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Fig. 1. Proposed phase dia-
gram of *He film adsorbed on
raphite plated by a biayer of I
. P ndicates formation of AL, opiie
the *He bilayer. Region A: T <
To.LlandLZforma two-band
heavy-fermion system. Region
B: T > Ty The two layers pro-
gressively decouple into a
strongly correlated, nearly local-
ized narrow-band Fermi system
(L1) and a weakly comrelated 2D
Fermi fluid (L2). Region C n, <
n < n, ntervening phase. Re-
gion D: The two layers decouple 6 7 8 9 10 " 12
into a 2D local-moment magnet Total coverage nyy +n (NM-2)
(Mott insulator, L1) with frus-
trated intralayer spin exchange and no magnetic phase transition at finite temperature, Ty =0, and a
weakly correlated 2D Fermi fluid overlayer (L2). P.; indicates the formation of a third *He layer. Inset
is a schematic of the bilayer *He system (see text for details).
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Hubbard model on a
bilayer triangular lattice

€, < €p < €, +U

H = H,+ Hy,+ H,
H, = —tz ¢ Caia +Hec. + (€4 —
+ UZ (nazT —
Hb = —t Z CZzacb]a + H.c. + (eb o :u) Z (anT + nb@i)

H, = —w Z clmcbm + H.c.
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Fermi liquid (FL) phase
Adiabatically connected to the state at U=0

Small w
Layer a
Layer b
Area ./41 Area AQ
A+ A, B
o2 N

N = total density of electrons
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Fermi liquid (FL) phase
Adiabatically connected to the state at U=0

Large w

Az =0

N = total density of electrons
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Kondo lattice model

0%"0 :

Z Ju (i, 5)S; - S;

1<

Perform canonical
transformation of
Hubbard model on layer a
to a Heisenberg antiferromagnet
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Kondo lattice model
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Kondo lattice model
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Kondo lattice model

/
(Obtained as Jx — o0. )

Electron Fermi surfaces
have total area
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Ir2

Conduction

electrons

from layer b
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k

YJH(ZJ)@ 7
Large Fermi surface Fermi liquid (FL)
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Kondo lattice model
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Kondo lattice model
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Kondo lattice model

Spin liquid
of electrons
on layer a
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Kondo lattice model

/

%

\

Z Ju (i, 5)S; - S;

1<

Spin liquid
of electrons
on layer a

Wednesday, December 8, 2010



Kondo lattice model

Spin liquid
of electrons
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Kondo lattice model

Obtained when Jgx 1is
“Irrelevant” .
Electron Fermi surfaces

Conduction

have total area electrons

A1 from layer b
=N P

T. Senthil, S. Sachdev, and M. Vojta, Phys. Rev. Lett. 90, 216403 (2003). |k
E . T. Senthil, M. Vojta, and S. Sachdev, Phys. Rev. B 69, 035111 (2004).
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"~ Fractionalized Fermi liquid (FL*)
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A mean-field theory of a spin liquid

—
° .

Zz’<j JH(Za ])Sz Sj
Ju (i,7) Gaussian random variables.
A quantum Sherrington-Kirkpatrick

model of SU(N) spins.

S. Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993).
A. Georges, O. Parcollet, and S. Sachdev, Phys. Rev. B 63, 134406 (2001).
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A mean-field theory of a spin liquid

Described by the quantum
mechanics of a spin
Huctuating in a
self-consistent
time-dependent magnetic
field: a realization the finite

entropy density
AdS; x RY state

Zz’<j JH(Za])gz ' gj

Ju (i,7) Gaussian random variables.
A quantum Sherrington-Kirkpatrick

model of SU(V) spins.

S. Sachdey, Physical Review Letters 105, 151602 (2010)
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AdS; realization in the quantum SK model

—

Focus on a single S spin, and represent its imaginary time fluc-
tuations by a unit vector S = n(7)/2 which is controlled by the
partition function

z = / Dii(r) 6(72(7) — 1) exp (=)

.1 1/T - - /T
S = %/0 du/o dTﬁ-(?—ZX%)—/O dr h(t) - 1(7)

The first term is a Wess-Zumino term, with the “extra dimension”
u defined so that 7(7,u = 1) = 7i(7) and 7(7,u = 0) = (0,0, 1).

The field h(7) represents the “environment”, which which we take
to be a Gaussian random variable with the correlation

- a K

<h(T) | E(O)> =4 sin(7’1'T)

S. Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993).
A. Georges, O. Parcollet, and S. Sachdev, Phys. Rev. B 63, 134406 (2001).
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AdS; realization in the quantum SK model

Solution of Z for such an h(7) yields

'l h

oir) - 710)) = B sin(7w1'T)

with the exponent h = 2 — «. The selt-consistency condition for
the infinite-range model requires that the two-point correlation of

his proporionaly to that of n. This leads to h = ~, which implies
h=~=1.

S. Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993).
A. Georges, O. Parcollet, and S. Sachdev, Phys. Rev. B 63, 134406 (2001).
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A mean-field theory of a spin liquid

—
° .

Zz’<j JH(Za ])Sz Sj
Ju (i,7) Gaussian random variables.
A quantum Sherrington-Kirkpatrick

model of SU(N) spins.

S. Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993).
A. Georges, O. Parcollet, and S. Sachdev, Phys. Rev. B 63, 134406 (2001).
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A mean-field theory of FL*

Kondo
exchange

perturbative

Conduction

electrons

from layer b

_‘.
Ju (i,7) Gaussian random variables. Z EkCy, Cka
A quantum Sherrington-Kirkpatrick k

model of SU(N) spins.

S. Burdin, D. R. Grempel, and A. Georges, Phys. Rev. B 66, 045111 (2002)
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Effective low energy theory for conduction electrons

The operators acting on the low energy subspace are layer a elec-
trons c¢; and layer b spins 5;.
For the ¢; we have the effective theory

ddk T 6’ ~ —
Se = (27)d AT | Cpq I Ek Cka"‘JKZSi’CiaUaBCiﬁ
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Effective low energy theory for conduction electrons

The operators acting on the low energy subspace are layer a elec-
trons ¢; and layer b spins S;.
For the ¢; we have the effective theory

dk 9, JK JK
SC — / (27T)d /dT CL@ (8’7‘ 5k> Cko 9 Fliacka 9 CLQFka

Here the F;, are strongly renormalized operators on layer b,
which project onto the low energy theory as

Fio = (@w ' §z> Cig3
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Effective low energy theory for conduction electrons

The operators acting on the low energy subspace are layer a elec-
trons ¢; and layer b spins S;.
For the ¢; we have the effective theory

dk 9, JK JK
SC — / (27T)d /dT CL@ (8’7‘ 5k> Cko 9 Fliacka 9 CLaFkoz

Here the F;, are strongly renormalized operators on layer b,
which project onto the low energy theory as

Fq; - (0_304[3 ¥ S’;) Cw

From this we obtain the conduction électron self energy

- 4 h+1
gl +

Ze(T) ~ sin(7w’1'T)

This is the marginal Fermi liquid form for h = 1.
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Connection to semi-holographic metals

e The quantum SK model has z = oo conformal spin corre-
lations and a finite ground state entropy density: similar to

AdSQ XRd.
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Connection to semi-holographic metals

e The quantum SK model has z = oo conformal spin corre-
lations and a finite ground state entropy density: similar to

AdSQ XRd.

e The conduction electrons are ‘probe fermions’ coupling to the
SK model by

d°k i (9 i i
S. = (2m)d dr | ¢, . — €k | cka—V I cka—VCr, Fka

where Fj, are operators probing the z = oo correlations of
AdSyxR? (T. Faulkner and J. Polchinski, arXiv:1001.5049.)
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Connection to semi-holographic metals

e The quantum SK model has z = oo conformal spin corre-
lations and a finite ground state entropy density: similar to

AdSQ XRd.

e The conduction electrons are ‘probe fermions’ coupling to the
SK model by

d?k

s= |

27r)

d/dT

.'.
Cka

0
(E — ak) cka—VFliacka—VcLaFka

where Fj, are operators probing the z = oo correlations of
AdSyxR? (T. Faulkner and J. Polchinski, arXiv:1001.5049.)

1 /. N
Fiq ~ — (Uaﬁ ' sz') Cig3

U

e This leads to a ‘probe fermion’ self energy which is identical to
the AdS, x R? theory of the holographic metal (T. Faulkner,
H. Liu, J. McGreevy and D. Vegh, arXiv:0907.2694.)
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Gauge theory of FL and FL* phases

We want to keep better track of the charge on layer a. For this we
introduce a ‘fictitious’ quantum rotor on each a lattice site. Each
rotor has a periodic angular co-ordinate 9¥; with period 27; hence
the states of the rotors are e'™Vi where n,; is a rotor angular
momentum, which takes all positive and negative integer values.
We will use the state with all n,; = 0 to represent the states with
one electron each a lattice site. Then we write

Cory = € 'VE, (1)

where we have dropped the implicit site index, and f, are neutral
fermions (‘spinons’) which keep track of the orientation of the

electron.
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We can now identify the 4 states on each a lattice site with states
of the rotor and spinons:

0y < e o)
cll0) & £1]0)
C;LTC_]:¢ 0) & e”(’lfTJr fj|0> (2)

Note that these allowed states obey the constraint
fify —n, =1. (3)
Associated with this constraint is the U(1) gauge invariance

f, > fe'" 99+ (4)
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We can now write down an effective continuum U(1) gauge theory
which captures the low energy physics of the Hubbard model. The
degrees of freedom are the b layer electrons c,, the a layer spinons
f,, and the bosonic rotors

bre 'V (5)
L = Lr+Lp+ L,
- 1 _
= £l | +e —iA — iR | f,
Lr o _87‘_|_€f / me(V / ) _
L, = [(au —(er — 1)Br — iRy + iAokt p) bq
< |(O+ (er = 1)0pr + iAu — iAcx ) b| + s|b[2 + u[b]*
K | 1 | '
£C p— CZY _E — — lAext,T 2mc (V — IAeXt)z_ Co
—w (c;bfa + bl ca) (6)

Here A, = (Ar, A) is an emergent U(1) gauge field; we have also
introduced a non-fluctuating electromagnetic gauge field Acxt ,, as
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a source term which couples to the current of the globally
conserved electromagnetic charge.

The continuum theory in Eq. (6) has a U(1)xXU(1)ext Symmetry
associated with the transformations

fa%fae"c ., b — p—i¢ . Cha — Chuy

~

fo > f, ., b — b’f , cboé%c:boée’C (7)

There are Fermi surface area constraints associated with these two
U(1) symmetries:

Z<f;fa>—<%—i">:%:/\@. (8)

T OLp\ _ Az _
> () (G2 ) = =N-Ne @
N, is the density of electrons on layer a in the projected Hilbert
space: our present lattice derivation was for N; = 1, but the
continuum theory in Eq. (6) is sensible for any value of N,. The
operator 9L, /0w is the rotor angular momentum.
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These two area constraints apply only if the U(1)xU(1)ext

symmetry is not spontaneously broken.
FL* phase:

(b) = 0 in the FL* phase.

Spinon
Fermi surface

his is the case only in the

(10)

Layer b

Electron
Fermi surface
of area

A2y

o2
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In the FL phase the U(1)xU(1)ext Symmetry is broken down to a
diagonal U(1) because

(b) # 0 in the FL phase. (11)

Only the sum of the constraints in Egs. (8) and (9) applies, and
this leads to expected area constraint.

Electron
Fermi surface(s)
of total area

AL

o2
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Connections to semi-holographic RG

FL phase
In the FL phase, we condense the b boson, and focus on the
fluctuations of its phase b = e~'¥. Then the effective theory of the

FL phase of Eq. (6) is
Lr =K (auﬁ o Au T Aext,u)z + nf(Au) + L (12)

where [1¢ is the effective action obtain after integrating out the f
spinons

The structure of Eq. (12) is nearly identical to the
semi-holographic of metals by Nickel and Son. They argued that
there is generically an emergent gauge field A, which links the UV
fields (the ‘electrons’, c,) to the IR fields near the horizon (the
'spinons’, f,). In addition, they had a Goldstone boson which
broke the U(1)xU(1)ext symmetry to U(1) (the rotor b)
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Connections to semi-holographic RG

FL* phase
Now the b field is not condensed, and so we can integrate it out,
and obtain an effective theory for the electrons and the spinons

Lrie = L+ Ik (cg;agﬁcﬁ) (fjaf;(;f(;) + Lo (13)

We can now rewrite this as

Lr«=Lf— JTK {F;Ca + Cgé/:a} + L (14)

where F, is a IR fermion invariant under the emergent U(1)

F, = — (Jgﬁfja%fcg) Cs (15)

This is precisely the semi-holographic thery of Faulkner and
Polchinski.
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