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A conventional
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the Fermi liquid
with Fermi
surface of size
[+p
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Begin with the “spin-fermion” model. Electrons c;, on the square
lattice with dispersion

Zt (ZOé ’L—I—’Up, _I_C’]LL—I—'vp,oz za) MZ 'La za_l_%mt

are coupled to an antiferromagnetic order parameter ot (1),
g — aj? y? Z

Hint —_)\277@(1)6 za ozBC ﬁ"‘vé[)

where 1, = £1 on the two sublattices.

When ®*(i) =constant independent of i, we have long-range AFM,
and a gap in the fermion spectrum at the anti-nodes.
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L GW-Hertz criticality
of antiferromagnetism

7 N | (A) Antiferromagnetic (B) Fermi liquid with
metal large Fermi surface
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Criticality in Fe-based and

electron-doped-cuprate
LGW-Hertz criticality materials
of antiferromagnetism
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Can we get a stable zero temperature state
with “fluctuating antiferromagnetism’™ and a
small Fermi surface (and so a gap near the

anti-nodes) ?
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Yes, provided the metal
has topological order

. W,
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For fluctuating antiferromagnetism, we transform to a
rotating reference frame using the SU(2) rotation R;

Cit Vi, +
= R; ’ 9
() =m0
in terms of fermionic “chargons” s and a Higgs field H"(7)
ot ®4(i) = R; 0" H(4) R;-r

The Higgs field is the AFM order in the rotating reference frame.
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The Higgs field is the AFM order in the rotating reference frame.
Note that this representation is ambiguous up to a
SU(2) gauge transformation, V;
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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.
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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.

Hw — Z tP (wz]:swi—kvp,s + Zp:jr—l—vp,swi,s) — H Z lb;r,s%,s T Hint
e i
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IF we can transform to a rotating reference frame in which H%(z) =
a constant independent of ¢ and time, THEN the ¢ fermions in
the presence of fluctuating AFM will inherit the anti-nodal gap of

the electrons in the presence of static AFM.
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Fluctuating antiferromagnetism

We cannot always find a single-valued SU(2) rotation R; to make
the Higgs field H*(7) a constant !

A.V. Chubukov,T. Senthil and S. Sachdey,
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Topological order

We cannot always find a single-valued SU(2) rotation R; to make
the Higgs field H*(7) a constant !
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such a metal with “fluctuating antiferromagnetism” has
Zo, TOPOLOGICAL ORDER and fermions which inherit the Fermi
o surfaces of the antiferromagnetic metal i.e. a pseudogap. y
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L GW-Hertz criticality
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Global phase diagram

L GW-Hertz criticality
of antiferromagnetism

Z N | (A) Antiferromagnetic
metal

(R) #0, (H*) #0

(C) Metal with Z;
topological order

(R) =0, (H") #0

Higgs criticality:

Deconfined SU(2)

gauge theory with
large Fermi surface

(B) Fermi liquid with
large Fermi surface
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Global phase diagram

L GW-Hertz criticality
of antiferromagnetism

(B) Fermi liquid with ~/ \_

large Fermi surface
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Proposal for optimal /
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gauge theory with doping criticality in hole-
large Fermi surface doped cuprates




Topological order

More generally, the effective Hamiltonian for the fermionic char-

gons can also have non-trivial SU(2) gauge connections U” () along
with the Higgs field H* (7).
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Such a gauge-connection can induce various
cauge-invariant fluxes which can break one or

more of time-reversal, inversion, and lattice
rotation symimetries.




Topological order i / o )

Gauge-invariant combinations of

Higgs fields and gauge [ m !
congectlons which are Opi = i Tt (0%Up ;U Usan) H ()
proportional to th? electrical — i Tr (0°UjmUpnnUn; ) H2(5)
current on links + i Tr (0“Upn; Ui Ui ) H ()

— i Tr (0"Ujm Ui Ui ) H*(7)

Ok :zTr( “UniUikUkm) H*(m)
(0Uk;iUjmUnmi) H (k)
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Such a gauge-connection can induce various
cauge-invariant fluxes which can break one or
more of time-reversal, inversion, and lattice
rotation symimetries.
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States with topological order can have these patterns of
spontaneous currents, while preserving translational
symmetry. Both patterns are consistent with present

neutron and light scattering experiments. Both patterns

have Ising-nematic order: the Ising-nematic order of (a)

1s similar to that observed in the cuprates.

Topological order
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metal
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Lattice gauge theory
for a metal with
topological order

co-existing with
broken time-reversal
and inversion
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