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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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Electron doped cuprates

NdQ—m Ce:l: CUO4:5

Doping Dependence of an n-Type Cuprate Superconductor Investigated by

Angle-Resolved Photoemission Spectroscopy

N. P.Armitage, F. Ronning, D. H. Lu, C. Kim, A. Damascelli, K. M. Shen, D. L. Feng, H. Eisaki,
Z.-X.Shen, P. K. Mang, N. Kaneko, M. Greven, Y. Onose, Y. Taguchi, and Y. Tokura

Phys. Rev. Lett. 88, 257001 (2002)



Square lattice Hubbard model with electron doping

=
RS

electron and

electron pockets
hole pockets

(%) # 0 L (DY) £ 0
and large E and small
- 5 |
_ I VN
b :( I [
iR .
Metal with +  Metal with

¢* = Antiferromagnetism at (7, 7)

Metal with
“large” Fermi
surface



PHYSICAL REVIEW B 92, 094501 (2015)

Correlation between Fermi surface transformations and superconductivity in the electron-doped
high-7, superconductor Nd,_,Ce, CuQy

T. Helm,">™ M. V. Kartsovnik,'*" C. Proust,” B. Vignolle,? C. Putzke,*** E. Kampert I. Sheikin,* E.-S. Choi,” J. S. Brooks,”
N. Bittner,!® W. Biberacher,! A. Erb,-° J. Wosnitza,> and R. Gross!% |
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arXiv:1811.04992
Fermi surface reconstruction in electron-doped cuprates
without antiferromagnetic long-range order

Junfeng He, C. R. Rotundu, M. S. Scheurer, Y. He, M. Hashimoto, K. Xu,
Y.Wang, E.W. Huang, T. Jia, S.-D. Chen, B. Moritz, D.-H. Lu,Y.S. Lee,

T. P. Devereaux and Z.-X. Shen

e New photoemission measurements at zero magnetic
field show Fermi surfaces in quantitative agreement
with quantum oscillation measurements.

e The energy gap between the electron and hole pock-
ets collapses near x = 0.17 like an order parameter.
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Fermi surface reconstruction in electron-doped cuprates
without antiferromagnetic long-range order

Junfeng He, C. R. Rotundu, M. S. Scheurer, Y. He, M. Hashimoto, K. Xu,
Y.Wang, E.W. Huang, T. Jia, S.-D. Chen, B. Moritz, D.-H. Lu,Y.S. Lee,
T. P. Devereaux and Z.-X. Shen

New photoemission measurements at zero magnetic| &
field show Fermi surfaces in quantitative agreement |

with quantum oscillation measurements.

The energy gap between the electron and hole pock-
ets collapses near x = 0.17 like an order parameter.

r

-

“The totality of the data points to a mysterious or-
der between x = 0.14 and * = 0.17, whose appear-
ance favors the F'S reconstruction and disappearance
defines the quantum critical doping. A recent topo-
logical proposal provides an ansatz for its origin.”

J




Mathias Scheurer

S. Sachdey, Topological order and Fermi
surface reconstruction, arXiv:1801.01125

M. S. Scheurer, S. Chatterjee, VWei Wu,
M. Ferrero, A. Georges, and S. Sachdey,

Proceedings of the National Academy of
Sciences 1 15,E3665 (2018)

Junfeng He, C. R. Rotundu, M. S. Scheurer,Y. He, M. Hashimoto,
K. Xu,Y.Wang, E.W. Huang, T. |ia, S.-D. Chen, B. Moritz, D.-H. Lu,

Y.S. Lee, T. P. Devereaux and Z.-X. Shen, arXiv:1811.04992
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Square lattice Hubbard model with electron doping
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Square lattice Hubbard model with electron doping
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|. Simple models of metals with intrinsic

topological order
ACL and FL*

2. SU(2) gauge theory of fluctuating
antiferromagnetism

3. Higgs-confinement transition to a
Fermi liquid
SU(2) gauge theory with Ny adjoint Higgs fields
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Constraints on volume enclosed by the Fermi surface

® |n a conventional Fermi liquid state, Fermi volume
must equal (/-p) (mod 2).

® When the unit cell is doubled by SDWV order, total
Fermi volume must equal (/-p) (mod 1).

® A state with Fermi volume (-p) (mod 2), but no

translational symmetry breaking, must have non-
quasiparticle excitations with vanishing energy on a

torus i.e. emergent gauge fields (bulk topological
order)

M. Oshikawa, Phys. Rev. Lett. 84, 3370 (2000)
T. Senthil, M.Vojta, and S. Sachdey, Phys. Rev. B 69,0351 || (2004)
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3. Higgs-confinement transition to a
Fermi liquid
SU(2) gauge theory with Ny adjoint Higgs fields



Transforming to a rotating reference frame

We can (exactly) transform the Hubbard model to
the “spin-fermion” model:
electrons c;, on the square lattice with dispersion

_ T
- Zt ( Ci ’L—|—’Up, T Cz—|—'vp,ozcz a)
—H Z Ci abi.a + Hint

are coupled to a magnetic moment order parame-
ter (i), a = x,y, 2

Hing = —AZ@@ el 0lge; 5+ V(DY)

V(®%) = sq)aCI)“+u<I>a<I>“<I>b<I>b



Transforming to a rotating reference frame

For fluctuating antiferromagnetism
(spin density waves (SDW)), we transform
to a rotating reference frame using the SU(2)

rotation R;
()
%

Cip

Cil
in terms of fermionic “chargons” 4 and a
Higgs field H“(z)

c"®% (1) = R, 0" H" (1) R;-r

The Higgs field is the SDW order in the
rotating reference frame.



Transforming to a rotating reference frame

The simplest effective Hamiltonian for the fermionic chargons is

the same as that for the electrons, with the SDW order replaced
by the Higgs field.

_ I I
- Z tp (wiyswi_l_'vp,s w”&"—’vp, .,S) o ILL Z ¢i73¢i73 Hint
2 0

Hmt — —)\Z%Ha %s ss’ %S _I_V(Ha)

IF we can transform to a rotating reference frame in which H%(7) =
a constant independent of 7 and time, THEN the 1 fermions in

the presence of (fluctuating) SDW SRO will inherit the small Fermi
surfaces of the electrons in the presence of SDW LRO.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, PRB 80, 155129 (2009)



Gauge theory of fluctuating antiferromagnetism

Field |Symbol|Statistics|SU(2)gauge |SU(2)spin|U(1)e.m.charge
Electron c fermion 1 2 -1
AF order| @ boson 1 3 0
Chargon| fermion 2 1 -1
Spinon | R or z| boson 2 2 0
Higgs H boson 3 1 0

Note that the transformation to a rotating reference frame is am-
biguous up to a SU(2) gauge transformation, V;

Vi 4 [ Vi
( wiv_ ) % ‘/Z < wia_ >
R; — R;V}

o H (i) — V; o Hb (i) V.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, PRB 80, 155129 (2009)



Gauge theory of fluctuating antiferromagnetism

Field |Symbol|Statistics|SU(2)gauge [SU(2)spin|U(1)e.m.charge

Electron C fermion 1 -1
AF order b boson 1 0
Chargon fermion 2

(\V]

Spinon boson

2
3
1
2
1

Higgs boson

X

SU(2) gauge theory: fractionalize the SDW order parameter into
the Higgs field (H) and the spinons (R); fractionalize the electron
(c) into chargons () and spinons (R). When the Higgs field is
condensed, the 1 fermions and R bosons are deconfined particles
in an algebraic charge liquid (ACL) state, but with a strong residual
attractive interaction from the ¢;;.




Gauge theory of fluctuating antiferromagnetism

Field |Symbol|Statistics|SU(2)gauge [SU(2)spin|U(1)e.m.charge

Electron C fermion 1 -1
AF order b boson 1 0
Chargon fermion 2

(\V]

Spinon boson

2
3
1
2
1

Higgs boson

N

SU(2) gauge theory: The ACL was used to model
the photoemission and the cluster DMFT results
in the intermediate phase.

M. S. Scheurer, S. Chatterjee,Wei Wu, M. Ferrero,A. Georges, and S. Sachdey,
Proceedings of the National Academy of Sciences 115, E3665 (2018)
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Gauge theory of fluctuating antiferromagnetism

Field |Symbol|Statistics|SU(2)gauge |SU(2)spin|U(1)e.m.charge
Electron c fermion 1 2 -1
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biguous up to a SU(2) gauge transformation, V;

Vi 4 [ Vi
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Gauge theory of fluctuating antiferromagnetism

Field |Symbol|Statistics|SU(2

N——"

gauge SU(Q)spin U(l)e.m.charge

AF order| @ boson 1 3 0
Chargon| fermion 2 1 -1
Spinon | R or z| boso 2 2 0

Higgs H boson

oo
ek
-

Effective theory for the Higgs field
and the electrons




Gauge theory of fluctuating antiferromagnetism

We obtain different numbers of adjoint Higgs scalars, Ny,
depending upon the spatial dependence of the local spin
correlations:

Neel correlations (electron doped cuprates):
N;, =1,

K = (m,m),

Ho (i) = Hi(r)e/5 ™

Bidirectional incommensurate correlations (hole doped cuprates):
N, = 4,

K, = (m,m—9), Kx (m —d,m),

HA (i) = Re {[Hf () + iH§(r)] e Ko™ + [H§(r) + iHE ()] 5



Optimal doping for electron-doped cuprates

SU(2) gauge theory
SU(2) gauge theory with N, = 1 adjoint real Higgs fields H® (a = 1, 2, 3),
and gauge-invariant, electron-like fermions ¢, with a large Fermi surface.

1

£: 5

1
(0, H” — €ape ALHE)” + —F% F% + V(H®)

4g2” HvT Y

a
F

V(H®)

Ou AL — 8, A% — eqpe AL AL
sHH® + ug H*H*H°H?



Optimal doping for electron-doped cuprates

SU(2) gauge theory
SU(2) gauge theory with N, = 1 adjoint real Higgs fields H® (a = 1, 2, 3),
and gauge-invariant, electron-like fermions ¢, with a large Fermi surface.

L = —(8 HE — eabcAbHC)Q | ! FYFS 4+ V(HY)

9 p 4g2” HvT Y
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Optimal doping for electron-doped cuprates

SU(2) gauge theory
SU(2) gauge theory with N, = 1 adjoint real Higgs fields H® (a = 1, 2, 3),
and gauge-invariant, electron-like fermions ¢, with a large Fermi surface.

a bayc)? | 1 a a a
£ = 5 (8 7‘[ EabcA,uH ) | 492 FM,/F’W/ —I_V(H )

_Zt (]04 ]—|—’Up, —I_C;L-I-’vp,a ja) ,uz ]Oé ja

T A Z j €7, Oé Ha( )
F, = 0,AL —0,A% — eqpc AL AS
V(H*) = sH*H"+uyH*H*H"H"

The fermions do not have Yukawa coupling to the Higgs fields, or a
minimal coupling to the gauge fields: both are prohibited by gauge
invariance. We treat the quartic coupling, A perturbatively.
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(N e 1) Phase diagrams of SU(2) gauge theory
ot (HY) #0 vl (H) =0

e H*

e Condensation of H®
breaks SU(2) to U(1) Confinement

A. C. Davis, A. Hart, T.W.B. Kibble, and A. Rajantie, Phys. Rev. D 65, 125008 (2002)
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[N e 1) Phase diagrams of SU(2) gauge theory
ot (HY) #0 vl (H) =0

,
e H°
e Condensation of H?
breaks SU(2) to U(1)

e U(1) confines because
of proliferation of
't Hooft-Polyakov monopoles

A. C. Davis, A. Hart, T.W.B. Kibble, and A. Rajantie, Phys. Rev. D 65, 125008 (2002)
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[N e 1) Phase diagrams of SU(2) gauge theory
ot (HY) #0 vl (H) =0

,
e H°
e Condensation of H?
breaks SU(2) to U(1) M

e U(1) confines because
of proliferation of
't Hooft-Polyakov monopoles

e Monopole action ~ /—s,
leading to an
exponentially large
confinement scale

A. C. Davis, A. Hart, T.W.B. Kibble, and A. Rajantie, Phys. Rev. D 65, 125008 (2002)



[N e 1) Phase diagrams of SU(2) gauge theory
V(H)]

(H®) 0 veEe)

>
HCL

>

(H?) =0

>
HG,

Higgs/U(1) confinement

Reconstructed (FL*) Fermi O
surfaces, with large length Fermi liquid with
scale confinement in a U(1) large Fermi surface

gauge theory, leading to
re-emergence of large Fermi
surface

e — S —

A

A. C. Davis, A. Hart, T.W.B. Kibble, and A. Rajantie, Phys. Rev. D 65, 125008 (2002)



Gauge theory of fluctuating antiferromagnetism

We obtain different numbers of adjoint Higgs scalars, Ny,
depending upon the spatial dependence of the local spin
correlations:

Neel correlations (electron doped cuprates):
N;, =1,

K = (m,m),

Ho (i) = Hi(r)e/5 ™

Bidirectional incommensurate correlations (hole doped cuprates):
N, = 4,

K, = (m,m—9), Kx (m —d,m),

HA (i) = Re {[Hf () + iH§(r)] e Ko™ + [H§(r) + iHE ()] 5



Optimal doping for hole-doped cuprates

SU(2) gauge theory
For the hole-doped cuprates, N;, = 4, we define complex Higgs fields

H,=H{ +iHy , H,=H;+iHj.
The SU(2) gauge theory is

2 |
| I42F/L1/F/w

1 a bycl|? 1 a byc
L = 5 |(9M7-[$ — eabcAuHA + 5 ‘aﬁﬁ'{y — GQbCAMHy p

Fg, = 0,AL —0,A% — eapcA)AS

18 %



Optimal doping for hole-doped cuprates

SU(2) gauge theory
For the hole-doped cuprates, N;, = 4, we define complex Higgs fields

H,=H{ +iHy , H,=H;+iHj.
The SU(2) gauge theory is

2 |
| I4Lq21[7u1/]"7/w

+V(Hg.,) + coupling to electrons with large Fermi surface

1 a bycl|? 1 a byc
L= O HE — €anc A G| + 5 0, HS — €anc A, HS

Fg, O, A% — 0, A% — eapcA, AS
VHE,) = s(HYHE + HEHD) 4 ug (HEHE + HIHE)
u a k a a k a 2 u a a a a 2
Zl (Ha; Ha: o Hy Hy) T 72 [|Hw?{a¢‘2 T }HyHy‘ }

s (M| + [HeHg )



[N e 4) Phase diagrams of SU(2) gauge theory
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vmg]

(Hy) #0

,

Hy

e Condensation of H¢
breaks SU(2) to U(1) or Zs.

e The U(1) cases confine, while
the Zo cases have Zy (toric
code) topological order.

V(HE)A <HEL> =0
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[Nh — 4) Phase diagrams of SU(2) gauge theory
vary) | (Hf) #0 vareyt  (Hy) =0

| ,

H¢ Hy
breaks SU(2) to U(1) or Zs.
r —
. Possible
e The U(1) cases confine, while | Deconfined
the Zo cases have Zs (toric critical
code) topological order. SU(2) gauge
_ theory

e One or more global sym-
metries are broken in all cases.




V(HY)

v (H) =0

[N e 4) Phase diagrams of SU(2) gauge theory
vmg]

(Hy) #0

Higgs/U(1) confinement
[Z; deconfined

One or more of Ising-nematic,
CDW, scalar spin chirality, and
Zi5 topological orders
Reconstructed (FL*) Fermi

surfaces, with large length scale
confinement in the U(1) cases

>

Hy

f Possible A

Deconfined
critical
SU(2) gauge
_ theory

Fermi liquid with
large Fermi surface



Optimal doping for hole-doped cuprates

There are multiple order parameters for different broken symmetries
(Note: spin rotations are preserved and there is no SDW order)

e I[sing nematic order

¢ =HHY — HZ*HZ
e Charge density wave (CDW) order at wavevectors 2K, ,

b, = HIHE , D, = HOH

e Charge density wave (CDW) order at wavevectors K, + K,
®r=Fl ko B =G
e (Modulated) scalar spin chirality

Xijk = €abe H(ri)H(r;)HC (7y,)
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Optimal doping for hole-doped cuprates
Broken symmetries and topological order in the Higgs phase

usg > 0
(&), |0.35
A C <(I):v> — <(I)y> # 04
<¢(> 720 @) =(e]) 20| U0
_ ' 0.25
e
= 0.20 §
3 (E)
S <(:Dx — 0.15
-1 (A) [ |
O N@A |
-2} <¢>,[<J( Phenomenologically attractive state with

 uni-directional CDW, Ising-nematic, and scalar
spin chirality order:
i 3_"3 _'2 - Hg =sin6(0,0,1), Hy = cos0(1,4,0)
1.e. short-range collinear spin correlations along x,
and short-range spiral spin correlations along y.
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case, there is no phase transition, only a crossover. The un-
derdoped cuprates are described by the Higgs regime, while
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e Hole doped cuprates are described by NN, = 4. In this case,
a phase transition must occur, at least in the absence of dis-
order. The Higgs phase is characterized by:

— Stable Zs topological order, or U(1) topological up to
an exponentially large length scale

— One or more broken symmetries involving Ising-nematic,
CDW, and scalar spin chirality.



Optimal doping for hole-doped cuprates

SU(2) gauge theory
For the hole-doped cuprates, N;, = 4, we define complex Higgs fields

H,=H{ +iHy , H,=H;+iHj.
The SU(2) gauge theory is

2 |
| I4Lq21[7u1/]"7/w

+V(Hg.,) + coupling to electrons with large Fermi surface

1 a bycl|? 1 a byc
L= O HE — €anc A G| + 5 0, HS — €anc A, HS

Fg, O, A% — 0, A% — eapcA, AS
VHE,) = s(HYHE + HEHD) 4 ug (HEHE + HIHE)
u a k a a k a 2 u a a a a 2
Zl (Ha; Ha: o Hy Hy) T 72 [|Hw?{a¢‘2 T }HyHy‘ }

s (M| + [HeHg )



