(2|1) particles b, §.

e There is competition between the hopping and exchange terms,
controlled by the values J/t and p, leading to a deconfined
quantum critical point (DQCP) separating two distinct phases
with Fermi-liquid-like behavior as 1" — 0.
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S;; = /deT' Tr (P(7)Q (1 — 7)P(7"))

+ / drTr (so P(7)) .

Path integral over a superspin P(7) with a
self-consistent self-interaction O(7)
and a ‘Zeeman superfield’ sg.

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdeyv, arXiv:1912.08822
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2
<
|
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(SU(HZ) theory)

From this action we determined the correlators

Rir—7) = - <c L > -
__ 1 =
)y = ={8(r)-8 >

Qr—r) = 3(8(m)-5())
D. Joshi,
and finally impose the self-consistency conditions Gghenyua? ILi,
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— — . S. Sachdey,
(T) (T) 7 Q(T) Q(T) arXiv:1912.08822
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From this action we determined the correlators
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D. Joshi,
and finally impose the self-consistency conditions Chenyuan Lj,
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D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdeyv, arXiv:1912.08822



t-] model phase diagram

Deconfined
quantum
critical
point

Zeroth order, p. = 1/3 Pe P

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdeyv, arXiv:1912.08822



t-]

Zeroth order, p,

model phase diagram

Deconfined
quantum
critical
point

—1/3 Pe p

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdeyv, arXiv:1912.08822



t-] model phase diagram
(SU(1]2) theory]

Disordered
Deconfined Fermi liquid.
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t-] model phase diagram

(SU(2/1) theory]
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e {-J models with random and all-to-all interactions exhibit a
deconfined critical point at a non-zero doping p = p., flanked
by conventional confining phases with carrier densities p and
1+ p.

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdeyv, arXiv:1912.08822
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o (Closely related saddle-point equations were obtained in an
“extended dynamical mean-field theory (EDMFT)” of non-
random lattice t-J models.
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e {-J models with random and all-to-all interactions exhibit a
deconfined critical point at a non-zero doping p = p., flanked
by conventional confining phases with carrier densities p and

1+ p.

o (Closely related saddle-point equations were obtained in an
“extended dynamical mean-field theory (EDMFT)” of non-
random lattice t-J models.

e The structure of the DQCP is similar to the SYK models:
both have local spin correlations which decay as ~ 1/|7] in
Imaginary time 7.

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdeyv, arXiv:1912.08822
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Hole doped cuprates

The remarkable underlying ground states of cuprate superconductors
Cyril Proust and Louis Taillefer, arXiv:1807.0507
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t-] model RG

We assume power-law decays

1 sgn(7)
Q(T) ™~ ’T‘d_l y R(T) ™~ ‘7_|7~_|_1 '

We ignore the self-consistency condition for now. We decouple the last two
terms by introducing bosonic (¢,, a = 1...3) and fermionic (v, ) baths.

S. Sachdey, Physica C 357,78 (2001)
M.Voijta and L. Fritz, PRB 70, 094502 (2004)
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We assume power-law decays

(SU(HZ) theory)

1 sgn(7)
Q(T) ™~ ’T‘d_l y R(T) ™~ ‘7_|7~_|_1 ‘

We ignore the self-consistency condition for now. We decouple the last two
terms by introducing bosonic (¢,, a = 1...3) and fermionic (v, ) baths.
Then the problem reduces to the Hamiltonian

H = (so+ Nl fo+ A+ go (f1b1a(0) + He) +y0ff - f/s $a(0)
1
+ / ’k’rdkkw};awkza + 5 /dda: [772 + (&B(ba)Z]
where a = (x,y, 2), 0% are Pauli matrices T, 1S canonically conjugate to the

field ¢, and ¢, (0) = ¢ (z = 0), 1o (0) = [ |k|"dk pe.

S. Sachdey, Physica C 357,78 (2001)
M.Voijta and L. Fritz, PRB 70, 094502 (2004)



t-] model RG

We assume power-law decays

(SU(I\Z) theory)

1 sgn(7)
Q(T) ™~ ’T‘d_l y R(T) ™~ ‘7_|7~_|_1 '

We ignore the self-consistency condition for now. We decouple the last two
terms by introducing bosonic (¢,, a = 1...3) and fermionic (v, ) baths.
Then the problem reduces to the Hamiltonian

H = (so+ N fifa+ A0+ go (fibea(0) + He) +~ofl - f/s ()
+ / ’k’rdkkw};a@bkza + % /dda: [772 — (&B(ba)Q]

where a = (x,y, 2), 0% are Pauli matrices T, 1S canonically conjugate to the

field ¢q, and ¢4(0) = ¢o(x = 0), ¥ (0) = [ |k|"dk Y. We identify Q(7)

with temporal correlator of ¢,(0), and R(7) with the temporal correlator
of 1,(0), and it can be verified that these correlators decay as above.

S. Sachdey, Physica C 357,78 (2001)
M.Voijta and L. Fritz, PRB 70, 094502 (2004)



t-] model RG

We assume power-law decays

(SU(I\Z) theory)

1 sgn(7)
-1 7 R(T) ~ |+

Q(1) ~

ka

We ignore the self-consistency condition for now. We decouple the last two
terms by introducing bosonic (¢,, a = 1...3) and fermionic (v, ) baths.
Then the problem reduces to the Hamiltonian

H = (so+ AN flfa+ A0+ go (fwaa(O)—l—H.C.)—FVOfT —2 £5 ¢a(0)

/ KAk k! e + 2 / 2z [12 + (Osba)’)

The impurity superspin is coupled to

a fermionic bath by g,

and to a bosonic bath by ~y,

and sg acts as a local field on the superspin -
a superKondo problem!
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We assume power-law decays

(SU(Z\ 1) theory)

1 sgn(7)
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We ignore the self-consistency condition for now. We decouple the last two
terms by introducing bosonic (¢,, a = 1...3) and fermionic (v, ) baths.
Then the problem reduces to the Hamiltonian

H = (so+ Nblba + Aft+ go (61,510 (0) + Hee.) + 6%, ~22 b5 ¢4 (0)

+ / |k|rdkkw;ﬂba¢ka + % /ddaj [772 -+ (5’xqba)2]

The impurity superspin is coupled to

a fermionic bath by g,

and to a bosonic bath by ~y,

and sg acts as a local field on the superspin -
a superKondo problem!




t-/ model RG

We can perform a RG analysis for small ¢ = 3—d and ¥ = (1 —r)/2, while imposing
the local constraint exactly. The one-loop 8 functions are

3 3 0, IR
T
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These equations have a fixed point with s =~ 0 with only one relevant direction,
corresponding to the flow of s to Fo0.
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the local constraint exactly. The one-loop 8 functions are
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These equations have a fixed point with s =~ 0 with only one relevant direction,
corresponding to the flow of s to +00. The 3 states of the superspin are nearly
degenerate at the fixed point, and the flows away from the fixed point correspond
to different orientations of the field on the superspin: one side (overdoped) favors
the holon, and the other side (underdoped) favors the spinon.




t-] model RG

The scaling dimensions of the electron and spin operators can be determined to
all orders in € and 7 and these imply

Rr) = —3 {ca(n)eh @) ~ D, Qr) = 3 (8- 5O0) ~ 5.




t-] model RG

The scaling dimensions of the electron and spin operators can be determined to
all orders in € and 7 and these imply

Rr) = —3 {ca(n)eh @) ~ D, Qr) = 3 (8- 5O0) ~ 5.

=

Finally, we impose the self-consistency conditions R(7) = R(7), Q(7) = Q(7) and
obtain r =0 (r =1/2) and d = 2 (e = 1), so that at the critical point we have

(calr)eh ) ~ EED () 5(0)) ~ 1.

: 7| 7]
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Remarkable recent observation of

‘Planckian’ strange metal transport in cuprates,
pnictides, magic-angle graphene, and
ultracold atoms: the resistivity, p, is

m™* 1

—

independent of the strength of interactions!



Material n m* Arld | h/(2e* Tr)
107 m3) | (mo) Q/K) | @/K)
Bi12212 p=0.23 6.8 84+1.6 8009 74x14
Bi2201 | p~04 3.5 7415 g +2 g +2
LSCO p=0.26 7.8 98=+1.7 82x1.0 89+1.8
Nd-LSCO| p=0.24 7.9 12 +4 74+£08 [ 106374 0.7+x04
PCCO x=0.17 8.8 24 +0.1 1.7+0.3 2.1+0.1
LCCO x=0.15 9.0 3003 [ 30045 | 26+0.3
TMTSF | P =11 kbar 14 1.15+£02 | 28+0.3 2804

Slope of T-linear resistivity vs Planckian limit in seven materials.

Cu2+,Cus+ %_:
L _  ksT e
- = S
h A I i
,
7- C T.l
b a & _A_ /_‘3_8872

A. Legros, S. Benhabib, W.Tabis, F. Laliberte, M. Dion, M. Lizaire, B.Vignolle, D.Vignolles, H. Raffy,
Z. Z.Li, P Auban-Senzier, N. Doiron-Leyraud, P. Fournier, D. Colson, L. Taillefer, and C. Proust,
Nature Physics 15, 142 (2019)
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