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Hole doped cuprates
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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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Two “gaps” for p < 0.19 (T~ 86 K)
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One gap for p > 0.19 (Tc ~ 81 K)

)

310 K |
N
250 K
|
|
190 K
|
|
= O
= M50 K °
S |
¥e) 1>
©
< 130K
2 |
n
qC) |
£ (110K Olf
O]
90 K |

60 K

02 01 0
Energy relative to u (eV)

Energy relative to u (eV)

W\ NS -
A

Normal state

0.5

ODS 150 K - 250 K

04 0 04
k, (/a,)

Superconducting gap present

I 6.1
0 90 K
0.4 0 04
k (va,)

S.D. Chen et al., Science 2019



|. Insulating random magnet

2. Deconfined criticality at
non-zero doping

3. Phase diagram of disordered
Hubbard model



|. Insulating random magnet

2. Deconfined criticality at
non-zero doping

3. Phase diagram of disordered
Hubbard model




Insulating | model

N
1 — —
H=— > J;5-S

1<g=1
= 1 .
a="T,4, 5= 503040@602'6» Cjacz'a

84

Jij random, J/L'j — O, J_ZZJ — J2

=1



Insulating | model
/ DS(r)5(5% — 1)eS

S.Sachdev and J.Ye, PRL 70, 3339 (1993)



Insulating | model
z / DS()5(52 — 1)e=5

From this action we compute

_ 1 /o

Qr—7) = 2 (S(r)-8())

3 Z

and then impose the self-consistency condition

QN =Q(r).)

S.Sachdev and J.Ye, PRL 70, 3339 (1993)




Insulating | model: large M limit

Express the spin operator in terms of fermions S = (1/2) fi, 3f3,
and let o =1... M. The fermions obey the constraint

M
M
O;fifa — 7

In the large M limit we obtain for the fermion Green’s func-
tion G and self energy > (same as the SYK equations)

1
iw — 2(iw)

Giw) = N(1) = —J*G?*(1)G(—7)

The solution is

G(7) ~ ng(;) | <§(T) - §(0)> L

S.Sachdev and |.Ye, PRL 70, 3339 (1993)



Insulating | model

1 L

Numerical studies for SU(2) spin-1/2 show spin-glass order!

L.Arrachea and M. |. Rozenberg, PRB 65, 224430 (2002)



Insulating | model: RG

We assume a power-law decay

1
Q(T) ™~ ‘T‘d_l .

Ignore the self-consistency condition for now. We decouple the S (1) -
S(0) interaction by introducing a bosonic (¢4, a = 1...3) bath.

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 15152 (2000)
S. Sachdeyv, Physica C 357,78 (2001)
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Ignore the self-consistency condition for now. We decouple the S (1) -

S(0) interaction by introducing a bosonic (¢4, a = 1...3) bath. Then
the problem reduces to the Hamiltonian
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Insulating | model: RG

We assume a power-law decay

Schwinger fermions
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Insulating | model: RG

We assume a power-law decay

Schwinger bosons

1
Q(T) ™~ ’T‘d_l .

Ignore the self-consistency condition for now. We decouple the S(7) -

S(0) interaction by introducing a bosonic (¢4, a = 1...3) bath. Then
the problem reduces to the Hamiltonian

a

o/ 1
Hip = 0075200 6,(0) + 5 [ d% [x2 + (0:60)]

where 7, is canonically conjugate to the field ¢, ¢,(0) = ¢,(x = 0),
and we have the constraint

We identify Q(7) with temporal correlator of ¢,(0), and it can be ver-
ified that this correlator decays as above.

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 15152 (2000)
S. Sachdeyv, Physica C 357,78 (2001)



Insulating | model: RG

We can perform a RG analysis in a € = 3—d expansion, while imposing
the fermion constraint ezxactly. The two-loop 8 function is

€

BY) = 27 +7° =7+ ..

This has a stable fixed point at v*% = ¢/2 +¢€?/4 + .. ..

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 15152 (2000)
S. Sachdeyv, Physica C 357,78 (2001)



Insulating | model: RG

We can perform a RG analysis in a € = 3—d expansion, while imposing
the fermion constraint ezxactly. The two-loop 8 function is

€

BY) = 27 +7° =7+ ..

This has a stable fixed point at v*% = ¢/2 +¢€?/4 + .. ..

—

The scaling dimension of the spin operator is dim|S]
to all orders in €. This implies the correlator

€/2, exact

Q) =3 (S 50)) ~ =

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 15152 (2000)
S. Sachdeyv, Physica C 357,78 (2001)



Insulating | model: RG

We can perform a RG analysis in a € = 3—d expansion, while imposing
the fermion constraint ezxactly. The two-loop 8 function is

€

BY) = 27 +7° =7+ ..

This has a stable fixed point at v*% = ¢/2 +¢€?/4 + .. ..

—

The scaling dimension of the spin operator is dim|S]
to all orders in €. This implies the correlator

€/2, exact

Q) =3 (S 50)) ~ =

Finally, we impose the self-consistency condition Q(7) = Q(7), and
obtain the same self-consistent result as in the large M expansion

(5(r)-5(0)) ~

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 15152 (2000)
S. Sachdeyv, Physica C 357,78 (2001)
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t-| model
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We consider the hole-doped case, with no double occupancy.
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t-| model

- I
H = ti'CT Cioy ngzg
\/N Z J Traed N Z J J

2,7=1

We consider the hole-doped case, with no double occupancy. |

i<ji=1

Hach

site has 3 states which we map to the ‘superspin’ space of a boson
b (the holon) and a fermion f, (the spinon):

0) = b |u)

Ca

—

S
fd o+ 070
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fab'

1
§fl0aﬁfﬂ

1

The physical electron (¢, ) and spin (5 ) operators are rotations in

this SU(1|2) superspin space.



t-| model
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i,j=1 1<j=1

We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a fermion
f (the holon) and a boson b, (the spinon):

0) = § |v) : cl, 10) = bl |v)
Co = bof
. 1 ;
S — iba()'a@bﬁ
blbo +f7f = 1

The physical electron (¢, ) and spin (§ ) operators are rotations in
this SU(2|1) superspin space.



t-| model
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H = ti'CT Cioy ngzg
\/N Z J Trae) N Z J J

i,j=1 1<j=1

We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a fermion
f (the holon) and a boson b, (the spinon):

0) = § |v) : cl, 10) = bl |v)
Co = bof
. 1 ;
S — iba()'a@bﬁ
blbo +f7f = 1

The physical electron (¢, ) and spin (§ ) operators are rotations in
this SU(2|1) superspin space.

SU(1|2) = SU(2|1)
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z / Df..(1)Db(r)DA(r)e~S

S = /dT :fl(7'> ((,% + 50 +i)\> fo(T) + 07 (7) ((% +z’)\> b(T) — z>\

— 7 /deT’R(T — el (T)eo (7)) + Heoc.

J2
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drdr'Q(r — )S(1) - S(') .
“ ERLEE (SU(HQ) theory)




t-| model
z / Df..(1)Db(r)DA(r)e~S

S = /dT :fl(T) ((,% + S0 +i)\> fo(T) + b1 (7) <(% +z>\> b(T )—i)\:

— 7 /deT’R(T — el (T)eo (7)) + Heoc.

J2
2

drdr' Q(r — 7)S(r) - S(7) .
“ ERLEE (SU(HQ) theory)

From this action we determined the correlators
_ 1
Rir—7) = —5{ca(me(m)),

Qr—7) = 3 (S -5)_




z - / Db, (7)Df(

S = /dT :bL(T)<a

t-| model

)D)\(T)G_S

— A
0T+SO+Z

)balr) +71(0) 5 + 7)) - x

— 7 /deT'R(T — el (T)ea (') + Hee.

J2
2

drdr'Q(r — )S(1) - S(r').

(SU(Q\ 1) theory)

From this action we determined the correlators

R(1 —

QT —

) = —

= e
) = <§

and finally impose the self-consistency conditions

C

LTz

)-St)),

) =Q).




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)



t-] model RG

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!




t-] model RG

We assume power-law decays

(SU(Z\ 1) theory)

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

Q(7)

m
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+ 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
g + BN
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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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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
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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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t-] model phase diagram

(SU(QH) theory) (SU(HQ) theory)
Metallic Disordered
spin glass. Deconfined Fermi liquid.
Condense spinon b, quantum Condense holon b,
f carrier density p critical fo, carrier density 1 + p
point
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t-/ model large M

Each site has 3 states which we map to the space of a boson b
(the holon) and a fermion f, (the spinon):

0) =0 ) el ]0) = fl|v)
Coz:fosz : f;fa‘FbTb:l

To obtain a large M limit, let « = 1... M, endow the boson with

an ‘orbital’ indexa =1... M" and send M — oo at fixed k = M' /M.
Then

M
Caa:fozbg 9 f;rgfa—l_blba:?



t-/ model large M

Assuming the bosons are not condensed, we obtain SYK-like
equations for the boson and fermion Green’s functions:

| 1
Gb(’&wn) — Wy, + Uy — Eb(iwn)
So(1) = —t*Gy(1)Gy(—7)Gy(T)
| 1
Gf(zwn) — 1w, + Wy — Zf(iwn)
Sp(r) = —J°GHT)Gp(—7) + kt°Gy(T)Go(T)Gp(—T)

Here pr and g, are chemical potentials chosen to satisty

1

(f1fy=5—kp . (b'b)=p.



t-/ model large M

These equations have critical solutions with

e—i(ﬂ'Af—FQf) e—i(ﬂ'Ab—|—95)
Gf(Z) — Cf J1-2Ay 9 Gb(z) — Cb Y.V IHl(Z) >0
1
(9f 1 Sin(2(9f) B
E (5 N Af) sin(2rAf) P

0, (1 sin(20,) 1
(oA — 4.
" <2 ”) sn(rA,) 2 P

The last two are analogs of ‘Luttinger’ relations, which follow from
an anomaly matching argument (Yingei Gu, A. Kitaev, S. Sachdev,

G. Tarnopolsky arXiv:1910.14099).



t-/ model large M

The critical solution which is self-consistent in both the ¢t and J
terms has A, = Ay = 1/2, implying

ﬁ T >0

. L ]

oo ~{ - (8- 50) ~
R T <0

The same exponents are obtained to all orders in the €, 7 expansion,
but with A_|_ - A_.
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Random t-]-U model
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Large N limit
z = [ Deatr
s = [ar|dn) (55 - ) calr) + Unimmatr)

— ? / drdr' R* (1 — T/)CL(T)CQ(T/)

J2
2

drdr' Q(T — T )5( ) - §( .
From this action we determine the correlators

R(t — 1) %
_ , 1 /=
Qlr—7) = (

|
|
T
o
Q——l—
A~
ﬂ
N—
®
Q
~
ﬂ\
N—
~_—
W\

and finally impose the self-consistency conditions

(R0 =F(r) . Q) =Q). |




Random t—j U model

N
Z Lij cmc]a | \ﬁ Z Jzy gj — UZ”@'T”%

1,7=1 1<g=1 1=1

ta=tl 8= gchdascis fia = clacia

iy Jr,;j random, U > 0

1/U

0 doping p = (ng +nyy — 1)



Random t-]-U model

1 N -‘- 1 N o N
H = \/N Z tij C;n,Cja ~ Z Jij Si Sj + UZ”@'T”Q

i,j=1 1<j=1 1=1

- 1
A _ _ ]L s — Jf
a=T,1, i = =C;,0a8Ci3, MNia = C;,Cia

iy J@’j random, U > (

1/U

| model

,/ insulator

0 doping p = (ng +nyy — 1)




Random t-]-U model

1 N -‘- 1 N o N
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Random t—j U model
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Random t—j—U model
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Quantum Critical Point between a FL
Metal and a Spin Glass Mott Insulator

T Q(t) at long time limit
ImX(iw) at zero-frequency limit

Quantum critical (QC)
Q(t)~1/t
ImX(iw)~Vw

SG o
Q(t)~1 - Q(t)~ 1/t

ImX(iw) » oo | ImZ(iw)-

0 t/U, t/U

Peter Cha, Nils Wentzell, Olivier Parcollet, Antoine Georges, Eun-ah Kim,
APS March meeting 2019



Quantum Critical Point between a FL
Metal and a Spin Glass Mott Insulator
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Random t—j U model
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Random t—j U model
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Half-filled t-J-U model RG

Let us focus on the critical point at half-filling, and assume a power-law decay

1 n(7
Q) ~ R~

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

(c&ca—l)2 Vocgwa(O) H.c. 4+ ([po(0)]?

U
Himp 5

o , 1
+ %02;_5% ®a(0) + / k| dkk@blawka -+ 5 /ddx [Wi + (axgba)Q]

where a = (z,y,2), 0% are Pauli matrices o 1S canonically conjugate to the
field ¢, and ¢4(0) = ¢u(x = 0), 14 (0 f |k|"dk 1ro. 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.

L. Fritz and M.Vojta, PRB 70, 214427 (2004)
J. H. Pixley, S. Kirchner, K. Ingersent, and Qimiao Si, PRB 88,245111 (2013)



Half-filled t-J-U model RG

Now a RG analysis is possible for d ~ 2 and r ~ 1/2, which is perturbative
in U. The one-loop equations are

(1=2r) (d=2) U (v
b=y T T Y Ay T
2
ﬁU:(l—QT)U—S—T‘_,
B I<—2I ’72
Be = (d=2)¢- o 2mAE




Half-filled t-J-U model RG

Now a RG analysis is possible for d ~ 2 and r ~ 1/2, which is perturbative
in U. The one-loop equations are

(1=2r) (d=2) U (v
b=y T T Y Ay T
2
ﬁU:(l—QT)U—S—T‘_,
B I<—2I ’72
Be = (d=2)¢- o 2mAE

The electron operator ¢, does not receive any wavefunction renormalization.
This implies the correlator

R(r) = —% (ca(r)ch(0)) ~ BB

’1—7“

The self-consistent value of r is therefore » = 0.
There is a non-trivial renormalization of the spin operator S at a fixed point
with ( # 0. Determining the self-consistent value of d requires computation ...



t-] model phase diagram

(SU(QH) theory) (SU(HQ) theory)
Metallic Disordered
spin glass. Deconfined Fermi liquid.
Condense spinon b, quantum Condense holon b,
f carrier density p critical fo, carrier density 1 + p
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Hole doped cuprates

The remarkable underlying ground states of cuprate superconductors
Cyril Proust and Louis Taillefer, arXiv:1807.0507

Eu-LSCO

Nd-LSCO

LSCO
YBCO
T12201

T—>0

S =
@) ®
o o
g 20 + .
Q0] )
Q
O
&
< 10t
=
£
—
\_
OCD
0
0.0

02 03
hole doping, p

0.4

Hall number, n,

1.5 750 b
T+p ___--- 1 |
1.0F--"7 -
YBCO
0.5} Nd-LSCO -
T
OO 1 I 1
0.0 0.1 0.2 0.3

hole doping, p



