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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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@ 60T

& 30T Quasi-static magnetism in the pseudogap
60 v 18T state of Lap-xSrxCuO4. Temperature D

doping phase diagram representiipgin, the

temperature of the minimum in the sound
velocity, at different fields. Since
superconductivity precludes the observation
of Tmin in zero-field, the dashed line (brown
area) represents the extrapolat@gin(B=0).

While not exactly equal to the freezing

temperaturdf (see Fig. 2)Iminis closely

tied toTf and so is expected to have the sam

doping dependence, including a peak arounc
: : T p=0.12 in zero/low fields (ref. 2). Onset

0.12 0.16 P* 0.20 temperatures of charge order are from ref. 3:

p (holes) (squares) and 35 (hexagons).
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Questions and Answers

¥ Is there a sharp quantum phase transition atp = p. betweer
the p and 1 + p carrier density regimes?

¥ Does the sharp QPT survive In the presence of disorder?

¥ If there I1s a broken symmetry for p < pc, Is the QPT de-
scribed by a Landau-Ginzburg-Wilson-Hertz-Millis theory of
a [3uctuating order parameter damped by Fermi surface e»
citations?

¥ Or is the QPT described by a deconPned guantum critica
point with fractionalization and emergent gauge pPelds?

¥ Are fractionalization and emergent gauge Pelds present fi
P < pc. with or without disorder?

¥ Can there be a DQCP in a random system without fraction-
alization or broken symmetry in the p < p. state? I.e. an
OunnecessaryO critical theory?

Yes

Yes

NO

Yes

Maybe
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We consider the hole-doped case, with no double occupan
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t-Jmodel

1P 10 ,
H =1 = i G, G + — Jij gi aS,-
j =

1 N <] =1
We consider the hole-doped case, with no double occupancy. Ee
site has 3 states which we map to the<DperspirO space of a bos
b (the holon) and a fermion f, (the spinon):

IO# $ b |v# | c |O#$ f, |v#
C = fib
1 11
§ = Sf e
f! f! + b b = 1
U(1) gauge invariance b% be?* ., f, % f, &

rThe physical electron (¢ ) and spin (8) operators are rotations in
Lthis SU(1|2) superspin space.
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t-Jmodel

g N 1
N

1 N i<j =1
We consider the hole-doped case, with no double occupancy. Ee
site has 3 states which we map to the<perspirO space of a bos
b (the holon) and a fermion f, (the spinon):

|C#$ f ‘V# 1 G ‘C'#$ b! |V#
C = Db f
| ' (Su]2) = SU(2(1))
§ = Zbh"r b
2
bbb +ff = 1
U(1) gauge invariance foo fé# b % b €7

~\

rThe physical electron (¢ ) and spin (5) operators are rotations in
Lthis SU(2|1) superspin space.
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t-Jmnodel phase diagram
(SU(1]2) theory)

Disordered
Deconbne Fermi liquid.
guantum Condense holon b,
critical fi carrier density 1+ p
point
R ) |
p v
A | v f, vt f, |V!
. i ) ) 1 o h |
(Sir) - §i(0)) ~ =
5()a80) | o

Zeroth order, p. =1 /3



t-Jmnodel phase diagram

(SU(2]1) theory)

Metallic
spin glass.
Condense spinomn, ,
f carrier density p

f vl

A |
' v
b, [v) b, [V!

Deconbne
guantum
critical
point

(") 4b (0) ! constant

(SU(1]2) theory)

Disordered
Fermi liquid.
Condense holon b,

fi carrier density 1 + p

1 |
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Qv £, |v!
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() a50) ! o

||2

Zeroth order, p. =1 /3
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Insulatingimodel

Z = DE(M)#E2! 1) S8t S
T "$S $S#
S8 = 5 O du d'$§4a & S0
32 : .. ..
S; = !> ddQ("! ")5("M) as(").

From this action we compute

B " 1% %
QU ") = 5 B a8

Z

and then impose the self-consistency condition

Q)= Q)|

S. Sachdev and J.Ye, HFR|.3339 (199:%




Insulatingimodel: RG

We assume a power-law decay

Q)

Ignore the self-consistency condition for now. We decouple th&(!) ¢
5(0) interaction by introducing a bosonic (#,, a=1 ...3) bath.

M.Vojta, C. Buragohain, and S. Sachdev,dRB5152 (2000
S. Sachdev, Physica8&7, 78 (2001)
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Insulatingimodel: RG

We assume a power-law decay

Schwinger boson

Q(!)! |!|31-! 1’

Ignore the self-consistency condition for now. We decouple th&(!) ¢

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

I
0/ - " #
Himp — $Ob! /g‘%b" #a(o) T % ddx &g T (l X#E:l)2
where &, Is canonically conjugate to the Peld#,, #2(0) " #a(x = 0),

and we have the constraint

We identify Q(!) with temporal correlator of #,(0), and it can be ver-
IPed that this correlator decays as above.

M.Vojta, C. Buragohain, and S. Sachdev,dRB5152 (2000
S. Sachdev, Physica8&7, 78 (2001)



Insulatingimodel: RG

We can perform a RG analysisin a! = 3—d expansion, while imposing
the fermion constraint exactly. The two-loop " function is

I
" (#):—§#+#3—#5+...

This has a stable fixed point at #%2 =1/2 +12/4 4+ ...

M.Vojta, C. Buragohain, and S. Sachdev,dRB5152 (2000
S. Sachdev, Physica8&7, 78 (2001)
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We can perform a RG analysisin a! = 3—d expansion, while imposing
the fermion constraint exactly. The two-loop " function is

I
" (#):—§#+#3—#5+...

This has a stable fixed point at #%2 =1/2 +12/4 4+ ...

The scaling dimension of the spin operator is dim[§] =1/2, exact
to all orders in !. This implies the correlator

Q% =, 8% a8(0)

1
NG

Finally, we impose the self-consistency condition Q(% = Q(%), and

obtain the same self-consistent result as in the large M expansion
! 11 1

04 A ~

5% a%(0) %

M.Vojta, C. Buragohain, and S. Sachdev,dRB5152 (2000

S. Sachdev, Physica8&7, 78 (2001)




Insulatingimodel: largeM 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
Oéz::lf(];fa — 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
(i)

The solution Is

G(i!) = i (") =1 J2G2(")G(! ")

: ! '
ayr SO g ago) ﬁ

S. Sachdev and J.Ye, FRL3339 (1993




Insulatingimodel

!N
H = I — Jij Si égj

N'ig =1

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

L.Arrachea and M. J. Rozenberg, BRB224430 (2002)
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t-Jmodel

g N 1
N

1 N i<j =1

We consider the hole-doped case, with no double occupancy. Ee
site has 3 states which we map to the<perspirO space of a bos
b (the holon) and a fermion f, (the spinon):

o#$ f v, o |[o#S$ b, |v#
by f

C

1 .
§ = 50 " b (SU(Z\l) theory)

U(1) gauge invariance foo fé# b % b €7

rThe physical electron (¢ ) and spin (5) operators are rotations in
Lthis SU(2|1) superspin space.
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t-Jmodel

z = DP (!)e =8 >u
o, ]
Ss = i du d Tr(P",P",P)
| 0
S; = dd Tr(PM)QU ! I)P(1)

|
+  d'Tr(soP(1)) .

Path integral over a superspinP (!') with a
self-consistent self-interactionQ(! )
and a OZeeman superpelsiO
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t-Jmodel

| Df, (1 )Db(! )D" (! )& 58" >v

## $

#

$ 0
H

df (1) o+t fi()+b(l) it B!

7 |

!

dbsof, (1)fr (1) + 2 did RO D)o (De (1)

JZ!

S drdrQ( t 1)8() a8 ).

2

(SU(1]2) theory)




t-Jmodel

Z = | Df, (1)Db(! )D" (! )e >&' Su
| ! H $ # $ C
Se = d f,(1) o+t f()+b() i D)L
! #! | #!
Sy = dl sof, (N)f, (1) + t2 didl R(! 1)e (e (1)
I
J2

S dd Q¢ 18(1) a8 ).

(SU(12) theory)

From this action we determined the correlators

R(I!I 1) = | &c! Me (1)

)

Z

(
QU ! 1) = % 8(1)a8( "

and Pnally impose the self-consistency conditions

(RO=R() ., Q)=Q). |




t-Jmodel

7 = Db, (1 )Df(!)D" (! )e S8 Su
! ¥ # " $ # ” $ y
Sg = ! d b (1) Rl !b!(!)+f(!) o i f(1)! "
Sy = dl soby, ()b (1)+ t% didl R(! e (o (1)
I
J2’

S dd o0 1Y811) a8

(SU(211) theory)

From this action we determined the correlators

R(I! 1) = | &c! (Mo (1)

)

Z

(
QU ! 1) = % 8(1) a8

and Pnally impose the self-consistency conditions

(RM=R() . Q)=Q).)




t-dJnodel RG

We assume power-law decays

Q) ! I!Iil CR() ! T!gl?gl)'

We ignore the self-consistency condition for now. We decouple the last tv
terms by Introducing bosonic ("5, a = 1...3) and fermionic (#, ) baths.

S. Sachdev, Physiceé&7, 78 (2001)
M.Voijta and L. Fritz, PRB), 094502 (2004
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We assume power-law decays

(SU(112) theory)

Q) ! I!Iil CR() ! T!gl?gl)'

We ignore the self-consistency condition for now. We decouple the last tv
terms by Introducing bosonic ("5, a = 1...3) and fermionic (#, ) baths.
Then the problem reduces to the Hamiltonian

! n %
H  =(so+ $)f fi + Sbb+ go f, b# (0)+H.c. + %f, . r"a(0)
1 i °
r 1 d $I2 " 2%
to KTdkk#y o S dXCT S+ ()

wherea = (X, Y, z), & are Pauli matrices," pis canonically conjugate to the
beld" 5, and "4(0) " "a(x =0), # (0) " |Kk|"dk#: .

S. Sachdev, Physiceé&7, 78 (2001)
M.Voijta and L. Fritz, PRB), 094502 (2004
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(SU(112) theory)

Q) ! I!Iil CR() ! T!gl?gl)'

We ignore the self-consistency condition for now. We decouple the last tv
terms by Introducing bosonic ("5, a = 1...3) and fermionic (#, ) baths.
Then the problem reduces to the Hamiltonian

! n %
H  =(so+ $)f fi + Sbb+ go f, b# (0)+H.c. + %f, . r"a(0)
1 i °
r 1 d $I2 " 2%
to KTdkk#y o S dXCT S+ ()

wherea = (X, Y, z), & are Pauli matrices," pis canonically conjugate to the
beld" 4, and "5(0) " "a(x =0), # (0) " |k|"dk#y, . We identify Q(!)
with temporal correlator of " ;(0), and R(!) with the temporal correlator
of #, (0), and it can be veribed that these correlators decay as above.

S. Sachdev, Physiceé&7, 78 (2001)
M.Voijta and L. Fritz, PRB), 094502 (2004



t-dJnodel RG

We assume power-law decays

Q) ! Illil CR() ! T!gl?gl)'

(SU(112) theory)

We ignore the self-consistency condition for now. We decouple the last tv
terms by Introducing bosonic ("5, a = 1...3) and fermionic (#, ) baths.
Then the problem reduces to the Hamiltonian

! " a
H =(so+ $)f f1 + Sbb+ gy f, b# (0)+H.c. + %f, &! t+"a(0)

2
" N SN 7
Kk o+ D A 24 ()

The impurity superspin Is coupled to

a fermionic bath by g,

and to a bosonic bath by! o,

and sp acts as a local peld on the superspir
a superKondo problem!



t-dJnodel RG

We assume power-law decays

Q) s+ RO A

(SU(2]1) theory)

We ignore the self-consistency condition for now. We decouple the last tv
terms by introducing bosonic ("5, a = 1...3) and fermionic (#, ) baths.
Then the problem reduces to the Hamiltonian

! ¥ a
H = (SO + $)b, b + $f f+ Jo b! f#, (O)+ H.c. + O/@b| &l o} "a(O)
3 # °
r 1 d $| 2 " 2%
to K Tdkk# #a S dXCT S+ ((x"a)

The impurity superspin Is coupled to

a fermionic bath by g,

and to a bosonic bath by! o,

and sp acts as a local peld on the superspir
a superKondo problem!



t-dJnodel 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 a VRV Y FAIFF
s
g RIS
5(7) — —§V+W g7 . f ;}7;;\\3\@\ MV»/?//»// :
3 A4 //’;;\:«\ s oo
Bls)=—s+3g°s—g"+ 7" T 2;;/22%/ St
8l
W AU YT TR IIIIIET
| g;;’z,zz BB

These equations have a fixed point with s =~ 0 with only one relevant direction,
corresponding to the flow of s to * oc.



t-dJnodel 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
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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 di! erent orientations of the field on the superspin: one side (overdoped) favors
the holon, and the other side (underdoped) favors the spinon.



t-dJnodel RG

The scaling dimensions of the electron and spin operators can be determined
all orders in! and wand these imply

=, 1! " ¢ SInE)
R($) = ! > ¢ ($)c 0) $ HEE

B 1 # $ 1
Q%) = 3 %($) a%0) $ CEEh




t-dJnodel RG

The scaling dimensions of the electron and spin operators can be determined
all orders in! and wand these imply

’ $
R($) = ! %!c! ($)c (0) $ T§|r1]|($r) , Q($)- - %"($) a%to) $

I$I3'

Finally, we impose the self-consistency condition®R($) = R($), Q($) = Q($) and
obtainr=0(w=1/2)andd=2 (! =1), so that at the critical point we have

: $
6 ($)c (0) $ Sglgf) | %"{$) 2&70) $

|$I



t-Jmnodel phase diagram

(SU(2]1) theory)

Metallic
spin glass.
Condense spinono, ,
f carrier density p

f vl

A |
' v
b, [v) b, [V!

Deconbne
guantum
critical
point

(") 4b (0) ! constant

(SU(1]2) theory)

Disordered
Fermi liquid.
Condense holon b,

fi carrier density 1 + p

1 |
| v
Qv £, |v!

b' |v)

() a50) ! o

||2

OZeeman superpeld{————



t-Jmodel large M

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

O'" b |v! , c |0 f, |v!
c =t/ b : f!f!+bb:1
To obtaina large M Ilimit,let ! =1 ... M, endow the boson with

an OorbitalO index=1...M'andsendM #$ atbxedk = M'/M .
Then



t-Jmodel large M

The critical solution which Is self-consistent in both thet and J

terms has! =1 ¢ =1/2, implying
#
A
— , 1'>0
! " $6 ‘! ‘ 11 i | ( 1
¢ () (0) ! S(M)-S(0) ' —.

’ !
i"p;!',!<0 .

The same exponents are obtained to all orders In thé r expansion
but with A, = A, .
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t-Jmodel entropy

P= P




t-Jmodel entropy

A P= Pc

//pl pC|>O




t-Jmodel entropy
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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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