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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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S. Uchida, M. ). Lawler, E.-A. Kim, J. C. Davis, Science 344, 612 (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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Fermi surface+antiferromagnetism
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states
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Electron
states
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The electron spin polarization obeys

where K is the ordering wavevector.
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Square lattice Hubbard model with electron doping
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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)
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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
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“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.”
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Square lattice Hubbard model with electron doping
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|. SU(2) gauge theory of fluctuating
antiferromagnetism

2. Electron-doped cuprates
Nn =1 adjoint Higgs field

3. Hole-doped cuprates
Nn =4 adjoint Higgs field
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Gauge theory of fluctuating antiferromagnetism

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

_ T
- Zt ( Ci o z—l—’vp, T Cz—l—'vp,ozcz a)
—H Z Ci aCia + Hint

are coupled to a magnetic moment order
parameter ®P (i), p = x,y, 2
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Gauge theory of fluctuating antiferromagnetism

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

rotation Ri
( % | )
wz

Cip

Cil
in terms of fermionic “chargons” 4 and a
Higgs field H*(7)

oP (i) = R; 0" H (i) R]

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



Fluctuating antiferromagnetism

The simplest effective Hamiltonian for the fermionic chargons is

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

3ty (U Wiy o+ Uy ) — D 6L+ M
1,0 1

Hmt o _)\ZUZHG wz sY ss’ % s’ + Vi

IF we can transform to a rotating reference frame in which H%(z2) =
a constant independent of ¢+ and time, THEN the 1) fermions in the
presence of fluctuating AFM will inherit the small Fermi surfaces
of the electrons in the presence of static AFM.

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



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 this representation is ambiguous up to a
SU(2) gauge transformation, V;

(

Vi, +
Vi

)+

Vi 4
Vi

R; — R;V}
o H(i) = V; o"H(i) V.

)

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




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

Describe the (potential) “topological™
transition near optimal doping by a theory

for the Higgs field alone




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



|. SU(2) gauge theory of fluctuating
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2. Electron-doped cuprates
Nn =1 adjoint Higgs field )

3. Hole-doped cuprates
Nn =4 adjoint Higgs field



SU(2) gauge theory

SU(2) gauge theory with N adjoint Higgs fields
H} (a=1,2,3,¢=1...Np), with potential
V(H}) and SU(2) gauge field Af,. There is

O(N},) global flavor symmetry.

1 1 2
£ — 4—92ngng + 5 (a,qu - eabcAzHEC) T V(Hg)
a a a b AcC
F;u/ — @LAV — 8VAM — GabcA,uAV
V(H)) = sHYHY +uyHHFH? HY

1
U (HgHg,LHEH; HEHEH%H%)

h



>

(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)
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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)
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SU(2) gauge theory

SU(2) gauge theory with N adjoint Higgs fields
H} (a=1,2,3,¢=1...Np), with potential
V(H}) and SU(2) gauge field Af,. There is
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(N =2)

e There is a global O(/N,) symmetry, and we can define a gauge-invariant order parameter

5€m
= HCH® — H®H®
Qf ¢ +tm Nh nttn

e For u; < 0, the Higgs condensate is of the form
HY = (Hy,0,0) , H$ =(0,0,0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for N, = 1. But the global
O(2) is broken because

<Q€m> 7& 0



[N = 2] Phase diagrams of SU(2) gauge theory
v
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e Broken O(2) symmetry,

<Q€m> # 0.




[N = 2] Phase diagrams of SU(2) gauge theory
vary) | (Hf) #0 vareyt  (Hy) =0

| ,

H¢ Hy
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. a ) )
e Condensation of H¢ Possible
breaks SU(2) to U(1), Deconfined
, critical
which confines SU(2) gauge
_ theory

e Broken O(2) symmetry,
<Q€m> # 0.
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| Multi-universality
of a Landau-allowed
transition 7
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(N =2)

e There is a global O(/N,) symmetry, and we can define a gauge-invariant order parameter

5€m
= HCH® — H®H®
Qf ¢ +tm Nh nttn

e For u; < 0, the Higgs condensate is of the form
HY = (Hy,0,0) , H$ =(0,0,0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for N, = 1. But the global
O(2) is broken because

<Q€m> 7& 0
e For u; > 0, the Higgs condensate is of the form
HY = (Hy,0,0) , HS=1(0,Hp,0)

This breaks gauge SU(2) to Zs, leading to Zs topological order (as in the ‘toric code’).
But now the global O(2) is unbroken because

<Q€m> =0



[N = 2] Phase diagrams of SU(2) gauge theory
v

@#\0/ vaey!  (Hf) =0
Higgs )
Hg) Hy
[ uyp > 0 ] Confinement
e Condensation of H? " Possible
breaks SU(2) to Zo, Deconfined
, critical
leading to Zo SU(2) gauge
topological order. | theory

e Unbroken O(2)
symmetry, (Qem) = 0.




(N, = 3]

e For u; < 0, the Higgs condensate is of the form

H® = (Hy,0,0) , H$=1(0,0,0) , H?=(0,0,0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for N = 1,2. The global O(3)
is broken to O(2) and

<Q€'m> 7é 0



[Nh — 3) Phase diagrams of SU(2) gauge theory
vary) | (Hi) #0 vyl (HE) =0
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of a Landau-allowed
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(N, = 3]

e For u; < 0, the Higgs condensate is of the form

H® = (Hy,0,0) , H$=1(0,0,0) , H?=(0,0,0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for N = 1,2. The global O(3)
is broken to O(2) and

<Q€'m> 7é 0
e For u; > 0, the Higgs condensate is of the form
H} = (Hy,0,0) , H$=(0,Hyp,0) , HS=(0,0,Hy)

This breaks gauge SU(2) to Zs, leading to Zs topological order (as in the ‘toric code’).
But now the global O(3) is unbroken because

<Q€m> =0



[Nh — 3) Phase diagrams of SU(2) gauge theory
V)|

@#\0/ vaey!  (Hf) =0
Higgs )
Hg) Hy
[ uy > 0 ] Confinement
e Condensation of H? " Possible
breaks SU(2) to Zo, Deconfined
, critical
leading to Zo SU(2) gauge
topological order. | theory

e Unbroken O(3)
symmetry, (Q¢m) = 0.




(Ni > 4]

Ny > 4

e For u; < 0, the Higgs condensate is of the form
H{ = (Hp,0,0) , H)~;=(0,0,0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for N = 1,2. The global
O(N},) is broken to O(Ny, — 1) and

<Q€m> 7£ 0



[Nh > 4] Phase diagrams of SU(2) gauge theory

vyl (Hy) #0 vyl (HE) =0
Higgs )
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[ up <0 ] Confinement
e Condensation of H¢ " Possible
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\ theory )

e O(Ny) symmetry
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[thll] N, > 4

e For u; < 0, the Higgs condensate is of the form
H{ = (Hp,0,0) , H)~;=(0,0,0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for N = 1,2. The global
O(N},) is broken to O(Ny, — 1) and

<Q€m> 7£ 0
e For uy; > 0, the Higgs condensate is of the form
HY = (Hp,0,0) , Hy=(0,Hyp,0) , Hy=(0,0,Hy) , Hp3=1(0,0,0)

This breaks gauge SU(2) to Zs, leading to Z, topological order (as in the ‘toric code’).
But now the global O(Ny,) is broken to O(Ny, — 3)x0O(3), and

<Q€m> 7é 0



[Nh > 4] Phase diagrams of SU(2) gauge theory

vyl (Hy) #0 vyl (HE) =0

w )

HY
CED

>

>

e Condensation of H* " Possible |
breaks SU(2) to Zo, Dii?ﬁ?;ed
leading to Zo SU(2) gauge
topological order. | theory

e O(Ny) symmetry
broken to

O(Nn —3)x0(3), (Qem) 7 0.




Gauge theory of fluctuating antiferromagnetism

For the hole-doped cuprates, IN;, = 4, we define complex Higgs
fields
H,=H{ +iHy , H,=H3+iH].

The SU(2) gauge theory is

1 a bAy/c 2 1 a bAy/c 2
1 a a a
g EiE,  VHE)
a a a b Ac

VHE ) = s (HTHE +HEHY) +ug (HEHE + HEHE)
% (HEHE — HO )P + % [\H;%;F + |H;Hg|2]

).

s (| HaH | + [HoHY



Gauge theory of fluctuating antiferromagnetism

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,)



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
Broken symmetries and topological order in the Higgs phase

us < 0




Optimal doping for hole-doped cuprates
Broken symmetries and topological order in the Higgs phase

ug > 0
A . . (G)Q _ Io.35
0.30
_ 0.25
= ’ 0.20 —
B (E) g, :
S ®;) =] F0.15
-1 (A) (®,) #0°
<¢>7 <(I)a:> 7é 0 ZQ 010
-2 U(1)
0.05




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.




e Cuprates are described across optimal doping by the Higgs-
to-confinement crossover/transition of a SU(2) gauge theory
with IV, adjoint Higgs fields coupled to a large Fermi surface

of gauge-neutral electrons.



e Cuprates are described across optimal doping by the Higgs-
to-confinement crossover/transition of a SU(2) gauge theory
with N}, adjoint Higgs fields coupled to a large Fermi surtace
of gauge-neutral electrons.

e Llectron doped cuprates are described by N, = 1. In this
case, there is no phase transition, only a crossover. The un-
derdoped cuprates are described by the Higgs regime, while
the overdoped Fermi liquid is the confinement regime.



e Cuprates are described across optimal doping by the Higgs-
to-confinement crossover/transition of a SU(2) gauge theory
with N}, adjoint Higgs fields coupled to a large Fermi surtace
of gauge-neutral electrons.

e Llectron doped cuprates are described by N, = 1. In this
case, there is no phase transition, only a crossover. The un-
derdoped cuprates are described by the Higgs regime, while
the overdoped Fermi liquid is the confinement regime.

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.



