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Field-theoretic methods are used to investigate the large-U Hubbard model on the honeycomb lattice at
half-filling and in the hole-doped regime. Within the framework of a functional-integral approach, we obtain
the Lagrangian density associated with the charge and spin degrees of freedom. The Hamiltonian related to
the charge degrees of freedom is exactly diagonalized. In the strong-coupling regime, we derive a perturbative
low-energy theory suitable to describe the quantum antiferromagnetic phase (AF) as a function of hole doping.
At half-filling, we deal with the underlying spin degrees of freedom of the quantum AF Heisenberg model by
employing a second-order spin-wave analysis, in which case we have calculated the ground-state energy and the
staggered magnetization; the results are in very good agreement with previous studies. Further, in the continuum,
we derive a nonlinear ¢ model with a topological Hopf term that describes the AF-VBS (valence bond solid)
competition. Lastly, in the challenging doped regime, our approach allows the derivation of a #-J Hamiltonian,
and the analysis of the role played by charge and spin quantum fluctuations on the ground-state energy and,
particularly, on the breakdown of the AF order at a critical hole doping; the results are benchmarked against

recent Grassmann tensor product state simulations.
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I. INTRODUCTION

In the last decade, the physics of electronic correlation
in honeycomb and hexagonal lattice materials has been the
issue of extensive theoretical and experimental investigations
[1]. Indeed, in view of quite recent experimental activities,
it has been reported that the undoped Cu**(3d%) spin-%
compound In3Cu,VOy [2—4] displays an antiferromagnetic
Néel (AF) ground state. Likewise, experimental evidence has
been provided that the undoped materials Naz 7, SbOg [5], with
T = Cu®*; T = Ni*" 3d%s!'; § =1), and T = Co** (3d’;
S = 3/2) also exhibit AF order. Moreover, experimental data
have also indicated that Li,RuQOj3 [6] presents valence bond
solid (VBS) or liquid phase; whereas it has been observed
that NayIrOs; [7] displays an AF Mott-insulating ground
State.

On the theoretical side, various attempts have been under-
taken with the purpose of describing the underlying mech-
anisms governing the physical properties of these materials.
In the context of the Heisenberg model, the occurrence of an
AF ground state on the honeycomb lattice at half-filling has
been studied via quantum Monte Carlo (QMC) simulations
[8,9], the second-order spin-wave perturbation theory [10],
series expansion [11], tensor product state (TPS) numerical
calculations [12,13] and Grassmann tensor product state
(GTPS) numerical studies [14]. Also, the Hubbard model
at half-filling [15] and generalized (competitive interactions)
Heisenberg models [16] have been used with the aim of
describing the possible occurrence of a VBS ground state
[17-20]. Additionally, it has been shown that the AF-VBS
competition takes place within the framework of the theory of
unconventional quantum critical points [21-24]. However, we
remark that in the context of the Hubbard model detailed QMC
studies [25] at half-filling have excluded the occurrence of a
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VBS or liquid phase, while a robust AF phase was predicted
to occur in the strong-coupling regime (Heisenberg limit).

On the other hand, of special interest are doped Mott
insulators, notably its link with the physics of high-temperature
superconductivity [26-28]. In a broader perspective, the
t-J model has provided a comprehensive framework for
investigating the effect of charge and spin quantum fluctuations
on doped Mott insulators [26-28]. Recently, a numerical
analysis through GTPS [14] calculations of the ¢-J model on
the honeycomb lattice has been reported, in particular the data
concerning the breakdown of the AF order due to hole doping.
Despite all these relevant contributions, including the mean-
field, random phase approximation (RPA) [29], and nonlinear
o model [30] studies, to the best of our knowledge, no
analytical approach (in a controllable quantitative perturbative
scheme) has been reported to describe the interplay between
charge and spin quantum fluctuations in the Hubbard model
on the honeycomb lattice, and the consequent destruction of
the AF phase in the hole-doped regime.

In this work, we present a systematic and comprehensive
analytical study of the strongly coupled Hubbard model on
the honeycomb lattice at half-filling and in the hole-doped
regime within a unifying functional-integral framework. The
remaining part of the paper is organized as follows: In
Sec. II, we establish the functional-integral representation in
terms of Grassmann fields (charge degrees of freedom) and
SU(2) gauge fields (spin degrees of freedom). In Sec. III, the
Hamiltonian associated with the charge degrees of freedom
is exactly diagonalized. The electronic dispersion exhibits
a gap due to the Coulomb repulsive interaction, while in
the tight-binding case we obtain the well known Dirac-like
spectrum. In Sec. IV, we derive a perturbative low-energy
Lagrangian density suitable to describe both the half-filling
and doped regimes. Section V is devoted to the half-filling case,
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in which case the large-U Hubbard model is mapped onto the
quantum Heisenberg model described by SU(2) gauge fields.
Further, in Appendix, the continuum limit of the referred model
is mapped onto the nonlinear o model with a topological Hopf
term, which describes the AF-VBS competition. In Sec. VI, we
focus on the hole-doped regime. This most challenging topic
is studied within a controllable perturbative scheme, which
allows us to unveil the role played by charge and spin quantum
fluctuations in the breakdown of the hole-doped AF phase.
Finally, concluding remarks are presented in Sec. VIL.

II. FUNCTIONAL-INTEGRAL REPRESENTATION

The Hamiltonian of the Hubbard model on the honeycomb
lattice reads

H=—t Z (dragéjﬂo + é;ﬁoéiaa) +U Zﬁioxﬁ*ﬁitxia

(i, jB)o i

(D
where 6T

iwo (Ciao) denotes the creation (annihilation) fermion
operator of spin o (=1, ) on one of the inequivalent site ¢ =
AorBofaunitcelli =1,...,N,., with N.(N/2) being the
number of unit cells (sites) [see Fig. 1(a)]; fijq0 = 520“,5;'(10 is
the electron number operator with spin o at the positioni«. The
first term describes hopping of electrons with kinetic energy
t between nearest-neighbor sites of distinct sublattices, and
the second one is the on-site Coulombian repulsive interaction
U > 0. We remark that the version of the Hubbard model in

Eq. (1) offers an effective means for a proper description of the
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FIG. 1. (Color online) (a) Honeycomb lattice in real space with
the two inequivalent A and B lattice sites of a unit cell. (b) Energy
spectrum (in units of ¢) of the charge Hamiltonian [Eq. (24)] on the
honeycomb lattice, with a Hubbard charge gap U.
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magnetic properties of the copper oxide compounds mentioned
in Introduction.

Usually, the interaction term in Eq. (1) is treated by
means of the so-called Hubbard-Stratonovich transformation
[31], which has been used to develop the functional-integral
representation of the Hubbard model suitable to describe
diagrammatic perturbation theory [32], critical phenomena
[33] in 3D, and magnetic [34,35], and superconducting [36]
properties in 2D.

On the other hand, in the context of the large-U Hubbard
model in 1D [37] and quasi-1D [38], it has been shown that this
term can also be treated through the use of a decomposition
procedure. Hence we handle the particle density product in
Eq. (1) by means of such a decomposition procedure [37,38],
which consist in expressing 74174, in terms of charge and
spin operators:

Riathia) = 3Pia = 2Sia - Mia)’, 2
where pia = fligt + iy, and Siq = 1/23 0 & 0,1, Ciao.
are the charge-density and the spin-1/2 operators, respectively,
0, denotes the Pauli matrix elements (7 = 1), and n;, is a
unit vector field along the spin-quantization axis of an electron
at site i«. In addition, since the expectation value of the local
charge-density operator is 0, 1, or 2, we can write down the
formal relation

Bioc 110)* = # 3)
which is consistent with the fact that the expectation value
of the operator on the left-hand side of the above equation
is ((Sm “ni)?) = (:|:1/2)2 = 1/4. Hence we have formally
established that

S'ioz Ry = pian (4)
where the staggered factor p;, is conveniently chosen to
be pio = 1 at the A sites with spin-up (o =1), and p;, =
—1 at the B sites with spin-down (o =|). This choice
anticipates the occurrence of a long-range AF ground state
at half-filled band. Furthermore, let us define the normalized
weight function: f]_[ia d’n;uW(n;,) = 1, where W(n;,) =

V& exp{=¢[Sia  tie — B2 pia2 = pi)I"} and ¢ — o0
(delta-like limit).
In order to determine the partition function

Z = Trlexp (—BH)] (5

at a temperature kg7 = 1/, we are going to use the standard
procedure [39-41], i.e., we formally slice the continuous
imaginary time t € [0,8) into M finite discrete intervals
[tr,7,+1) of equal size §t, where r =0,1,....M — 1,79 =
0, Tty = B, and B = M4t. Thus, by considering the limits
M — 00,6t — 0, and using the Trotter formula, we can write
down Z as

M—1
Z= Tr:f" [ expi—stHE{. (6)

r=0

where T is the time-ordering operator. We now introduce,
between each time interval, an overcomplete basis of
states, 1= [ [l;po dC}o0dCiao €XP

fermionic  coherent
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(—cj'wc,-w)|ciw)(ciw|, where {c;rw,ciw} denotes a set of
Grassmann fields satisfying antiperiodic boundary conditions
in the imaginary-time domain: cjw 0) = —cjw(ﬂ) and
Ciao(0) = —cCiws(B), while the unit vector field satisfies
periodic ones: n;,(0) = n;,(8) . Thereby, the partition

function takes the form
B
Z= / Dn;, chaDc,-aexpl:— f E(r)dr], 7
[Pl |
where  the

measures are defined by
1imM—>oo Hiw:?)ldznia(fr)w[nia(fr)]a chaapciaa =
limy oo [1Y5 de],, (5)dcins (1), and L(7) reads

‘C(T) = chagarciaa -1 Z (C}Lagcjﬁa + C;ﬁgciow)

iao (i, jB)o
1
+U Z [Epia — pia(Sia - n,-a>]. (8)

At this stage, it is interesting to consider the symmetry
exhibited by the AF order. Here, we shall use a SU(2) matrix
[42], where the group parameter space is the surface of the unit
S3 sphere, parametrized according to the symmetry displayed
by the AF phase. As the unit vector n;,, i.e., the Néel order
parameter, lies in the manifold S2, the corresponding SU(2)
matrix, Uj,, assumes the form

— sin (%) e~ ¢
(%) } ©

U cos (%)
0 sin (%e)eite cos (%)

2
where 6;, is the polar angle between the z axis and
the unit vector n;,, and ¢;, is an arbitrary azimuth an-
gle due to the U(l) gauge freedom. Moreover, it obeys
the relation UiTa(é - niy)Uiq = 0%, which explicitly manifest
the rotationally broken symmetry along the z axis. Notice also
that by taking 6;4 = 6;5 = 0, together with the proper choice
of the staggered factor p;,, one obtains the representation
for the classical Néel order. In this context, it will prove very
useful to introduce a new set of Grassmann fields, {ajw Jigo }s
according to the transformation

tiao = ¥ _(Uia)} g Ciao (10)

whose associated spins point along the global z axis.
Correspondingly, with the help of Egs. (9) and (10), the
Lagrangian in Eq. (8) is transformed into the following form:

£(T) = Zajagaraiaa + Z a;rgf(Uia)ngar(Uiot)a’aaiom
oo iaoo’
—t Z (ajwajﬂ(, + H.c)

(ia,jB)o

—1 Z [a;rat(r’(UiTanﬂ -

(ia, jB)oo’

Doojpo +Hel

U '
+ 5 (1= Pia)tly i (1)

iao
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Remarkably, £(7) can be split up into two parts. One with only
charge degrees of freedom:

Lo = Zajwafaiw —t Z (ajwajﬁg +H.c.)

ivo (ia, jB)o
v f
+ 5 2 (1 = Pia0)djy ias, (12)
ivo
and the other describes the coupling between the charge

(Grassmann fields aiTM and a;4, ) and spin degrees of freedom
[SU(2) gauge fields U;,]:

En = Z ajaar(Uia)j,f(,at(Uiot)a’aaiaa

icoo’

-1 Z [ajan/(UiTa Ujﬂ -

(ia,jB)oo’

Dooajpe +Hel. (13)

III. ANALYSIS OF CHARGE DEGREES
OF FREEDOM IN £,

We now turn our attention to £y in Eq. (12). By performing
the Legendre transform

Lo
Ho = — ———0;Gine + Lo, 14
0 ;a(arama) rlive + Lo (14)
where
Lo i
S A 15
0(0rting) 1 ()

we get the Hamiltonian associated with the charge degrees of
freedom:

Ho=—t Y (a},,ajp +He)
fia.jB)o

U .
+ > iZ:(l - pma)ai'wam. (16)

In order to diagonalize H, we need a two step procedure.
Initially, we perform a Fourier transform

1 ik-i
Akoe = m E e Aig,
' (17)

1 -
bka = eilkhjb'(n
N

where ay, (br,) is the Fourier transform of the Grassmann
fields associated with the A (B) sublattice, i.e., for notation
convenience we have replaced ajg, — bj,; in addition, we
introduce the new set of Grassmann fields [43]:

Apy = o Pk p (18)
ko — —F= 7= Yko>
V2 V2w
ko wy
Bka - ko s (19)
V2 V2w

where

—‘/Zkv" ) : (20)

i e
wi = e * 423 cos(
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Therefore one obtains
Ho= = Lt Ao = B, B + 2 Ea-o
x (Al Ao + AL Bio + B} Ars + Bl Bio),
(21)
in which

1
3k, 3k,
ekzt\/3+200s(ﬁk},)+4cos( 5 )cos(C }).

(22)

Now, we can diagonalize Hj in Eq. (21) by means of the
Bogoliubov transformation:

Ako = UkOko — OVkPro;  Brko = 0VkQko + UrPrs, (23)

restricted by the canonical constraint (u;)* + (vg)* = 1; as a
result, the diagonal form of H reads

Ho =Y (Efej, s + Ef Bho Bro)- (24)
ko
where
1 lex]| 1 l€k|
ue=—= 1+ we= s -, (25)
\/T Ek \/7 Ek
with
U2 P
Ex=\le+ 5 E=FE+U/2 (26

The Hamiltonian in Eq. (24) presents two dispersive bands:
the low-energy (o, ) and the high-energy one (B, ), split up
by the Hubbard gap U, as shown in Fig. 1(b).

Finally, it should be noted that the noninteracting tight-
binding spectrum of H, can be recast by setting U = 0. In fact,
these two dispersive bands meet in the so-called Dirac points.
As it is well known, close to the Dirac points the system can
be mapped onto free massless Dirac fermions [1].

IV. EFFECTIVE LAGRANGIAN DENSITY IN THE
STRONG-COUPLING REGIME

In this section, we shall build a strong-coupling (U/t > 1)
perturbative low-energy theory (effective Lagrangian density)
suitable to describe the system in the half-filled and doped
regimes. Our aim is to investigate the relevant processes that
characterize the AF order in the large-U regime in terms of
the lower « band and the upper 8 band (see Fig. 1).

Let us start by expanding the auxiliary functions uy and v
in Eq. (25) in powers of /U as follows:

1 flwel 2wl r?
=—|1+ - +0(—)],
e ﬁ[ U 202 U3

1 Hlwel 2wl r?
= —|1- - of=)|.
vk ﬁ[ U wr T\ w

where €; = t|wg| [see Eq. (20)]. In the sequence, by using
Egs. (17)—(19) and (23), we can express the Grassmann field

27)
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aie 1n terms of the Bogoliubov fields ox, and By, :

1 ik-i
Aigg = —— e U + ovg)ogs + (U — OV o |-
NoA E [(ug K)o + (g ) Bko]

ko
(28)
Now, by substituting Eq. (27) into Eq. (28), we can obtain a
perturbative expression for the Grassmann field a;4, in terms
of the spinless Grassmann fields «; and B; (see below), up to
O(t?/U?), as follows:

tiae = 0(0)ts +0(—0)B; + 0(—0)50:,- v 9(0)5/3,-

t2
= 7| 00 2 @i, + aize,) +30(0)a
— 'I —
12 i |
+ 9(0)Z(ﬁ,~+@, + Bize)) +30(—0)B; |,
— ] -
(29)
where «; and S; are defined by [37]
1 ik-i
a; =‘/E ;M@;e Qo »
(30)

g = ,/Nic ;m—a);el"“‘ﬁkm

0(o) is the Heaviside function, with 6(c)0(—0c") = 0(0)84. 0,
and é; are the standard three unit vectors of the honeycomb
lattice [1]. This representation is appropriated to describe the
AF order, in the large-U regime, in the context of the referred
a and B bands. For example, to O(t/U), Eq. (29) yields
ajas ~ a; and a;p, ~ a;, which is consistent with the two
AF sublattice sites in a given unit cell i (low-energy spin
configuration), while for the high-energy 8 band, one finds an
opposite spin configuration: a; 4y ~ B; and a;py ~ B;.

Atthis stage, by inserting Eq. (29) into Eq. (16), and keeping
terms up to O(J = 4t>/U), one can write H, in terms of the
spinless Grassmann fields «; and §; in direct space:

Ho=—JY (efei — BIB+U D BlB:
J i f
-3 2_(@ieive, = Bifise, +He). (D)
ij

The charge Hamiltonian above correctly exhibits the phe-
nomenon of band shrinking [44] in the large-U regime.
Notwithstanding, we stress that 7, describe only processes in
the charge sector, i.e., no spin dynamics is involved. Therefore,
in our study of the magnetic properties of the system, these
processes play no role and, after a Legendre transform, the
Lagrangian density can be taken simply as

Lo=) aldca. (32)

where the dynamic (kinetic) term signals the background of
the charge degrees of freedom.
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We now employ the same perturbative scheme to £,, i.e., we insert Eq. (29) into Eq. (13), such that, by keeping terms which
incorporates only the most relevant low-energy processes, i.e., quantum charge and spin dynamics between nearest-neighbor
sites, we obtain the following perturbative expansion for £,,:

Ly =Y 00U} Uin)ooaas —1 Y [0(—0)U},Uise,p — Do—o0t)ttive, + Hel

ivo ijapo

t B
+ 55 2N W0 Uiado - (@] g, +f_g Joti + Hel
ijao
- Ul Uiva p — Dool0(0)a] Bive, — 0(0)Blaive ] + H 33
t > AWULUire g — Dool0(@)a] Bire, — 0(0)Bletire, 1+ Hel). (33)
ijapo

It should be noted that the last term in Eq. (33) contains hopping between « and B bands. This term must be treated
perturbatively, so that £, appears as dependent on the low-energy « band only. We thus consider the perturbing Hamiltonian

below:

Hy=—t Y AWULUise,p — Dool0(0)Bletire, — 0(0)a) five,] +He). (34)
ijafo
It can be handled by means of standard second-order perturbation theory [38,45], which is consistent with the strong-coupling
expansion up to O(t>/U):
| (o | M1 | Bro ) I

AE = Her =
L i

ko

(35)

where the unperturbed state is the system at half-filling: the low-energy « band is filled, while the 8 band is empty. As a
consequence, the shift in the energy AE due to H; corresponds to an effective Hamiltonian, Hes, expressed in terms of the

low-energy « band only:

2 .
Mo = =55 2 0| (UL, Uirap),, |” + (UL Uie,), . | Jetfes. (36)

ijafo

The above result allow us to obtain a perturbative expression of £, in terms of the low-energy « band only.
Correspondingly, by adding £y [see Eq. (32)] to the perturbation expression of L£,, we find that the effective low-lying
Lagrangian density of the honeycomb Hubbard model in the large-U regime, up to O(J), is given by

L= aldeai+ Y 00)ULUsoafas =t Y [0(=0) U} Uire p), _, loise, + He!]
i

iao ijapo

J J . | .
ty, > WidcUiado—o[0(~0)tf (cire, + ctis,) +Hee] 3 2 0|y Ussty ), |+ [(UkaUsty) ., | Tt

ijoao

We emphasize that the above low-lying Lagrangian density
incorporates only quadratic terms in o . We can thus inte-
grate out the fermions degrees of freedom in order to explicit

the spin structure embedded in Uja U,~+@/.a and UiTa 0 Uiqy.

V. HEISENBERG MODEL AND QUANTUM
SPIN FLUCTUATIONS

In the half-filled regime, the charge degrees of freedom
are frozen ((txjafoz,-) =0 and (a}a”@/) = 0), i.e., the lower-
energy « band is completely filled by electrons: n, = (o;iT o) =
1. Accordingly, it turns out that only the spin degrees of
freedom survive and are described by the SU(2) gauge fields in
Eq. (37). Further, this localized electronic background allows
the emergence of an AF phase [15,25]. Indeed, by performing

ijapo

37

(

the following Legendre transform:

oL
Ho== ————@lioo + L, (38

iao 8(87Uia)aa
where
oc ;
— =90 U: Voo 39
a(ar Uia)aa (U)( ta) ( )

we can map the large-U Hubbard model, in the half-filling
limit of the effective Lagrangian density in Eq. (37), onto the
following Heisenberg-like Hamiltonian written in terms of the
SU(2) gauge fields:

' J N \
H=-3 > 0O[|(ULUise) o |+ (UL Uitr) 0 ']
ijapo

(40)
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In fact, with the help of Eq. (9), we can write [38]

|(U U’+e/ ) ‘2
= [1 + cos(6;y) cos (9i+e,ﬂ)

+ sin(6ia) sin (0i+2,) €08 (hia — Pive,p)] (41)

or

2
|(UiTan+é_,vﬂ)ao_| = 2(1+ nig - Ritsp). (42)
where i, = sin (6;q)[c0s (¢ia)X + sin (Pig) 1 + cos (0i4)Z is
the unit vector. Accordingly, H* can be brought to its standard
form:

H = —J ) Sic Sivep — th,a+hzs,+e s
ijaB ijp
ZNJ

s @

where S;, = niy/2, z is the coordination number (z = 3 for
the honeycomb lattice) and the two additional Zeeman terms
(h is the magnetic field) allow us to perform the calculation of
the staggered magnetization.

The second-order spin-wave theory [10] can offer an accu-
rate description of the relevant physical quantities, such as the
ground-state energy, Ej, and the staggered magnetization per
site, m, which characterizes the AF order. In order to employ
this method to the quantum AF Heisenberg model in Eq. (43)

J

H =

PHYSICAL REVIEW B 92, 045105 (2015)

let us introduce the Holstein-Primakoff transformation:

Sfa = —a:ai + S,

St =14/28 —aiTai ai, (44)
Sy = aj\/ZS —ajai ,

for an up-spin on A site of sublattice A, and

Stz-b-e B bt+e b;+e, =S,
S,tre 5 =4/285 - b,+e bité; bive,, (45)
St_+e,ﬂ

for a neighboring down-spin of sublattice B; the bosonic
creation and annihilation operators a; and al'." obey the commu-
tation relations: [a,-,aj,] = §;i» and [b j,b;,] = §; . Moreover,
we apply the Fourier transform [see, e.g., Eq. (17)] together
with the following Bogoliubov transformation:
— ; ]
ay = cosh (6o — sinh (6x) B, 46)
by = — sinh (91()05;c — cosh (6) Br,

where tanh () = —yx and the lattice structure factor y4 reads
1 ) 17 . ke 3k,
Vi = z Ze’k"’f = §|:e’k* + 2¢=% cos (C y>i| @7
j

The resulting diagonalized Hamiltonian up to O(1/52), in
k-space, takes the form

2 . KN
_zSsz +hSN+zSJXk:[(m_ 1)+M(a£ak+ﬂ,1ﬁk)]
2

J 1
-2l -] ()
k k m

ZJN

2zJ
— — o Yol br. (48)

kK

afor + ﬂkﬂk} B

=

Correspondingly, in the thermodynamic limit, the ground-state energy per site in the presence of a magnetic field becomes

En _ _z52 RS + z8J
N 2 472

h d2k< 1
47'[2 BZ 1 — Vk

In the sequence, we take S = 1/2 and perform the inte-
gration over the first Brillouin zone (BZ): | k, |< 27 /3 and
| ky < 7'[/«/3T . As a consequence, we have found that the
ground-state energy per site at zero magnetic field is given
by (we have subtracted the term —zJ /8 with the intention of
comparing Eq. (49) at zero magnetic field to preceding results):
Ey/NJ =~ —0.5489. Indeed, this result agrees very well with
QMC [8,9] (—0.5440), second-order spin-wave analysis [10]
(—0.5489), series expansion [11] (—0.5443), TPS [12,13]
(—0.5445) and GTPS [14] (—0.5441) studies.

On the other hand, with the help of Eq. (49), we can
straightforwardly derive the staggered magnetization per site:

-]l ]
> 1) 8

(49)

m= 1{, 9E4,—o. Thus one finds

1
m=S—-—

1
d2k<——1),
47[2 BZ ll_ykZ

which stands for both first- and second-order spin-wave pertur-
bation theory. Further, the integration over the first BZ yields
for S = 1/2: m ~ 0.2418, which is in good agreement with
QMC results (0.22 £ 0.03 (Ref. [8]) and 0.2681(8) (Ref. [9]),
second-order spin-wave theory [10] (0.2418), series expansion
[11] [0.266(9)], and TPS simulations [0.2142 for the “vir-
tual dimension” D = 8 (Ref. [12]), and 0.285 for D — o0

(50)
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(Ref. [13])], while simulations using GTPS [14] predict
slightly larger values: 0.3257 for D = 10 and 0.3239 for D =
12. Here, the “virtual dimension” D is a concept associated
with the integer bond indices of classical tensor-networks
on honeycomb lattices, and largely used in TPS and GTPS
simulations [12-14]. Furthermore, it has been indicated,
through topological arguments, the possible occurrence of a
VBS phase on the honeycomb lattice [23]. Thus, in Appendix,
we map the effective large-U Lagrangian density in Eq. (37),
in the continuum limit, onto the quantum nonlinear o model
with a topological Hopf term, in which case its presence
(Chern-Simons term) is crucial for the possible occurrence of a
VBS order. However, despite that our results provide evidence

J

oL oL
Ht-] — _ —81—(1' _ =
IZ 0(0cei) " jZ 00 Uie)oo
where
AL : AL Co L
=«;, _—— 9 U. oo ; Ui,
e - B0 Uiy O Wikdeoeia
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for the existence of this topological term in the context of our
approach, as mentioned in the Introduction, in the numerical
studies of the Hubbard model at half-filling the VBS order did
not appear as a stable phase [25].

VI. t-J MODEL: CHARGE AND SPIN
QUANTUM FLUCTUATIONS

In this section, we provide a systematic study of the
interplay between quantum charge and spin fluctuations in
the breakdown of the AF order in the doped regime. In order
to obtain the corresponding 7-J Hamiltonian, let us apply the
Legendre transform in Eq. (37):

oL
U)o — 360 O Viado—s + L. (51)

ijoao

= U oo [0 (@ire, + i) + He],  (52)

a(ar Uia)a,fa 8t

so that we indeed can map the large-U Hubbard model onto the following #-J Hamiltonian:

H ==t Y [0-0) (UL, Uisépp), _,ofeive +He] - g > 0| (UiUisip) | + (Ul Uisesp) | Jofe. (53)
ijapo ijapo
which describes the coupling between charge (Grassmann fields) and spin [SU(2) gauge fields] degrees of freedom in the regime
where double occupancy is excluded [O(J)].

In order to account for the effect of charge and spin quantum fluctuations on the ground-state energy and magnetization of the
system under hole doping and in the presence of a magnetic field, we shall consider that, in the regime of interest (stable AF phase
and U values not extremely high, such that the Nagaoka phenomenon is frozen; see discussion in the end of this section), these
quantum fluctuations manifest independently, i.e., the charge and spin correlation functions can be decoupled and calculated
separately. Below, we show that the consistent results which come out from this procedure are highly rewarding. The above
reasoning ammounts to consider that in Eq. (53), the charge correlation function is well described by the spinless tight-binding

result [46,47]:
Z(a;ai+éj> = % |:«/ 278 sin(v/278) + % sin (‘/ %8 > sin (,/ ? )], (54)

J
where § = 1 — n, measures the hole doping away from half-filling.
We now consider the spin sector in Eq. (53), which is described by the SU(2) gauge fields through the matrix elements:
2
(UiTa Uise, ﬂ)o_ s and |(UiTa U,-+@j,g)m| , in terms of the usual spin operators [38]. The latter is given in Eq. (42), whereas the
former can be written as follows:

(Ul Uiress), = 51 +2(S5 + Si1e,p) T 457,

ia”i+é;p
At this point, it is worthwhile to introduce the vector potential, A, by means of the Peierls substitution [49]: + —>
rexp(—i [ rr’ A - dr), which is the complex matrix element for tunneling between neighboring sites, in order to properly describes
the effects of charge and spin quantum fluctuations on the ground-state properties of the AF order. Thus, inserting Eqgs. (42),

(54), and (55) into (53), we obtain the following effective 7-J Hamiltonian:

L —2rei i A _ 8 . ([x8\ . ([ [37s - o
HI — M—Z[VZJTS sin(v/2md ) + f sm( - ) sm( — >i| Z [\/1 — 2S§+é/ﬂ - 28], +4Sdelf'+@/ﬂ

ijap

0,—0 ]1/2 + [1 - 2(Stzat + S§+éjﬂ) + 4SizaS§+@,'ﬂ]1/2}' (35)

. P JNz(1 —9)
+\/1 + 2874 5+ 285 + 455, Si 0,5 ] — T —8) > Sia - Sivep— —— h > Siu+h) Sivep. (56)
ijop ia ijp
Notice that we also coupled the external homogeneous magnetic field, £, to the spins on sublattices A and B.
Let us now implement the second-order spin-wave analysis in the spin sector of Eq. (56), with the help of Egs. (44)—(47).
Further, it is convenient to choose the following Landau gauge: A = hx§. As a result, we arrive at the following diagonalized
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Hamiltonian up to O(1/5%):
H™ =H +H, (57
where the hopping Hamiltonian, !, reads (k-space)

H =

2T 1=

_Stzeh\/?/4 ﬂ n 1 DR 1 Zazak +ﬂ;£,3k

2
T < k \/1—v}

8 |8 [376
X |:«/2718 sin(v2md ) + ﬁsin( % > sm< % >:| (58)
and the exchange one, H{ , becomes (k-space):
zS*J(1 = 8N
H] = — T +hSN 42871 - Y [(J1=v2 = 1) +/1 — v} (o + BLAY)]
k
2

1 ' ' J(1 =38 J(1 = 8)N

iy L) et Bl _z(2N )[Z( 1—y,3_1)} _2(8 N s

k 1= yk2 1-— J/k2 k

Therefore the energy spectrum of 7 in the presence of a magnetic field takes the form

Ve
tze" T N 1 ) /378
E =— Brze” —S + _ 1 |:«/271—8 sin(\/Zyr—(S) + —83 sin < il ) sin < —372[ )], (60)

7T2 Z X /l_ykz \/_‘ 2

whereas the one of Hj reads

z82J(1 — )N 1
E, = —f—{—hSN—i—ZSJ(I—S)Xk:[(‘/I—ykZ I 1

k 1 -y

2
2J(1—96) — ] za-sw
T '[;(1 z 1)} — ©1)

Lastly, by adding Eqs. (60) and (61) and taking the thermodynamic limit, we find that the ground-state energy per site in the
presence of a magnetic field:

Ey  z82J(1—9) 1 / , 1 1
Zh 2 T s 2SI —8)— | Pk[(J1—y2 )] —h— | k|| — — —1
N > + + z8J( )47_[2 57 [( Vi )] 472 87 1 y2
k
Srzeh S| s 1 1 8 5 376
_ oz ¢ —+—/ k| ——— — 1| || V278 sin(v278) + ——sin [ /=2 Vsin (/222
7T2 Z 47'[2 BZ 1_]/2 \/? 2 2
k
ZJ(1=8) / 5 . 2 ZJ1-9)
TN k(1= )| = Y 62
324 [ BZ ( Vi ) 8 (62)

With the aim of corroborating the above analytical results with those obtained by GTPS simulations [14], letus choose ¢ /J = 3,
S =1/2, and z = 3. Initially, we analyze the destruction of the AF order through the evolution of the electronic structure by
increasing hole doping. Indeed, in Figs. 2(a) and 2(b), we show the evolution of the electronic structure from half-filled band
(6 = 0), at which the system displays a fully staggered AF order, to the doped regime at § = 0.07, which is quite close to the
region of destruction of the AF phase. Moreover, after performing the integration over the first BZ zone in Eq. (62), we find that
the doping-dependent ground-state energy per site at zero magnetic field can be written as follows:

i —0.3444[% sin(v/278) + % sin (, b ) sin ( il )] ~0.9239(1 - 8). (63)

where one should notice that, here, for the sake of comparison with GTPS data, we have added the term —z(1 — §)/8 to the
exchange contribution [second term in Eq. (63)], not considered in our estimate of Ey/N J at half-filling in Sec. V.
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0 B
k 33 x

FIG. 2. (Color online) Energy spectrum of the doped AF phase
at zero magnetic field and ¢#/J = 3 for (a) § = 0 and (b) 6 = 0.07.

As shown in Fig 3(a), we compare the analytical result from
Eq. (63) with the recent GTPS [14] calculations, and QMC
simulations [9] at 6 = 0. Remarkably, our result for the doping-
dependent ground-state energy agrees very well with the GTPS
one up to hole doping § < 0.1. This critical value marks a
region of strong magnetic instability, i.e., the breakdown of the
AF order. We further indicate in the insets, Figs. 3(b) and 3(c),
the effect of hole doping in the energetic contributions of the
hopping and exchange Hamiltonians, respectively. Based on
physics ground, one can realize that the energetic contribution
due to the hopping term decreases far below zero at § = 0,
as we tune up the hole doping away from half-filling, while
a linear increase in the exchange energy for increasing hole
doping is observed.

In order to better understand the effect of charge and spin
quantum fluctuations on the AF order; we also examine the
behavior of the staggered magnetization as a function of
doping. In doing so, we obtain by means of Eq. (62) that
the staggered magnetization per site, m = %%M:o, can be
written as (for S = 1/2)

m(8) = 0.2418 — 0.1491 [«/2715 sin(v278)

()2 o

-0.8 T T T
QMC_“ T T
1.2 (b)
C 1 " 1
0 0.1 0.2
Z, )
.16 i
84 ———
- Q- > | -
ol osgee™”  (© -
0 0.1 0.2
" 1 6 L 1 1
0 0.075 0.15 0.225
o

FIG. 3. (Color online) (a) Ground-state energy per site as a
function of doping for ¢/J = 3. We also compare with GTPS
numerical results for the virtual dimensions D = 8 (blue color) and
D = 12 (magenta color). (Insets) Energetic contributions of the (b)
hopping and (c) exchange terms [see Eqs. (60) and (61), or first and
second term in Eq. (63), respectively].
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FIG. 4. (Color online) Staggered magnetization per site as a
function of doping. We also benchmark against GTPS simulations
for the virtual dimension D = 12. (Inset) Illustration of the low hole
doped AF phase.

It is very important to stress the origin of the two contributions
in Eq. (64): the first term stands for the Zeeman contribution
to m (value of m at half-filling), while the second term is
the orbital contribution to m calculated by means of the
Peierls substitution. Indeed, as seen in Fig. 4, the analytical
result in Eq. (64) indicates that both charge and spin quantum
fluctuations conspire for the breakdown of the AF order at
6 =~ (0.1. As a benchmark, we also display the GTPS simula-
tions for the virtual dimension D = 12 (Ref. [14]). Indeed,
these findings are in good agreement for the critical hole
concentration §. & 0.1 beyond which the AF phase disappears.
However, at half-filling (6 = 0), the GTPS calculation has
suggested a higher value for m = 0.3239 (D = 12), while
QMC simulations [9] have found m ~ 0.2681(8), closer to
our value m ~ 0.2418. Notwithstanding, taking into account
that the results for the ground-state energy and magnetization
from quite distinct techniques (numerical and analytical) are
compatible, we are confident that our analytical approach is
indeed highly rewarding and claims for further development
on this challenging topic.

We close this section by mentioning that the physical
framework described by Eqgs. (54) and (55) is in agreement
with density-matrix renormalization-group results (DMRG)
for hole-doped A B, t-J chains [48] with similar J values, in
which case the holes exhibit charge-density order in anti-phase
with the corresponding spin-density order. Accordingly, a
similar behavior of m versus § has also been observed in the
low-doped regime of AB; ¢-J chains.

VII. CONCLUDING REMARKS

We reported in detail an analytical investigation of the large-
U Hubbard model on the honeycomb lattice at half-filling
and in the hole-doped regime. Our approach, based on field-
theoretic methods, has the advantage of allowing us to derive
the Lagrangian density related to the charge and spin degrees of
freedom in a controllable scheme. As a result, we diagonalized
exactly the Hamiltonian associated with the charge degrees of
freedom only, in which case the electronic spectrum exhibits a
charge Hubbard gap separating the Dirac cones. In the strong-
coupling regime, by performing a perturbative expansion in
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the parameter t/U up to O(J = 4t>/U), we were able to
derive a low-energy theory suitable to describe the quantum
antiferromagnetic phase (AF) as a function of hole doping.

At half-filling (quantum Heisenberg model), we have used
second-order spin-wave perturbation theory [O(1/5%)] to
study the effect of quantum spin fluctuations on the ground-
state energy and staggered magnetization of the AF order. The
results are in very good agreement with previous numerical
and analytical investigations. Furthermore, in the continuum,
we derived a nonlinear o model with a topological Hopf term
that describes the AF-VBS competition, although numerical
studies of the Hubbard model indicate a continuous quantum
phase transition from a semimetal (weak-coupling regime) to
an AF phase (strong-coupling regime).

Finally, we stress that the most challenging aspect of our
analysis was the mapping of the hole-doped large-U Hubbard
model onto a ¢-J Hamiltonian; and the formulation of a
controllable perturbative scheme to analyze the role played
by charge and spin quantum fluctuations on the breakdown of
the hole-doped AF phase. In fact, our findings for the doping-
dependent ground-state energy and staggered magnetization
are quite consistent with recent GTPS numerical studies.
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APPENDIX: DERIVATION OF THE NONLINEAR o
MODEL WITH A TOPOLOGICAL HOPF TERM

In this Appendix, our goal is to derive the nonlinear o
model, i.e., to explicit the spin fluctuations by integrating out
the fermions degrees of freedom; as well as to analyze the
presence of the topological Hopf term which is crucial in
describing the Néel-VBS competition [21-24]. Hence, let us
turn the Lagrangian in Eq. (37) into the ¢ representation, where
the five-component unit vector ¢;, is composed by the Néel

vector, n;,, and the VBS order parameter, p;,, such that ¢p;, =
2

(nt!a’nia’n?a’p?a’pisa)‘

In order to write down the effective Lagrangian density in
Eq. (37) in the ¢ representation, we introduce the following
representation of the SU(4) group [50]: Ujy = cos(A) —
isin(A)@;, - I, where A is a group parameter and I' are
the usual Dirac gamma matrices. Here, we need a set of
five T' matrices and among the possible choices [50], we
use I'123 = Oy,y,; ® Oy, 'y =00®o0y, and I's = 0p ® o;.
Also, notice that these matrices satisfy the anticommuting
relation {I',,I",} =2§,, and I's = —I'1[",I'3T'4. Hence, by
using the above SU(4) representation of Uj,, along with the
approximation 9, ¢;, X ¢;, ~ 0:¢;,, we find that the effective
Lagrangian density, £, in Eq. (37) assumes the form

J , )
L~ Y e+ o (1t it Dl (e,
i ija

+aie,) +Hel. (A1)
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We would like to mention that terms which depend on the total
time derivative and irrelevant additive constant were excluded
(such terms do not contribute to the effective action).

In the sequence, we take the continuum limit in Eq. (A1),
such that the partition function takes the form

7~ f DaDoe ™5

= / Da Do exp{ f d*xalit,d, +igq§,~a]a}, (A2)

where T are the Pauli matrices; besides, we have defined & =
it.al, g = J/4t,and iy = ¢ - IT'. Correspondingly, by means
of the standard procedures [39,40], we can write down the
effective action as

Serr = Indet (i1, 9, + igPia). (A3)

At this stage, we follow Abanov and Wiegmann [51,52],
and write the Dirac operator in the form D = i1, 8, + ig@iq.
which allow us to rewrite the fermionic determinant in Eq. (A3)
in a suitable form to evaluate a perturbative expansion. Hence,
by calculating the variation of the effective action, Sc, with
respect to ¢, we get

5Sur = —Tr( (A4)

$DD' )
—92 +82 _ gl-ﬂaﬂ(i; :
Now, by applying the perturbative expansion up to first
order in g7,,0,,¢, we find that the real contribution of Eq. (A4)
yields the nonlinear o model [51-53]:
8
Spe = — / d*x(3,9)*. (A5)
4
Also, there exist an imaginary contribution which gives rise
to the topological Hopf term. With the purpose of making
its derivation explicit, we must add a parameter § such
that the field ¢>,-Di(x,§ ) continuously interpolates between the
constant value ¢,~a(x,§~= 0) = (0,0,0,0,1) and the physical
value ¢;o(x,& = 1) = ¢;o(x). This leads to

i €abcde
127

It is also worthwhile to introduce, without loss of generality,
the four-component unit vector m according to the fol-
lowing parametrization: ¢¢ = sin (£@)m?, ¢* = sin (E@)n?,
¢¢ = sin(E@)n¢, ¢¢ = sin(E@)n? and ¢¢ = cos (£¢). Thus,
integrating over the auxiliary variable &, we find that

S1m=_

1
/ d& / d*x¢®,¢"8,¢°9,070:¢°. (A6)
0

vk abc. 9 1
Stm = —l% / d3x|:l — g COS(gﬂ) + g COS(3(p):|

x 749, w°d,m (A7)

where we can readily identify the topological Hopf term
[23,51-53]

€abc a c
= 553 / dPxr 97t o7 oy (A8)
and the 0 term
9 1
0=m|1— 3 cos(¢p) + 3 cos(3p) |. (A9)
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Lastly, by summing up Egs. (AS) and (A7), we ob-
tain the action of the nonlinear ¢ model with a Hopf
term:

G_ gsin? ¢
4

/d3x(8Mn)2 —i6H. (A10)

We would like to mention that by introducing a C P"~! formu-
lation this action can be mapped onto a bosonic representation
with the well-known Chern-Simons term [23,39,51].

This nonlinear o model with the extra topological term
describes the AF-VBS competition [21-24]. It is expected
that, as the Coulombian interaction U varies, which means
to tune the coupling constant g, so that the two insulating
phases become accessible in distinct regimes (quite possibly in
generalized Heisenberg models). The key point in the analysis
of these two distinct ground states is to make explicit the
hedgehog topological defect in the Néel order parameter. In
order to realize this monopole configuration we parametrize
the components of the four-component unit & in terms of the
Néel vector as follows: ¢ = sin (v)n%; 7’ = sin (VIn’; 7€ =
sin (v)n¢ and 7 = cos (v), such that we can write down the
Lagrangian density, Lgp, associated with the Berry phase term

PHYSICAL REVIEW B 92, 045105 (2015)
in Eq. (A7) as

j 9 1
Lgp = %(ZU — sin 2v)|:1 ~3 cos(p) + 3 cos(3(p)] Oms

(A1)
where
. €abe
T 4nm
is the monopole charge density. Thus when the monopole
charge density p,, is integrated over the space-time config-
uration of n there exists a change in the Skyrmion number:
AQ.y, = [drdxdyp,.

These monopoles proliferate at the deconfined AF-VBS
critical point. Indeed, it has been shown that the presence
of such monopole events correctly describes the quantum
paramagnet VBS order [53-55], which spontaneously breaks
lattice (e.g., translational) symmetry. We may also identify the
Berry phase, which leads to the VBS order by setting ¢ = /2
together with the following set of v = {0,7,27} in Eq. (A11),
in which case we find Sgp = 1, €%7/38Cx  and *7/34Qx
respectively, which correspond to a Berry phase shift equal to
2iw /3AQy, [55]; in fact, by applying the symmetry operation
in the honeycomb lattice we can construct the VBS order with
distinct patterns [23].

3. (n*d,n"d,n°)
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