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Magnetic adatoms in the honeycomb lattice have received tremendous attention due to the interplay between
Ruderman—Kittel-Kasuya—Yosida interaction and Kondo coupling leading to very rich physics. Here we study the competi-
tion between the antiferromagnetism and Kondo screening of local moments by the conduction electrons on the honeycomb
lattice using the determinant quantum Monte Carlo method. While changing the interband hybridization V, we systemat-
ically investigate the antiferromagnetic-order state and the Kondo singlet state transition, which is characterized by the
behavior of the local moment, antiferromagnetic structure factor, and the short range spin-spin correlation. The evolution
of the single particle spectrum are also calculated as a function of hybridization V, we find that the system presents a small
gap in the antiferromagnetic-order region and a large gap in the Kondo singlet region in the Fermi level. We also find that
the localized and itinerant electrons coupling leads to the midgap states in the conduction band in the Fermi level at very
small V. Moreover, the formation of antiferromagnetic order and Kondo singlet are studied as on-site interaction U or
temperature 7 increasing, we have derived the phase diagrams at on-site interaction U (or temperature 7') and hybridization

V plane.
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1. Introduction

The strongly correlated systems containing both itinerant
electrons and local moments continue to attract intensive in-
terest in modern condensed matter physics, since they exhibit
fascinating behaviors, such as the heavy quasi-particle forma-
tion in the heavy electron compounds that contain rare earth
elements,[!! the unconventional superconductivity?! firstly
observed in UBe;3,1*! and non-Fermi liquid behavior.'*>! To
understand those novel phenomena, we should consider two
competing interactions, the direct Kondo coupling and the in-
direct Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction.
The former promotes singlet formation between conduction
and localized electrons, whereas the latter favors magnetic or-
dering. The competition also leads to a quantum critical point
between spin-singlet states and a magnetically ordered state,
which is the source of non-Fermi-liquid behavior and super-
conductivity. Theoretically, the Kondo lattice model is the
most celebrated starting point for the investigation of the in-
terplay between localized spins and itinerant electrons. It pro-
vides the canonical explanation for the Kondo effect and the
heavy-fermion effect in many materials.!®8 The physics of
the Kondo lattice model on nonfrustrated lattice, ' such as
the square lattice and cubic ones, has been studied extensively.

Many-body system problems in the honeycomb lattice
system have been extensively studied, such as the correlated
electrons in the graphene!!'~'%! and silicene,!>~'”) where a
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number of exotic phenomena are found theoretically and ex-
perimentally. Although the honeycomb lattice is also bipartite,
it has the smallest possible coordination number for proper
two-dimensional lattices. As a result, the honeycomb lat-
tice can support physical phenomena fundamentally different
from square lattices illustrated by recent numerical calcula-
tions and analytical studies, such as the novel spin-liquid phase
or quantum criticality for Hubbard model,!'3!"! the topologi-
cal Mott insulator for the extended Hubbard model.!??!1 Re-
cently, coupling of conduction electrons to local magnetic mo-
ments has been realized in graphene, and the Kondo effect has
been observed with point defect.[*?! The formation of a Kondo
screening cloud around a magnetic adatom drives the system
from a semimetal with vanishing density of state in the Fermi
level to the standard Fermi liquid with density of states re-
stored by disorder. [23-25] However, the conduction electrons
interplay with the densely localized spins on the honeycomb
lattice, which could be encoded in terms of the Kondo lattice
model, is a largely open problem.

From the perspective of heavy fermion physics, there are
many materials, in which the essence of the electronic struc-
ture is capture by interacting spins and electrons on a honey-
comb lattice. Firstly, such system is relevant for the impurity
magnetic moments on honeycomb lattice of graphene, which
could be fabricated by the molecular beam epitaxy technique.
This has been intensively studied theoretically in a Ruderman—
Kittel-Kasuya—Yosida framework!?®! using the Kondo lattice

*Project supported by the National Key Basic Research Special Foundation of China (Grants Nos. 2011CB921502 and 2012CB821305), the National Natural
Science Foundation of China (Grants Nos. 61227902, 61378017, and 11434015), the State Key Laboratory for Quantum Optics and Quantum Optical Devices,

China (Grant No. KF201403).
fCorresponding author. E-mail: hengfulin@ 126.com
© 2015 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057101-1


http://dx.doi.org/10.1088/1674-1056/24/5/057101
mailto:hengfulin@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 24, No. 5 (2015) 057101

model.?”) Secondly, the system could be realized in transition
metal oxides, e.g., BizMns01,(NO3) 282! or Li;MnOj3, with
Mn ions[*! on a honeycomb lattice. Finally, since the Kondo—
correlated state was realized using the ultracold atom,!! re-
cently, such a system could be realized by loading the cold
atoms in the optical lattice. 32341

In this paper, we will obtain a systematical picture of the
nature of the antiferromagnetism-Kondo singlet competition
and related aspects of Kondo physics with itinerant fermions
and local moments in the honeycomb lattice at finite temper-
ature. Using the determinant quantum Mente Carlo method
(QMCO), we investigate the periodic Anderson model, which
is a parent model for Kondo lattice model capturing the main
physics in this system. Firstly, in order to study the magnetic
correlation of the system, we calculate the follow qualities, lo-
cal moments, the antiferromagnetic structure factor, and the
We find that the system
shows a phase transition from antiferromagnetic-order phase

short-range spin—spin correlation.

to Kondo singlet phase as increasing the interband hybridiza-
tion V for fixed on-site interaction U. Then, we systematically
investigate the spectral properties of the system, including the
local density of state, k-resolved spectral density. In the small
V region, the spectrum of excitations shows a resonance peak
at high temperature and a well-developed gap associated with
the long-range antiferromagnetic order at low temperature in
the Fermi level. In the large V region, there is a large Kondo
insulator gap for all the temperatures. At last, we present the
comprehensive phase diagrams in the U-V plane and the T-V
plane.

The remainder of this paper is organized as follows. In
Section 2, we introduce the Hamiltonian of two effective mod-
els in the honeycomb lattice: Kondo lattice model and peri-
odic Anderson model, to describe the system containing itin-
erant electrons and local moments, and briefly summarize the
determinant quantum Monte Carlo method employed. Sec-
tion 3 presents the main results of our QMC studies, including
the magnetic correlations, spectral properties, and phase dia-
grams. The conclusion is presented in Section 4.

2. Model and method
2.1. Kondo lattice model and periodic Anderson model

One of the popular models to describe the physics of the
system containing the itinerant electrons and localized spin
moments is the Kondo lattice model. Here, we consider the
Kondo lattice model defined on the honeycomb lattice at half-
filling (see Fig. 1(a)), and the effective Hamiltonian is given
by

Hxim = —t Y (clycjo+Hee)
(ij)o

—1Y nic+Jk Y si-Si, (1)
ic i

where cl-TG (cig) is the creation (annihilation) operator
of a conduction electron at site i with spin component
o =t,. The s; = (1/2) Yoo/ Clo(0o0r)Ciors and S; =
(1/2) Y60 fiz(am/) Jio’ represent the spin operators of con-
duction and localized electrons at site i, where o4 are vec-
tors of the Pauli matrices; fl]; and f;s are creation and annihi-
lation operators for the localized electrons. The parameter ¢ is
the nearest-neighbor hopping energy of the conduction elec-
trons, the u is the chemical potential of the conduction elec-
trons, and Jx is the antiferromagnetic Kondo coupling between
the spins of the conduction electrons and local impurities.
This model is relevant for the understanding of heavy
electron materials. The nature of the ground state results from
the competition of the Kondo coupling and the Ruderman—
Kittel-Kasuya—Yosida interaction. The polarization cloud of
conduction electrons produced by a local moment may be felt
by another local moment. This provides the mechanism for
the Ruderman—Kittel-Kasuya—Yosida interaction between lo-
calized moments, which tend to stabilize a magnetic order. (351
On the other hand, the same polarization cloud may form a

361 a5 the so-called

singlet bound state with the local moment,
Kondo effect. Comparing energy scales, the RKKY interac-
tion dominates at small J and the Kondo effect dominates at
large J. In a non-frustrated square lattice, a quantum transition
between magnetically ordered and disordered phases is shown
using the quantum Monte Carlo method.!'”! In geometrical
frustrated lattice, more exotic phenomena and novel phases are

emergent in this model, partial Kondo screening, 7!

39]

charge or-
der phase, 38 and partial disorder phase. !

In the honeycomb lattice, the itinerant electrons in the
conduction c-band are described by massless Dirac fermions
at low energies in the tight-binding limit J = 0 (see Figs. 1(c)
and 1(d)). In this system, since the density of states is low in
the Fermi level, the interaction effect can be suppressed.!'!!
It is no wonder that the competition between the Kondo
coupling and the Ruderman—Kittel-Kasuya—Yosida interac-
tion will show very different behaviors. To proceed, we map
Kondo lattice model onto the periodic Anderson model (see
Fig. 1(b)), %41 which is also one of the most popular model to
describe the physics of heavy fermion materials. The Hamil-
tonian is given by

Hpam = He+H.p+Hyp, ()

H.=—t Z (CZGC/'G +H.c.)— uanc, 3)
(ifo ic

Hep=VY (clsfic+He.), 4)
ic

H, — T fetUY nln! 5

f gf Zf;cfl(‘i + anan ( )

ic 7

where H, is the tight-binding Hamiltonian, H.; is the hy-
bridization between the itinerant c-electrons and localized f-
electrons, and Hy is for the local electrons with &7 being the
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local energy level and U the on-site Coulomb repulsion of lo-
cal electrons.

(d)  _thy
) L K' conducting band
2 °
&;;'7 T < kl
- —> -p

& valence band

Fig. 1. (color online) (a) Itinerant electrons moving on a honeycomb
lattice coupling to the local spins on a parallel lattice. (b) Schematic
picture of the periodic Anderson model. The periodic Anderson model
delivers the Kondo lattice model in the large U limit with one f electron
per site. (c) The vector a;, i = 1,2,3, are the nearest-neighbor displace-
ments for site A to site B of the honeycomb lattice. (d) Quasiparticle
dispersion with Dirac nodes in the Brillouin zone of the noninteracting
electrons in the honeycomb lattice.

The two models are equivalent provided that the f elec-
trons are in the Kondo regime. In the large U/V limit, the
charge fluctuations become effectively frozen and the ground
state wave function has little weight of configurations with the
number of f electrons different from its average number 7.
By using Schrieffer—Wolff transformation, the hybridization
term in the first order is eliminated, the second order of V' gives
the Kondo lattice Hamiltonian with

1 1
JKN ( + )V27
|8F—8f" |U—|—8F—8f|

where € is the Fermi energy of the conduction band.

2.2. Numerical approaches

Solutions of both models in a general case represent a
complicated analytical and numerical problem. In this pa-
per, we concentrate on the periodic Anderson model. To cap-
ture the relevant physics we employ the determinant quan-
tum Monte Carlo method.*>=**1 At small and large hybridiza-
tion V, the system is adiabatically connected to, respectively,
the V =0 and V = oo limits.

a magnetical-order layer weakly coupled to semi metal (or

The system is made up of

Dirac fermion). Here we are interested in semi-metallic heavy
fermions, and restrict ourselves to study the system at half-
filling. Besides, the QMC method is free of the notorious sign
problem at half-band filling.

Within the determinant quantum Monte Carlo method,
the partition function is expressed as a path integral by using
the Suzuki-Trotter decomposition of exp(—BH), where 8 =
1/kgT with kg the Boltzmann constant. After discretization
the imaginary time, the partition function is written as a prod-
uct of incremental imaginary time propagators exp(—AtH),
the Trotter steps are taken to be At = f3/M and M ranges from
20 to 200 depending on the temperature and the on-site in-
teraction. We have checked that the simulation results con-
verge with varying the values of At. The interaction term is
decoupled through a discrete Hubbard—Stratonovich transfor-
mation, which introduces an auxiliary Ising field. Instead of
using the Hubbard—Stratonish transformation in the spin chan-
nel, we adopt the Hubbard—Stratonish transformation in the
charge channel which maintains the SU(2) symmetry explic-
itly.

We present our QMC simulations of thermodynamic
quantities of the periodic Anderson model on a L x L hon-
eycomb lattice with the periodical boundary condition. The
results we present are mostly computed for lattices of N =
6 x 6 x 2 sites, and two bands. For some qualities, we have
carried out the finite size scaling analysis. The QMC algo-
rithm has been refined by including “global moves” to improve
ergodicity[*! and “delay updating” of the fermion Green’s
function, which increases the efficiency of the linear algebra.
This method gives rise to errors on the order of (AT)*.

3. Results and discussion
3.1. Magnetic correlations

In the period Anderson model, the on-site repulsion U
in the f-band favors localization of electrons, resulting in the
local moments, by impeding the double occupancy. To gain
initial quantitative understanding of the evolution of magnetic
properties as hybridization V increases, we calculate the local
moments in the ¢-band and the f-band. The local moments are
defined as

m =5 LA(0)2), ©

where [ € ¢ or f-band, o} = c;}cn - c}lcw, and the m; =
1— <"1T1”zl1> /N =1—2Dy in the half filling case, D; corresponds
to the double occupancy. In Fig. 2, we show the local moments
my of the itinerant c-band and localized f-band as a function
of V for two values of on-site interaction U = 4.0 and U = 8.0.

As hybridization V increases, the local moments gradu-
ally disappear in f band. For small hybridization V, the f elec-
trons in the local band and c¢ electrons in the conduction band
are completely decoupled. It is no wonder that the local mo-
ment approaches 1 in the local band, the two singly occupy | 1)
and | |) are allowed, while the empty |0) and doubly occupied
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ones | 1) are forbidden. The local moment in the conduction
band approaches 0.5, each of the four possible sites occupy is
equally. In the large hybridization V' limit, the ¢ and f elec-
trons form Kondo singlets, the local moments become small
and almost the same in the two bands. The temperature de-
pendence of the localized moment in each band is also shown
in Fig. 2. When the temperature (7 = 1/5,1/10) is high, it
has little influence on the local moments. However, when the
temperature (T = 1/20) is below the coherent energy scale,
the local moments will suddenly become larger, especially for
¢ band and large V limits.

1.0 T T T T
—a—me, T=1/5
0.9k U=40 —e—m,, T=1/10 |
—A—m,, T=1/20
0,8- —v—my, T:1/5 i
——my, T=1/10
g —<—my, T=1/20
0.7+
0.6
osl /\\‘
0 1 2 3 4
|4
1.0F T T =
—a—m,., T=1/5
U=80 —e—m.,T=1/10
0.9} —a—m,, T=1/20
—v—my, T=1/5
—e—my, T=1/10
0.8F ——my, T=1/20
g
0.7F
0.6}
0.5k
0 1 2 3 4

Fig. 2. (color online) Evolution of the local moments m, in the conduc-
tion band and my in the local band with the increasing of the hybridiza-
tion V at interaction U = 4.0 (a) and U = 8.0 (b) for various tempera-
tures 7 = 1/5,1/10,1/20. The on-site interaction U has no significant
effect on the moments formation. The m/ is largest for small values of
V, which minimizes the quantum fluctuations.

It is well known that when the conduction band is a nor-
mal metal, the period Anderson model in the square lattice,
there is a competition between the RKKY interaction and the
Kondo effect. For small values of V, the RKKY interaction fa-
vors ordering the mangnetic moments of the localized f elec-
trons, while the Kondo effect screens the localized magnetic
moments due to the formation of spin singlets between the two
bands. In order to determine the antiferromagnetically ordered
from the disordered phase, we calculate the antiferromagnetic
structure factor SAF (1 € ¢, f) in the both two bands, which is

defined as

S = S D)ol + {ojo), ()
ij

where o} = ciTchm + Cjucili and ¢ = ciTchm — C,Tucili- The
SPF as a function of hybridization V is shown in Fig. 3(a) at
U = 4.0 for various temperatures 7. In the conduction c-band,
the SAF is always very small for various temperatures 7 and
hybridization V. However, in the localized f-band, the S}‘?F
will become larger and larger for small hybridization V region,
as we decrease the temperature 7.

0.15+ i
(2) U=4.0
N=6xX6X2
0.10F —— SN, V=1/5 -
> —— SN, V=1/10
%\ —— SAUN, v=1/20
w —v— SN, v=1/5
0.05F —— SN, v=1/10 4
— S{F/N, v=1/20
0 1 1 1 1 1 1 1 1
0 1.0 2.0 3.0 4.0
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0.04L v SAYN, V=05 i
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<« SMYN, V=40
0 Il Il Il
0 0.04 0.08 0.12 0.16

N-1/2

Fig. 3. (color online) (a) The hybridization V dependence of the
long-range antiferromagnetic correlations S2F of itinerant electrons and
S2F of the localized electrons at U = 4.0 for various temperatures
T =1/5,1/10,1/20. (b) Finite-size scaling of the antiferromagnetic
structure factors Sf‘F for the conduction band and localized band for
various hybridization V = 0.5, 1.0, 4.0 at temperature 7 = 1/20. Long-
range antiferromagnetic order only survive in the localized band for
small hybridization V region.

Then we use finite size scaling on S to investigate
whether the order will survive in the infinite system. As shown
in Fig. 3(b), SAF scales to a zero value for all hybridization V,
when plotted against the inverse linear system size 1//N. S?F
scales to a zero value for large hybridization V = 4.0. How-
ever, for V. =0.5,1.0, we find that, while S?F does extrapo-
late to a nonzero value. For small V regime, there is a long-
range order in the ground state in the thermodynamic limit.
At U = 4.0, the antiferromagnetic phase to Kondo spin singlet
phase atV =1.2.
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Besides the local moment and antiferromagnetic struc-
ture factor, the short-range spin—spin correlations are impor-
tant quantities for describing the magnetic fluctuation in a sys-
tem. Here, we consider three spin correlations, the nearest
neighbor spin—spin correlation (s; - s;41) on the conduction c-
band, the nearest neighbor spin—spin correlation (S, - S;11) on
the localized f-band, and the on-site correlation (s; - S;) be-
tween the conduction band and localized band. Figure 4 shows
the three correlations as a function of hybridization V for vari-
ous values of temperature at U = 4.0 (left panels) and U = 8.0
(right panels).

In the small V case, the (s;-s;11) on the conduction c-
band has a very large value, although the conduction band
does not have a long-range order in this region. With the in-

—0.05 |
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1+1

(s

0- 4
—=—T=1/5
U=4.0 —— T=1/10
—— T=1/20

7)

z
i

(s

crease of the hybridization V, the (s;-s;1) gradually disap-
pears, the temperature has no significant effect on this behav-
ior, as shown in Figs. 4(al) and 4(b1). However, the behavior
of the (s; - S;) is different, we can see that the (s; - S;) increases
as the increase of the hybridization V as shown in Figs. 4(a3)
and 4(b3). The (s;-S;) increases to a large nonzero value for
large V, where the Kondo singlet is formed. The (s;-S;) can be
viewed as a parameter for the Kondo singlet formation. The
evolution behaviors of (S;-S;;) are shown in Figs. 4(a2) and
4(b2), it will firstly increase to a large value, and then decrease
when V increases gradually. As the temperature is lowered, the
(S;-Si+1) will be enhanced, which is similar to the long-range

order antiferromagnetic structure S?F.
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Fig. 4. (color online) The short-range spin correlations as a function of hybridization V at interactions U = 4.0 (left panels) and
U = 8.0 (right panels). (al) and (b1) The nearest neighbor spin—spin correlation (s; - sj.1) on the conduction c-band. (a2) and (b2)
The nearest neighbor spin—spin correlation (S;-S;1) on the local f-band. (a3) and (b3) The on-site correlation (s; - S;) between the

conduction band and the local band.
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3.2. Spectral properties

Now, we discuss the phase changes from the viewpoint of
the electronic state. When the hybridization V = 0, the prop-
erties of the periodic Anderson model are simple, the individ-
ual local moments completely decouple from the conduction
band. However, in the nonzero V case, the f electrons and
itinerant c electrons change their characters depending on each
other. From the well studied case, the period Anderson model
in the square lattice in which the local electrons are coupled to
the normal metal, we learn that the localized f electrons tend
to form magnetically ordered states with intersite exchange in-
teractions, while the acquired itinerancy by the Kondo effect
results in a heavy Fermi liquid. Intriguing phenomena such
as quantum criticality and unconventional ordered states have
been observed in the competing region. Besides, the differ-
ence between the itinerant and localized characters appears in
the Fermi surface, itinerant f electrons contribute to the Fermi
volume, while the localized one does not. The spectrum of
excitations of the period Anderson model in the square lattice

displays complex features, which can reflect the interplay of
antiferromagnetic order, the formation of a Mott insulator, and
the emergence of Kondo singlets. In the honeycomb lattice, in
the half-filling case, the electrons in the conduction band are
described by massless Dirac fermion with linear low energy
dispersion relation E(k) = *vg|k|, and the density of states
vanishes at the Fermi level. This fact implies that the spectrum
of excitations of the periodic Anderson model in honeycomb
lattice has different behaviors, due to the low density of states
at Fermi level in the conduction band.

The single particle spectral density of the c-band p.(®)
and the f-band ps(®) are plotted in Fig. 5. We extract the
single particle excitation spectra p;(®) via analytic contin-
uation of the local time-dependent Green function G;(7) =
<C17i(7)cj,i(0)> measured in quantum Monte Carlo simulations
by using the maximum entropy method, 6! where [ = ¢ or f,
i is the site number. This involves the inversion of the relation

~+oo —0T
Gi(1) = / do—

- wmA,(a)). 8)
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= =~ 0.2} .
3 3 3
< < 3
0.1 ] 0.1 01 |
BTy 5 0 5 10 0
= - ~10 -5 0 5 10 TR a— s 10
w w w
0.6 : . : : : : . .
-  Ve02 osh V=0.2] — V=02
- T=1/20 V=10 - V=1.0 V=1.0
U=8.0 — V=20 04l V=20] 0.3 V=20 ]
041 —V=4.0 4 V=4.0 V=40
ol | Zosf | Toa
QU
QU
0.2} | 0.2} l
0.1}
L (an) l 0.1 ]
0 ET) 5 0 5 10 0 '
-1 -5 0 5 10 - - Z10 -5 0 5 10
w w w
0.3f ' . v=02- [ ' T —Vv=02 ]
T=1/5 — V=10 03f T=1/20 - x‘?: ?:3
U=8.0 — V=20 U=8.0 V=30
——V=4.0 —V=4.0
02 1 0.2
3 7
= 3
s IS
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Fig. 5. (color online) The spectral function of the conduction electrons p.(®) ((al)-(d1)), and local electrons ps(®) ((a2)-(d2)) with
U =4.0,8.0and V =0.2,1.0,2.0,4.0 for temperature 7 = 1/5,1/20. When V = 0.2, we have a set of individual local moments
decoupled from the conduction band, the p.(®) and ps(®) are very different. At intermediate V = 1.0, the p.(®) and ps(®) have
a peak at the Fermi level at high temperature 7 = 1/5, and a small gap at low temperature 1/20. The gap formation means that the
system shows the long-range antiferromagnetic order. At large V = 2.0,4.0, the system goes to the Kondo insulator, the p.(®) and
pr(o) have a large insulating gap at all temperatures in the Fermi level, the gap grows with the increase of V.
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In Fig. 5, we show the density of states in the c-band
(Figs. 5(al)-5(d1)) and f-band (Figs. 5(a2)-5(d2)) as a func-
tion of the interband hybridization V at temperatures T = 1/5
and T = 1/20 for two values of on-site interaction U = 4.0
and 8.0. The temperature 7" and on-site U have no significant
effect on the spectrum of excitations (see Fig. 5), due to the
biparticle nature of the honeycomb lattice and the linear band
crossing point in the Fermi level. However, with the varying
of the hybridization strength V, the spectrum of excitations
changes very much. At very small hybridization V, (V = 0.2
at T =1/5,1/20.0 and U = 4.0,8.0) the system can be seen
as that the individual moments are completely decoupled from
the conduction band. In the local f electrons have two dis-
persiveless Hubbard band (see Figs. 5(a2)-5(d2)). We also
find that the small hybridization of the itinerant electrons and
localized electrons change the lower energy properties of the
electrons in the conduction band, resulting in finite density of
state in the Fermi level. As the temperature is lowered from
T =1/5to T =20, there is a quasiparticle peak in the Fermi
level (see Figs. 5(al)-5(d1)), the itinerant electrons show the
Fermi liquid behavior at low temperature.

In the intermediate V side (V =1.0at T = 1/5,1/20 and
U =4.0,8.0), the RKKY interaction is dominant, and the sys-
tem shows a long-range antiferromagnetic order at the low
temperature. In this region, at higher temperature T = 1/5
there is a resonance peak at Fermi level in both conduction
band and local band (see Figs. 5(al), 5(a2), 5(cl), and 5(c2)),
due to the screen of the local moments by the conduction elec-
trons. However, at the lower temperature 7 = 1/20 the res-
onace peak is suppressed, a well-developed gap is formed.
The gap is associated with the long-range antiferromagnetic
order. In the large V side, (V =2.0,4.0 at T = 1/5,1/20 and
U =4.0,8.0), the system goes to the Kondo singlet phase, we
do not find any resonance peak in the Fermi level at high tem-
perature 1/5, both the conduction and local band have a large
Kondo insulator gap in the Fermi level at all temperatures. The
gap grows with the increase in hybridization V for any fixed
on-site interaction U.

It is interesting that in the small V side, there are finite
densities of states in the Fermi level in the conduction band
(see Figs. 5(al)-5(d1)). That means that the localized and itin-
erant electrons coupling can lead in gap state in the conducting
bands in the Fermi level. Such things that have been studied
based on the Dirac equation lead to localized states in sam-
ples with edges!*’! or lattice defects, 3] these states change
the densities of states near the Dirac energy, as they induce a
peak at this energy.

To see the difference between the antiferromagnetic-order
state at small V side and Kondo insulator at large V side more

clearly, we now study the dispersion relation of those two

states. The quantity is defined as
1
Al(k7 (D) = _Elm[Gl(ka (D)], (9)

where [ = ¢ and f. In Fig. 6, we plot the k-resolved spec-
tral density A.(k, @) in the ¢ band and A ¢(k, ®) in the f band.
We intentionally consider points far from the phase transition
point to show that results are robust and do not depend on the
vicinity to special points in the phase diagram. The system
is the antiferromangeitc phase for V = 1.0 (see Figs. 6(al)
and 6(a2)). The A.(k,®) is close to the noninteracting hon-
eycomb lattice, with a small gap opening in the Fermi level
in the K points. The A(k,®) gives two resonance bands
around the Fermi level, and there is a small gap between
those two bands. The system is the Kondo insulator phase
for V = 4.0 (see Figs. 6(bl) and 6(b2)). Both the A.(k, ®)
and the A ¢ (k, ®) have a large gap in the Fermi level, with two
nondispersing bands. The striking difference with respect to
the antiferromagnetic-order phase is the big rearrangement of
the spectral weight, due to the Kondo screen effect of itin-
erant electrons and localized electrons. In experiment, the
changes of the spectrum can be detected according to the be-
havior of the Hall coefficient®* and the de Haas-va Alphen

frequencies. >
0.20
V=1.0,U=4.0 V=4.0,U=4.0
0.15
[
0.10
0.05
V=4.0,U=4.0
0.15
 ——
o S————
0.10
0.05

(b2) Ap(k,w)

I K M I I K M I

Fig. 6. (color online) The spectral function A.(®) of the conduction
electrons and A (@) of local electron as a function of momentum on
the path '-K-M-T" in the Brillouin zone at temperature 7 = 1/20. The
antiferromagnetic-order phase for hybridization V = 1.0 corresponds
to the cases of panels (al) and (a2). The Kondo singlet phase for hy-
bridization V = 4.0 corresponds to the cases of panels (bl) and (b2).

3.3. Phase diagram

From the systematical study of the magnetic and spectral
properties in the periodic Anderson model, we have gained
the main physics due to the competition of the itinerant and
localized electrons in the honeycomb lattice. We perform sim-
ilar calculations for various values of on-site interaction U,
hybridization V, and temperature 7. Based on the magnetic
properties as well as the spectral properties, we obtain the
phase diagram of the period Anderson model in the honey-
comb lattice. In Fig. 7, we show the U-V phase diagram for
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temperature 7 = 1/20 obtained in this manner. The antifer-
romagnetic order to Kondo singlet phase transitions occur at
V~12forU=4.0,and V ~ 1.5 for U = 8.0. For small V,
the system shows antiferromagnetic order, in which the stag-
gered antiferromagnetic structure factor SfAF is non-zero (see
Fig. 3). The local density of state shows a small gap in both
the conduction band and localized electron band (see Fig. 4).
For strong hybridization V region, the Kondo singlet states are
formed, in which the stagger antiferromagnetic structure fac-
tor S?F is zero (see Fig. 3), and the local density of state shows
a large charge gap for both the conduction band and localized
band. We also find that there is a very small region (not shown
in the phase diagram) around the phase transition points, in
which the convergence becomes extremely slow. The numeri-
cal accuracy does not allow us to exclude a weakly coexistence
regime in which Kondo screening “order parameter” field and
the fluctuating antiferromagnetic order coexist but no qualita-
tive behaviors.

8 T T T
T=1/20
6k KS i
——U=40
D 4f ——U=380| 4

2r 0.05 T
AF

().()8
.0 05 1.0 v 1.5 20 25

=]

Fig. 7. (color online) The U-V phase diagram of the half-filled period
Anderson model on the honeycomb lattice at 7' = 0.05, showing the
boundary between the antiferromagnetic-order state (AF) and Kondo
singlet state (KS). Inset shows the finite temperature phase diagrams of
period Anderson model at U = 4.0 and U = 8.0. The antiferromagnetic-
order state (AF) lies in the small V region at low temperature, the
antiferromagnetic-order state goes phase transition to paramagnetic-
order state (PM) due to the thermal fluctuation and Kondo screening
effect. With the increase in the on-site interaction U, the region of the
antiferromagnetic-order state is enlarged.

Finally, let us discuss finite temperature properties of the
system, and obtain the finite temperature phase diagram. The
inset of the Fig. 7 exhibits the phase diagram for U = 4.0 and
U = 8.0 on the plane of the temperature T and hybridization
V. The result shows that the model exhibits antiferromagnetic
order in the small coupling regions V < 1.2 for U = 4.0 and
V < 1.5 for U = 8.0 for temperature 7 = 1/20. As shown in
the inset of Fig. 7, the critical temperature Tpr grows as in-
creasing V, whereas it suddenly disappears for V larger than a
critical values in the 7 ranged calculated. The the critical tem-
perature Tar of the antiferromagnetic-order phase at U =4.0is
smaller than that at U = 8.0 for the same values of hybridiza-
tion V, which shows that the increase of the on-site interaction

U will enlarge the region of antiferromagnetic-order phase in
the finite temperature.

4. Summary

In this paper, we study the competition between the
Ruderman—Kittel-Kasuya—Yosida interaction mediated by the
itinerant electrons and their Kondo coupling with local mo-
ments densely distributed on the honeycomb lattice using the
determinant quantum Monte Carlo method, based on the pe-
riodic Anderson model at half filling at finite temperature.
We systematically investigate behaviors of the local moments,
antiferromagnetic structure factor, and short-range spin—spin
correlation in both the conduction c-band and localized f-
band. We find that the long-range antiferromagnetic order
only survives in the localized f-band for small hybridization
V, and quantitatively determine the phase transition between
the antiferromagnetic-order phase and Kondo singlet phase as
varying the V. We also analyze the electronic properties of the
system both in the conduction c-band and localized f-band.
The spectrum of excitations has a striking change from the
antiferromagnetic-order phase to Kondo singlet phase. Be-
sides, we find that the localized and itinerant electrons cou-
pling lead to the in-gap state in the conduction band in the
Fermi level for very small V.

Moreover, by changing the on-site interaction U and tem-
perature 7', we give a more detail discussion of the magnetic
properties and spectral properties and present the phase dia-
grams at the U-V plane and the 7-V plane. With the increase
of the on-site interaction U, the phase transition point V* of the
antiferromagnetic-order phase to Kondo singlet phase will in-
crease. The region of the antiferromagnetic-order phase in the
finite temperature phase diagram is enlarged when the on-site
interaction U increases.

Our study provides an important step for understand-
ing the quantum phase transition of the honeycomb lattice
with both itinerant electrons and local moments. To con-
firm the findings in our work, other complementary analytical
or numerical methods can be used, such as dynamical mean
field theory®*” or cluster extension of the DMFT.P%311 At
last, it is expected that the system could be realized by ex-
periments of ultra-cold atoms on the honeycomb optical lat-
tices. The magnetic correlations and quasiparticle spectral
can be probed by neutron scattering, nuclear magnetic res-
onance (NMR),?! the angle-resolved photoemission spec-
troscopy (ARPES),>3 the Hall effect,® and de Hass-Va
Alphen frequency measures. 5!
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