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Revealing spinons by proximity effect

Antonio Maria Tagliente,! Carlos Mejuto-Zaera,"? and Michele Fabrizio!

! International School for Advanced Studies (SISSA), Via Bonomea 265, 1-34136 Trieste, Italy
2Current: Laboratoire de Physique Théorique, CNRS, Université de Toulouse,
UPS, 118 Route de Narbonne, F-31062 Toulouse, France

The ghost-Gutzwiller variational wavefunction within the Gutzwiller approximation is shown to
stabilise a genuine paramagnetic Mott insulator in the half-filled single-band Hubbard model. This
phase hosts quasiparticles that are crucial to the paramagnetic response without showing up in
the single-particle spectrum, and, as such, they can be legitimately regarded as an example of
Anderson’s spinons. We demonstrate that these spinons at the interface with a metal reacquire
charge by proximity effect and thus reemerge in the spectrum as a heavy-fermion band.

INTRODUCTION

Quantum spin liquids are Mott insulators that host
local moments which do not order down to very low tem-
peratures and yet exhibit mutual long-range quantum
entanglement well above those temperatures [, [2]. The
elementary excitations of such systems at energies below
the Mott-Hubbard single-particle gap cannot carry elec-
tric charge, but they may carry spin as well as possibly
emergent quantum numbers [IH5]. A celebrated example
of these excitations are Anderson’s spinons [0} [7], which
arise in the uniform resonating valence bond states pro-
posed to describe highly frustrated spin-1/2 Heisenberg
models and weakly-doped Mott insulators [6HI]. These
are neutral gapless spin-1/2 quasiparticles that possess a
well-defined Fermi surface. Even though such Fermi sur-
face is likely to suffer from a low-temperature instability
opening a finite spin-gap A, [I0HI4], one could envisage
the possibility of a spinon degeneracy temperature T,
much larger than Ag,, which would imply that gapless
spinons still characterize the physical behaviour for
temperatures Ay, < T < Tsp, or, possibly, at finite
magnetic fields [I5]. In those circumstances, a spinon
Fermi surface would reveal itself in inelastic neutron
scattering [I6], [I7] or thermal properties [I8-H23]. Alter-
natively, spinons can be detected by more local probes,
e.g., through their ability to Kondo screen magnetic
impurities [24H26], or by making proper interfaces with
the quantum spin-liquid [27H31].

In this work we show that even the simplest interface
with a conventional metal might be suitable to reveal
the spinons hosted in a quantum spin-liquid Mott
insulator. Hereafter, we assume a simplified portrait of
a quantum spin-liquid, specifically, the paramagnetic
Mott insulator that can be stabilized in the single-band
Hubbard model forcing spin-SU(2) symmetry within
the so-called ghost-Gutzwiller approximation [32]. Such
interface has already been studied at particle-hole sym-
metry by Helmes, Costi and Rosch [33] using dynamical
mean-field theory (DMFT) [34]. They showed that the
metal penetrates inside the Mott insulator creating a
narrow quasiparticle peak that decays exponentially
inside the insulating slab over a length that corresponds

to the correlation length associated to the Mott tran-
sition. This result, later reproduced in [35] using the
standard Gutzwiller approximation, was interpreted as
a Kondo-like proximity effect: the Mott insulator hosts
localized moments which are promoted into genuine
Kondo resonances by the coupling with the metal [33].
While it seems tempting to identify those local moments
with spinons a priori, such interpretation does not
stand up to detailed scrutiny. Indeed, the paramagnetic
Mott insulator that is stabilized in DMFT has an
extensive spin entropy, In2 per site [34], as if the local
moments were completely free, thus lacking the massive
entanglement characterizing quantum spin liquids.
Exactly the same occurs in the standard Gutzwiller
approximation [36], where the Mott insulator is a trivial
state of independent sites, each occupied by a single
electron. At the meantime, the DMFT Mott insulator
is claimed to exhibit a finite uniform paramagnetic spin
susceptibility [34], which seems not truly consistent
with its extensive entropy, nor with the evidence that
a straight 7' = 0 DMFT calculation in the Mott insu-
lator at weak magnetic fields does not converge [37],
barring access to the magnetic susceptibility calculated
through the magnetization versus field. The reason of
this inconsistency seems to lie in the iterative method
through which the DMFT self-consistency equation is
solved [38]. Indeed, to reach convergence in the Mott
insulator within the usual iterative scheme, one is forced
to assume that the Anderson impurity model onto which
the lattice model maps is not described by a pure state,
as is expected at T'= 0, but by a mixed one, sum of two
states with opposite spin polarizations.

To address this shortcoming, we decided to use the
ghost-Gutzwiller approximation [32], which is rigorously
variational in the limit of infinite lattice-coordination,
quite accurate in comparison with DMFT at and away
from particle-hole symmetry [32, B9-41], and which is
able to stabilize a genuine, zero-entropy, paramagnetic
Mott insulator [38]. This hints at the existence of
spinons, whose presence we aim to trace out. In par-
ticular, and to better highlight the chargeless nature of
spinons, in this work we investigate a metal-Mott insula-
tor interface away from the particle-hole (p-h) symmetric
value of the chemical potential. For completeness, we



start with the standard Gutzwiller approximation
(Gut) [42H47T], since the Mott transition changes nature
away from p-h symmetry and becomes first order. This
change of character has been exploited in [48] to study by
DMFT the interface between metal and Mott insulator
phases coexisting at equilibrium. We next move to the
main part of our work, namely, the interface studied by
the ghost-Gutzwiller approximation (gGut) [32, 38| [49-
[56]. Specifically, the paper is organised as follows: in
section |I] we give a brief introduction to the Gutzwiller
and ghost-Gutzwiller approximations for the Metal-Mott
interface. In section [[I] we present results using the
standard Gut and show how the phenomenology of the
Kondo proximity effect extends to non particle-hole
symmetric cases. In section [[II] we study the same
model by the gGut. Finally, in section [[V] we discuss
the results by solving analytically the gGut variational
problem for a bulk Mott insulator in the limit of a very
large Mott-Hubbard gap. In that limit, we also show the
solution forcing a finite spin-polarization, which clearly
unveils the role of spinon in allowing the Mott insulator
to sustain partial spin-polarization, and gives access to
the paramagnetic susceptibility. Section [V]is devoted to
conclusions.

I. MODEL AND METHODS

In Fig. [ we show the system under investigation,
which consists of a set of metallic layers, represented
as weakly interacting Hubbard models, coupled to sev-
eral Mott insulating ones, strongly interacting Hubbard
models. The system has a total of IV layers and the in-
terlayer coupling is just a single particle hopping. We as-
sume that intralayer and interlayer hopping strengths are
equal, while the difference between metallic and Mott-
insulating layers is modelled by a layer-dependent Hub-
bard repulsion. The system is therefore described by the
Hamiltonian:
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where the lattice sites are identified by an intralayer co-
ordinate r and a layer index £ = 1,..., N, and thus ng, is
the on-site occupation number, while the non-interacting
intra-layer dispersion ex = —2t (cosk, + cosk.), with k
the momentum in the y-z plane, o labels the spin of the
electrons. Hereafter, we take t = 1 as energy unit. We
remark that dp in Eq. parametrizes the deviation of
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FIG. 1: Schematic representation of the slab geometry
in the case of 9 layers, 4 of which are metallic, in red,
and the rest Mott insulating, in grey. Layers are stacked
along the z-axis, while a site in each layer is identified
by the vector r in the y-z plane.

each layer with respect to the p-h symmetric case, o = 0,
while the physical layer-dependent chemical potential is
in reality pp = Ug/2 + dp.

As mentioned in the introduction, we study the system
by means of the Gutzwiller (both standard and ghost)
approximation [32]85]. The Gutzwiller variational wave-
function |¥) consists of an uncorrelated variational Slater
determinant |¥,), defined in a (possibly enlarged) aux-
iliary Hilbert space, which is projected by a linear op-
erator Pg onto the physical Hilbert space. The con-
ventional Gutzwiller wavefunction [42] 43] corresponds
to the case in which the dimensions of the physical and
auxiliary Hilbert spaces coincide, while, if the auxiliary
Hilbert space is larger than the physical one, we talk
about the ghost-Gutzwiller wavefunction [32]. The in-
clusion of additional auxiliary fermions extends the vari-
ational freedom and gives access to high-energy spectral
features such as the Hubbard bands [32].

For the case of the Hamiltonian in Eq. the variational
wavefunction reads:

) = Pg|v) |
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r.l

The states I' are local Fock states of the auxiliary
fermions, whose annihilation operators we denote as
ppoo> Where a = 1,..., Nyy, span the auxiliary spin-
ful orbitals. On the contrary, the set v includes the local
physical Fock states.

In Eq. we have assumed translational invariance
within each layer, so that our variational parameters de-
pend only on the ¢ coordinate. This also implies that
the variational wavefunction Eq. cannot develop the
antiferromagnetic order parameter that characterizes the
actual ground state of Eq. at finite on-site repulsion.
Such restriction into a subspace of the whole Hilbert
space, which does not include the expected ground state



in the specific example, is easy to implement in the vari-
ational approach.

Following [46], we can associate the parameters A, r(r, £)
to the components of a wavefunction that describes an
impurity coupled to Ng,, baths. In the slab geome-
try, we need an impurity wavefunction |¢(¢)) for each
layer. Using the Gutzwiller approximation, specified in
Appendix [A] we can write the variational energy as:

(O] Hioe(€) [6(6)) , (3)
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with A the number of sites within each layer,
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with ny the occupation number of the impurity level. The
vector R(E) with components Ra,(¢) in Eq. (4)), defined
in Eq. of the Appendlx see also [47], looks like a
Wavefunctlon renormalisation,
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suggesting that d,_, can be identified with the quasi-
particle Fermi operators.

Using the impurity formulation, we can minimize self-
consistently [32] the energy in Eq. (3). In particular, the
Slater determinant and the impurity wavefunctions are
respectively the ground states of a quasiparticle Hamil-
tonian 1, and of the impurity Hamiltonians #mp(¢),
with expressions:
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The self-consistency condition is expressed in terms of
the one-body reduced density matrices of the impurity
model and of the quasi-particle Hamiltonian:

(.| dj

(o(0)] Apno d;[/ag lp(£)) = trBo Aprao | - (8)

The Hamiltonians Eq. (@ and Eq. depend on a set
of Lagrange multipliers Af, 5. (¢), Aao,p0(£) and Voo (4),

whose expressions are given in Appendix [A} more de-
tails about the derivation and implementation of the
Gutzwiller equations can be found, e.g., in [32, [47, [51].
The parameter V,,(¢) is the hybridisation between the
impurity and the baths, while A5, 5 (£) and Mg g0 (€)
are one-body potentials for the bath levels and the quasi-
particles, respectively. It is worth emphasising that the
physical chemical potential ;= U/2 + du translates into
the energy level of the impurity, see Eq. . Through
the energy minimization and the self-consistency equa-
tion (8)), u plays a role in determining the local potential
Ao, 50(6) of the quasiparticle Hamiltonian in Eq. (4] . and
thus the position of the quasiparticle bands.

Through the knowledge of the quasiparticle Hamiltonian,
we can derive an approximate expression for the Green’s
function matrix for each layer,

G(w,t,k) = RI(0) (M) R((),  (9)
7/ e

which allows defining an approximate self-energy
Y(w, ¢, k) and a layer-dependent quasiparticle residue:
0% (w, £, k)

Z(E,k):(l— - w_0>1. (10)

Other local observables can be obtained through the im-
purity wavefunction. In particular, we will be interested
in the electron density per layer given by:

ne=>Y_ (60}, c,, 16(0)) .

o

II. WETTING CRITICAL BEHAVIOUR IN THE
STANDARD GUTZWILLER APPROXIMATION

Using the variational ansatz in Eq. with Ngyz = 1,
thus the standard Gutzwiller wavefunction, we can study
the fate of the Kondo-like proximity effect away from p-h
symmetry. In the standard Gut, just as in DMFT, the
Mott transition away from particle-hole symmetry be-
comes genuinely first-order. In other words, there is a
range of U € [U.,Ug|, bounded by the insulator and
metal spinodal points, U,y and Ug.e > U,q, respectively,
where the two phases coexist. Their corresponding en-
ergies cross at U. in between the spinodal values. At
particle-hole symmetry, U. accidentally coincides with
U. in DMFT, while, in standard Gut, the transition
turns second order.

One may wonder how such change of character in the
transition affects the proximity effect observed in [33] 35].
It is known that approaching a first-order phase transi-
tion one can still find a surface critical phenomenon, the
wetting transition [57]. It was conjectured in [58], us-
ing an effective spin model for the Mott transition, that
the Kondo proximity effect becomes an example of to-
tal wetting [59] when the Mott transition is discontin-
uous. We quantitatively address this question by sim-
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FIG. 2: Spatial profile of the quasiparticle residue and
electron density per spin across the layers. The last
metallic layer is placed at ¢ = 14. The Hubbard
repulsion in the metal layers is U = 2 and in the
insulating ones U = 16.828, and dpu = —0.9. The dashed
line in the first panel is obtained by the fit, instead in
the dashed line in the second panel is obtained through
B4 The legend shows the parameter obtained by the
fit, where Z, = R? and Z, = Rg are the value of the
metallicity in the first insulating layer and deep in the
bulk.

ulating a metal-Mott interface away from p-h symme-
try. More specifically, we study a system of 100 layers
where 15 layers are metallic with U = 2, the value that
we use here and in the next section. In Fig. [2| we plot
the layer-dependent quasiparticle residue and the elec-
tron density per spin starting from the last metallic layer
and for o = —0.9, see Eq. (I). Differently from the p-h
symmetric case, the proximity effect is shown also in the
electron density, which is not anymore constrained by p-
h symmetry. We fit the layer dependent wavefunction
renormalisation through the expression:

R() =R R, — R (L—£.)/¢ 7
(0) b+ ( b) € (1)

where £, is the index of the first insulating layer and &
the correlation length. From equation 11| we can obtain
the quasiparticle residue, which in standard Gutzwiller
is just Z(¢) = R(¢)?. Instead, the functional form of the
density can be deduced, near criticality, by through
equation[B4]in appendix[B] For §u = —0.9, the first-order
Mott transition occurs at U, = 16.3, and & diverges as
1/+4/|U — U,| approaching the transition, a typical mean-
field exponent. To further confirm the critical properties
of the wetting layer, we rescale both the layer coordinate
and Z(¢) as discussed in [33]. Indeed, all data for differ-
ent values of U collapse on the same curve, as shown in
Fig. [3| supporting the wetting critical behaviour, see also

Appendix
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FIG. 3: Scaling plot for the quasiparticle residue at
o = —0.9 close to the critical point confirming the
mean field exponent v = 1/2.

III. GHOST GUTZWILLER RESULTS

We can readily extend the results of the previous sec-
tion to the gGut approximation. In the bulk case and for
the single band Hubbard model, it has been shown [32]
that already with Ny, = 3 one can obtain the Hubbard
bands and have a quantitative description of the Mott
transition in excellent agreement with the DMFT solu-
tion.

We find that moving away from p-h symmetry the tran-
sition within gGut remains second-order, even upon in-
creasing the number of auxiliary fermions, as discussed
in section [Vl We are therefore back to the surface crit-
ical behaviour discussed in [33] B5]. We study systems
up to 30 layers with Ny, = 3 and find a clear proximity
effect both in the quasiparticle residue and the electron
density, as shown in Fig. Besides uncovering, as be-
fore, the critical behaviour, we can now examine how the
presence of the metallic leads affects the quasiparticles in
the insulating layers. In Fig.[5] we show the quasiparticle
bands along high-symmetry paths of the two-dimensional
Brillouin zone, corresponding to the y-z plane, in the case
with 10 metallic layers out of 30. We observe the follow-
ing qualitative structure of the figure: some bands cross
zero energy, corresponding to the metallic layers, and
the others accumulate to form lower and upper Hubbard
bands. In particular, a feature that we always find is a set
of flat bands pinned at zero energy. We shall thoroughly
discuss these zero-energy modes in the Sec. [[V] but we
anticipate here that they essentially describe spinons, i.e.,
gapless spin-1/2 neutral excitations. What is remarkable
in Fig. [5| is that the spinon band does not shift rigidly
with dp in Eq. , as the Hubbard bands instead do,
but remains pinned at zero energy, consistently with the
spinons being neutral quasiparticles and thus unaffected
by the chemical potential.

The spinons thus offer a very simple interpretation of the
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FIG. 4: Behaviour of the gGut quasiparticle residue and
electron density per spin at du = —0.5, using
U = 14.385 in the insulating layers. The last metallic
layer is £ = 9. In the legends are reported the
quasiparticle residue and the density in the bulk (Zy,
ny) and in the first insulating layer (Zs,ns).

FIG. 5: Bands of the quasiparticle Hamiltonian for a
slab with 10 metallic layers and 20 Mott insulating
ones, at o = —0.5 and U = 15 in the insulating layers.

Kondo proximity effect: at the interface with the metal
the spinon reacquires charge and gets promoted into a
Kondo resonance narrowly peaked at zero energy. More
precisely, the flat band hybridizes with the last metallic
layer like in heavy fermion systems, leading to a very nar-
row band and the opening of small hybrization gaps. To
motivate this claim we plot in figure[6]the layer character
of the low energy bands of figure [5] showing how the first
insulating layer contribute to the dispersive bands. For
completeness, in Fig. [7] we plot the layer-resolved spec-
tral function A(w, ) = —Im G(w, £) /7 for a slab made of
five metallic and five insulating layers that further high-
lights the layer evolution of the Kondo peak. We have
thus shown that the zero-energy quasiparticle excitations
inside the paramagnetic Mott insulator, a simple version
of quantum spin liquid, appear at metallic interfaces in

last metallic layer contribution

FIG. 6: The layer-resolved bands of figure |5| at low
energy, where the size of the red circles is proportional
to the contribution of the corresponding layer. Top
panel: contribution of the last metallic layer. Bottom
panel: contribution of the first insulating layer. We
observe that the flat band of the insulating layer
acquires a finite dispersion through the hybridization
with the neighbouring metallic one.

the form of a heavy-fermion proximity effect.
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FIG. 7: Layer resolved spectral function for du = 0.5
and U = 14.316 showing how the Kondo peak, always
centred at zero frequency, disappears moving away from
the interface.

IV. ORIGIN OF THE SPINON MODE

In this section, we highlight by simple analytical calcu-
lations the role played by the zero-energy quasiparticles
in the variational optimization, and show that they pos-
sess all prerequisites for being legitimately regarded as
spinons. Consistently with the slab geometry in Fig. [I]
we consider a bulk system on a cubic lattice with peri-
odic boundary conditions.



We start by showing that in gGut the Mott transition
is second order also away from p-h symmetry, unlike in
Gut or DMFT. In Fig. [§] we show the evolution of the en-
ergy, average density per spin and quasiparticle residue,
first upon increasing U from the weakly correlated metal
(blue solid lines), and then decreasing it from the insulat-
ing side (red dashed lines). We observe a metal-insulator
coexistence, but, differently from DMFT away from p-h
symmetry, the energy does not show any discontinuity in
the slope as expected at a first order phase transition.
Rather, the behaviour in Fig. [§| resembles the DMFT
one at p-h symmetry [34], where there is metal-insulator
coexistence but the metal spinodal point coincides with
the value of U at which the two energies cross, hence the
accidental second-order transition. We mention that a
similar disagreement between gGut and DMFT was ob-
served in [38] studying the Mott transition in presence of
a magnetic field, which is predicted continuous in gGut
and discontinuous in DMFT. Another feature of the bulk
gGut solution, in common with the previous slab geom-
etry, is that the quasiparticle bands include dispersing
and p-h asymmetric lower and upper Hubbard bands, as
well as a flat band pinned at zero energy in the Mott
phase that reacquires a narrow dispersion in the corre-
lated metal, see Fig. [0}

=== backward

— forward

0.0

6 8 10 12 14 16

FIG. 8: Ground state energy, quasiparticle residue, and
density per spin as a function of U in the cubic lattice
Hubbard model at éu = —1.

A. Paramagnetic solution

To enlighten the role of the zero-energy quasiparticles,
we here elaborate on the arguments presented in [38], see
also [60]. Specifically, we consider the embedded impu-
rity model with N, = 3, sketched in Fig. [I0] This
is representative of all models with Ny, odd, while the
case of even N, will be discussed later. The impurity

U= 14.316

op=-1

_//\

5 // U = 8.040
op =-1

5

r X M R T

FIG. 9: Bands of the quasiparticle Hamiltonian drawn
along high-symmetry paths in the Brillouin zone of a
cubic lattice for u = —1. The top panel refers to
U = 14.316 in the Mott insulating phase, while the
bottom panel to U = 8.040 in the correlated metal with
preformed Hubbard bands.

level is on the right, in blue, shifted up in energy by
—dp, with ép < 0 in the figure. In the Mott insulator,
U overwhelms by far éu so that the impurity wants to
be half-filled, in the figure with a spin-up electron. The
positive-energy and negative-energy bath levels, in red,
correspond, respectively, to the lower (LHB) and upper
(UHB) Hubbard bands, and are hybridised with the im-
purity by Voup and Vyyg. The bath level in between, in
black, is instead not hybridised with the impurity [32].
At order zero in Vi,gg and Vygs, the LHB is full and the
UHB empty, as in the figure. However, because of the
finite hybridisation, the actual ground state of the impu-
rity+LHB+UHB model, in cyan in Fig. includes other
configurations, for instance the impurity empty and one
electron on the UHB. We remark that, to maximise the
energy gain of the hybridisation, it is preferable that the
LHB and UHB are symmetrically located with respect to
the impurity level, thus both shifted by —du, as in the
figure.

We denote as |¥,) the actual ground state of the im-
purity+LHB+UHB model, where o, 1 in the figure, is
the z-component of the total spin, which is 1/2 in the
ground state. One may naively argue that the decoupled
bath level is fully irrelevant and can be in any configu-
ration, singly occupied, empty or doubly occupied. This
is not true however, since Eq. connects the single-
particle reduced density matrix of the bath levels with
the local single-particle density matrix of the quasiparti-
cles, which, in turn, affects the expectation value of H,
in Eq. . One can readily convince oneself that the
lowest variational energy is obtained with the decoupled
bath level singly-occupied and coupled in a spin-singlet
configuration with the impurity+LHU+UHB or, in other



words, the wavefunction

1

) = 7 (1) [2y) = [ehy) [94) ) - (12)

Indeed, let us denote the Fock states of a single level

FIG. 10: Schematic representation of the effective
impurity model in the Mott insulator.

as v = 0, the empty state, v = o, the state with
a spin-o electron, and v = 2, the doubly occupied
one, and the Fock states of the impurity+LHB+UHB as
|Yimp> YLHB, YurB). For large U, we can safely assume
the trial wavefunction

sin 6

U,) =cosf|o,2,0) +
Vo) | ) 7

(10,2,0) +12,0,0)), (13)

with & ~ 0. Using the spin-singlet configuration in
Eq. , we find that the occupation numbers of LHB
and UHB are spin-independent are read

1
MUHBo = sin? @, (14)

1 .,
NILHBos — 1 4 s 9,
while the impurity is half-filled. We note that Eq. ({)
entails that the quasiparticle local density matrix is the
p-h transform of the impurity bath one, thus that the
impurity LHB and UHB transform, respectively, into the
quasiparticle UHB and LHB. Since, for « = LHB, UHB,

sin @ cos 6

i _
(9l doy ¢ |0) WA

(15)

and nge (1 — nee) = sin® 6/4 are independent of a, the
wavefunction renormalisation factors are as well, and
read [32]
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The quasiparticle Hamiltonian Eq. @ is therefore
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ko a,b=LHB,HUB

E(k) le(aa dkba

- Z (nkLuB — nkunB) (16)
K

=H.— A Z (nkLEB — nicuEB) |
K

plus the flat zero-energy band that, because of Eq.
and Eq. , is half-filled with equal number of spin up
and down quasiparticles. The Hamiltonian in Eq.
describes two bands with dispersion

1

9 = 5 (e = VAT I ).

and corresponding eigenoperators

dy _ , = cosOxdyyyp, +sin Ok dyypp, s (17)
dy 4, = —sinbk dy yp, + €08 bk dyypp, »

with tan 26 = e(k)/2)\. The parameter A in Eq. is
a Lagrange multiplier that enforces the self-consistency
condition in Eq. , namely, that the LHB is almost full
and the HUB almost empty. This requires A > ¢, thus
e_(k) < 0 and €4 (k) > 0 separated by a gap 2], and the
ground state |¥,) obtained by filling the lowest-energy
band. Specifically, the self-consistency Eq. together
with Eq. imply, through Eq. , that

3¢t sin” 0

Z(‘I’*|nkLHB|‘P*>22— o —9_ —,

- <[~

K
3¢2 sin? 0
Z (Uil nxunp V) ~ —5 = ——

RYa 2
Vk 4\ 2

It follows that 3t2/2)A? = sin?# and that the variational
energy per site is

1 U
E=— <‘1’*\H*|‘I’*>+7 (0] (n—1)%|9)
L B U ey 30U 3
S WL R S W B S CA

with minimum at A = U/2 and value E = —3t?/U. We
recall that the half-filled Hubbard model at very large U
maps onto a spin-1/2 Heisenberg model

1
Hyeis =J Y (Si -8 — 4> ; (18)

<ij>

where J = 4t?/U. We realise that on a cubic lattice the
large-U gGut variational energy per site, £ = —3t2/U,
actually E = —zt2/2U for generic lattices with coordi-
nation number z, reproduces the second term in paren-
thesis. This represents a big achievement with respect



to the standard Gut, which yields a vanishing variational
energy [30], and is consistent with the fact that gGut is
strictly variational for lattices with infinite coordination,
where the term S; - S; does not contribute unless break-
ing the spin SU(2).

If we instead use as starting point of the optimization
process the spin-triplet state, e.g., |¢1) |[¥4), rather than
the spin-singlet one in Eq. , or the configurations in
which the decoupled bath level is empty or doubly oc-
cupied, and repeat the previous calculations, we find at
large U the same solution as in standard Gut. This,
as mentioned above, results in a higher variational en-
ergy. The same occurs if the number of auxiliary or-
bitals, i.e., of bath levels, is Ng,, = 2. More generally,
the variational solution in the Mott insulator with even
Nouwz = 2M coincides with that of Ny, = 2M — 1. In
other words, the self-consistency condition Eq. effec-
tively provides a strong spin entanglement [38] between
the impurity+LHU+UHB and the decoupled bath level,
which is forced to lie at zero energy, thus yielding the
zero-energy quasiparticle flat-band that, we argue, hosts
the spinons.

B. Ferromagnetic solution

To support this conjecture, let us study a gGut varia-
tional wavefunction with finite magnetisation m per site.
Instead of Eq. (12)), see Eq. (13, we use as trial wave-
function of the impurity model

|¢) = cos cosg[,)[1,2,0)
—cosf sin¢ [¢q) [4,2,0)

sin 0
+ =) (0.2 +121,0), (9
sin 0
- —— o) (10.24) +12,4,0)),
which allows for a finite impurity magnetisation
that corresponds to the physical one m, thus

ny —ny = cos 2¢ cos® @ = m. We note that the magneti-
sation of the decoupled bath level coincides with —m,
which shows that the physical spin is entirely carried by
the zero-energy states in the quasiparticle Hamiltonian,
whose magnetisation is the p-h transform of the decou-
pled bath level, thus precisely m. Indeed, the choice in
Eq. is intentionally done with that purpose, We have
confirmed that it reproduces the numerically optimized
solution. Correspondingly, the occupation numbers of
the LHB and UHB are the same as in Eq. , i.e., spin
independent. What changes are the expectation values

in Eq. , which now read

(@l dlms ¢4 10) = (9] diup, ¢, 10)
sin @ cos 0

:coscbf,

(@l di s 4 18) = (0] iy ¢, 19)
sinfcosf

=sin¢ 5 ,

resulting in the following wavefunction renormalisation
factors

Ryupt = Rrupy ~ cos ¢,

. (21)
RLHBT = RUHBi ~ S1n ¢

The consequence, as one can readily derive following the
former calculations at m = 0, is a reduction of

2

(W Ho | V) —3% sin? 26,

and a modified self-consistency condition
3t? sin? 6
222 sin®2¢

both of which reduce to the previous ones when ¢ = 7/4.
The variational energy per site is therefore

2

3t
E=-"—
A

1 U
=32 sin?26 [ — — — |,
. ¢<A 4)\2>

sin? 2¢) + % sin? @

with the constraint

2

t
2)\2

m = cos 2¢ cos? = cos 2¢ (1 — sin? 2(;5)

—> cos 2¢,
AS>t

from which we find that the optimal A = U/2, as be-
fore, and

3t2 )
E(m)=———(1-m?). (22)
U
We note that Eq. corresponds precisely to the ex-
pectation value per site of the Heisenberg Hamiltonian
in Eq. over a state with average spin polarization
(S7) = m/2 in the limit of infinite coordination-number.
In other words, in this limit the variational gGut wave-
function reproduces the exact ground state energy and it
does so in a very physical way: the spin polarization is
carried just by the quasiparticles of the flat band, justi-
fying our interpretation of them as spinons, whereas the
dispersive Hubbard bands remain unpolarized.
We further observe that, even though the spinon band
is flat in the quasiparticle Hamiltonian, the variational



energy in Eq. is instead compatible with a non-zero
dispersion and a finite spinon density-of-states at zero
energy. The reason lies in the fact that the spinon and
Hubbard bands are not truly independent of each other.
Indeed, the spinon polarization does affect the Hubbard
bands through , and, in turn, the expectation value
(V.| Hi |P,). This behaviour is similar to the outcome
of conventional Hartree-Fock plus random-phase approx-
imation, and suggests that the inclusion of quantum fluc-
tuations, as done for the Gut using the time-dependent
variational principle [47], may explicitly unveil the cou-
pling between the Hubbard bands and the spinon one. In
that case, a finite spinon dispersion should appear upon
integrating out the high-energy Hubbard bands. More-
over, the finite spinon density-of-states consistent with
Eq. suggests that the spinons do have a well-defined
Fermi-surface.

C. Antiferromagnetic solution

To conclude this section and provide further evidence
of the quality of the variational gGut wavefunction, let
us briefly discuss the solution when we allow for antifer-
romagnetism. On a bipartite lattice with hopping just
between the two sublattices, we expect the ground state
to describe an antiferromagnetic insulator for any U > 0,
as mentioned in the Introduction. Let us therefore ex-
tend the previous analysis to an antiferromagnet at fixed
staggered magnetisation m. We assume that both sub-
lattices, which we denote as A and B, are described by
the auxiliary impurity wavefunction with sublattice
dependent ¢, specifically, ¢4 = ¢ and ¢ = 7/2— ¢, thus
opposite sublattice magnetisations

my =cos2¢ cos’=m, mp=—m. (23)

The occupation numbers per spin are still those in .
The wavefunction renormalisations are the same as in
for sublattice A, while cos¢ < sin¢ for sublat-
tice B. It follows that the quasiparticle Hamiltonian
@ in the LHB-UHB orbital space is characterised by
uniform diagonal and off-diagonal hopping amplitudes
—t sin2¢/2 and —t/2, respectively, as well as by a stag-
gered off-diagonal hopping —t cos2¢/2 due to antifer-
romagnetism. In addition, the Hamiltonian includes a
Lagrange multiplier A that enforces the self-consistency
condition nrug — nuug = 2 — sin? 0, and one that fixes
the local density, npgg + nyug = 2. For U > ¢, A\ is
also large and the quasiparticle Hamiltonian H in the
halved, magnetic Brillouin zone (MBZ) describes an in-
sulator with occupied valence bands

e1(k) = —%\/26(1()2 +4X2 — 2¢(k) E(k)

e (k) = —%\/Qe(k)Q 2+ 2K B(K)

and empty conductions ones, e€3(k) = —ez(k) and e4(k) =
—e1(k), where E(k) = 1/e(k)? +4X?sin 26 . The con-

straint nyuyg + nugs = 2 is therefore automatically sat-
isfied. Concerning the other constraint, if

BP0y = = 3 (a() + (k)
keMBZ
~ —2X — (1 + cos®2¢) ?;—f

is the ground state energy per site of H%, the last equa-
tion being valid for A > t on a cubic lattice, we have to
impose that

OE ()
NLHB — NUHB = 2 — sin?f = —%
3t2
~2—(1 29 7
(1 + cos®2¢) e
thus
sin® 0 = (1 + cos® 2¢) 3t°
2M2 7
and
1
vV <\IJ*| Ho |\I/*> = Eqp()\) + A (nLHB - nUHB)

2
~ —3% (14 cos®2¢) .

Performing the same steps as in the calculations in the
ferromagnetic case, we finally get a variational energy
per site that reads, in the general case of a d-dimensional
hypercubic lattice,

Bap(m) = ——— (1+m?), (24)

which decreases with |m/|, showing that the paramagnetic
solution at m = 0 is unstable towards developing an an-
tiferromagnetic order parameter. Moreover, coin-
cides with the ground state energy of at fixed stag-
gered magnetisation m for large d, i.e., when quantum
fluctuations can be ignored. As before, the staggered
magnetisation is carried solely by the spinons, the flat-
band quasiparticles, while the Hubbard bands are spin
unpolarised. This evidently provides a much better de-
scription of the large U antiferromagnetic insulator than,
e.g., the Hartree-Fock approximation, where the stag-
gered magnetisation is due to the valence and conduction
bands that mimic, within Hartree-Fock approximation,
the Hubbard bands, and are separated from each other
by a gap ~ 2Um instead of the expected U, the actual
cost of a charge excitation.

V. CONCLUSIONS

We have shown that the ghost Gutzwiller approxima-
tion is able to describe a genuine paramagnetic Mott in-
sulator that hosts neutral spin-1/2 quasiparticles, possi-
bly with their own Fermi surface, the sought-after Ander-
son’s spinons. Specifically, the spin-singlet wavefunction



of the auxiliary impurity model implies that the linear op-
erator Pg in (2)) is spin SU(2) invariant. The spin state of
the full ghost Gutzwiller wave function thus depends on
the spin state of the Slater determinant in Eq. , which
our results suggest to be a singlet. Indeed, the contribu-
tion of the Hubbard bands to the Slater determinant is
trivially a spin-singlet state, since they are either com-
pletely full or empty. While the energy optimization does
not completely determine the spinon contribution to the
Slater determinant, as it appears with its corresponding
R equal to zero, we know that this term is characterized
by an SU(2)-invariant local density matrix, fixed by the
ghost Gutzwiller self-consistency. We believe that these
observations, together with the finite paramagnetic sus-
ceptibility entailed by , collectively provide evidence
that the optimal ghost-Gutzwiller wavefunction in the
Mott phase is indeed a global spin singlet with gapless
spinons.

Furthermore, we have demonstrated that these spinons
can be revealed by a proximity effect at the interface
between the paramagnetic Mott insulator and a metal.
Indeed, the spinons near the interface regain the electron
charge and get promoted into bona fide quasiparticles
with a narrow dispersion in the directions parallel to the
interface that decreases exponentially moving inside the
bulk of the Mott insulator. This behavior resembles more
a heavy-fermion proximity effect rather than a Kondo-
like one that was advocated to interpret the DMFT re-
sults [33].

Lastly, we have shown that when the system is allowed to
have a finite magnetization m, the quadratic energy raise
with m is compatible with the spinons having a finite
density of state hence a finite dispersion in the Brillouin
zone, not accessible at m = 0.

To unveil the precise form of the spinon dispersion one

J

qu |1/’*> = Eqp |7/’*> )
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needs to include quantum fluctuations on top of the vari-
ational solution, a work that is currently underway.
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Appendix A: Gutzwiller variational equations

In this section, we show the gGut equations in the case

of a metal-Mott insulator interface. We hereafter impose
just the spin-U(1) symmetry corresponding to rotations
around the spin zaxis.
To optimize the wavefunction in [2| we use the Gutzwiller
approximation, namely, we use results in the infinite co-
ordination limit and apply them also to finite coordi-
nation lattices. We can analytically calculate the ex-
pressions of all expectation values over the variational
Gutzwiller wavefunction, if we further impose the so-
called Gutzwiller constraints [44H47], which, in the im-
purity model formulation, read:

(B(O)]p(0)) =1,
(D(0)| dpe by 16(0)) = (U] dfy 5y dppre V)
= Aao,Bo’ (6) )

(A1)

where Auo go(f) define a matrix A, (¢). More specifi-
cally, the minimization of the energy [3| after imposing
Eq. and within the Gutzwiller approximation can
be done algebraically by solving the following system of
equations:

(VA0 = 30000) Val0)) = 3 Raoll) (0] iy dorse 192 12009

k0.8

)= 350+ 537 (Raw) A1 - AW),) Vo(0) + H) ,

Himp(£) [6(0)) = Eimp(£) [6(£))

(A2)

()| dpoy df o [6(0)) = (W] df 5 Ay [Vs) = Do (£)

-1

Rao(g) = Z <\/AU(€)(
B

where
toe (K) = g e(k) — ¢ (5g/,g+1 + 65/!71) ,

R, (¢) and V,(£) are vectors with components R, (¢) and
Vao (£), respectively, while A\, (£) and AS(£) matrices with

1—-A(0),) >

) (D(0)] chy dygy |6(0))

(

elements Aao 50 (¢) and A, 5, (), respectively. The solu-
tion of Eq. can be obtained self-consistently starting
from a guess for R, (¢) and \,(¢) and iterating the pro-
cedure till every equation is satisfied up to the desired

accuracy.



Appendix B: continuum description for the wetting
critical behaviour

In the case of the Gut the Mott transition is first order
but we still have a surface critical behaviour, as shown in
the main text. In this case, we can find a continuum de-
scription to extract the critical behaviour, as done in [35]
at p-h symmetry. We write the impurity wavefunction as

[9(€)) = do(€) [0,2) + ¢2(¢€) [2,0)

+ Z o ¢s(0)|o,—0) ,
where |Yimp, Voatn) 18 a Fock state of the impurity plus
the single bath level. Hereafter, we assume spin-SU(2)
symmetry, thus ¢, (¢) = ¢1(¢) independent of spin. For

the standard Gutzwiller ansatz, we can write the energy
functional per site as:

Fe g S 000 u0?) oo}
Y RO
£

+%Z > Ro(0)tusy Ro(C+p),

11

where N is the number of layers and

1
“= > (Wl el €(k) e, [0
. ko (Bl)
Lo = A Z <‘II*|C;ka Coie [ W) -
ko

The Gutzwiller constraints and the equation for R, (¢) =
R({) read:

1= ¢o(€)* + ¢2(€)> +2¢1(€)?,
n(l) =1—06(0) = 2¢2(€)* + 2¢1(£)?,

R()* = 1:;(@2 (02(£) D1(£) + ¢o(£) ¢1(£))2 .

We can choose to express the energy functional using
R(¢) and the doping §(¢) as independent variables, in
particular,

¢ p=%£1
2

D0(0)? + 62(0° = = (1 — /(1= RO (1 - 5(0)2) +

~

5(0)? 1+ R(0)*+

5(0)? )
1 /(1 = R@?) (1 - 5(02)

(1 —V1-R(0)? +

N |

Where the last equation is valid in the limit of small
doping.

Near the critical point, the quantities in Eq. do not
depend appreciably on £, ¢, ~ —¢) and tgppq = —€1/2,
so that, in the continuum limit ¢ — z, with continuous
x, the energy functional reads

E= / dm{U(Qx) [00(2)? + 62(2)?| — € R(x)?

er (OR(z)\?
+ 5 (B2 - austo)y.
(B3)
where € = ¢ + €1, and ¢o(x)? + ¢o(x)? is given by
Eq. (B2). Solving the Euler-Lagrange equations we can
express d(z) as a function of R(x):

46p 1—-+/1— R(x)?

) = T R T RGE

(B4)

1- R(0)?
1—/1-R(/)? '

(

The solution for R(x) can be found deep in the Mott
insulator, where U(z) = U is constant and R(x) and
d(z) are small. We find:

R(z) ~e /¢ §(x) ~ sign(du) R(z)?

with the correlation length given by

We note that £ diverges at a critical U = U, which shifts
to higher values at du # 0, as expected.
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