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Kondo and charge fluctuation resistivity due to Anderson impurities in graphene
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Motivated by experiments on ion-irradiated graphene, we compute the resistivity of graphene with dilute
impurities. In the local moment regime we employ the perturbation theory up to third order in the exchange
coupling to determine the behavior at high temperatures within the Kondo model. Resistivity due to charge
fluctuations is obtained within the mean-field approach on the Anderson impurity model. Due to the linear
spectrum of the graphene, the Kondo behavior is shown to depend on the gate voltage applied. The location of the
impurity on the graphene sheet is an important variable determining its effect on the Kondo scale and resistivity.
Our results show that for chemical potential near the node the charge fluctuations is responsible for the observed
temperature dependence of resistivity, while away from the node the spin fluctuations take over. Quantitative
agreement with experimental data is achieved if the energy of the impurity level varies linearly with the chemical

potential.
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I. INTRODUCTION

A logarithmic upturn in the resistivity at low temperature
has been observed in graphene with vacancies.! A fit to the tem-
perature dependence of resistivity with conventional Kondo ef-
fect yields a large Kondo temperature (with 7; ~ 30 ~ 90 K),
which shows a nonmonotonic behavior with respect to the gate
voltage.! The vacancies in the graphene sheets are induced
by ion irradiation in ultrahigh vacuum and the magnetism in
sputtered graphite has been experimentally observed.>® Our
goal is to study whether the Kondo effect alone in graphene
can explain the experimental results in Ref. 1.

We start with the Anderson impurity model”® to study the
impurity effect on transport. In the local moment regime where
the impurity occupation for a given spin ng; >~ 0.5 we use
the Schrieffer-Wolff transformation’ to write down the Kondo
model from the Anderson impurity Hamiltonian. Since we are
interested in the resistivity due to impurity spin fluctuations,
we study the Kondo model by a standard perturbation method.
The perturbative approach failsat 7 ~ Ty, with T} representing
the Kondo temperature but works for 7; <« T. We compute the
scattering rates in this weak-coupling regime. The scattering
rates are determined via perturbative calculations of the T
matrix.'%'> The Kondo effect in the pseudogap system has
been explored in the context of graphene as well as in that of
a d-wave superconductor'*?° via various different approaches
such as numerical renormalization group (NRG) or the mean-
field approach.”® The advantage of our approach is the ability
to determine high-temperature behavior of the scattering rate
and resistivity accurately within a perturbation theory.

We assume a dilute concentration of impurities and
ignore the spin-spin interactions, such as the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction. In graphene these
interactions, in addition to being oscillatory with distance
between impurities, depend on the sublattice on which the
impurities are located.?'>? For a chemical potential at the Dirac
point our results are in agreement with the prediction of the
existence of an intermediate coupling fixed point.'*~'® Near
the node the exchange coupling J needs to be larger than a
critical value J, to have the Kondo effect. The dependence
of T; on the chemical potential is qualitatively different
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for w < Ty and p > Ti. For impurities breaking the lattice
symmetry, a power law in 7' divergence of the scattering rate
is obtained for u < T, while alogarithmic divergence appears
for u > T;. For impurities preserving the lattice symmetry, a
power law in T3 divergence of the scattering rate is obtained
for u < Ty, while a similar logarithmic divergence appears for
u > Ty. For both cases the scaling of resistivity with a single
Kondo temperature breaks down in the vicinity of the Dirac
point. Our results for the Kondo temperature obtained within
the 7-matrix formalism is in agreement with the mean-field
results for the development of the Kondo phase.”!” The
resistivity obtained displays for different chemical potential
dependences. For impurities breaking the lattice symmetry the
resistivity decreases as the chemical potential increases, while
for impurities preserving the lattice symmetry the resistivity
increases as the chemical potential increases. For the same set
of physical parameters the dominant source of resistivity is
from impurities, which breaks the lattice symmetry.

We also explore the region near the empty orbital to the
mixed valence one in the Anderson impurity model to find
the resistivity due to charge fluctuations. From the NRG'*!
the Kondo effect is suppressed as the critical exchange
coupling J. — oo for a chemical potential close to the Dirac
point. Thus we use the unrestricted Hatree-Fock method*® on
the Anderson impurity model to find the resistivity near the
empty orbital regime. The resulting resistivity shows a similar
dependence on the chemical potential as well as dominance
from symmetry-breaking impurities as the resistivity obtained
in the Kondo model. Near the node the Kondo scale, extracted
from the logarithmic temperature dependence region on
resistivity, yields a Kondo temperature comparable to the
observations in the experiment in Ref. 1, while away from
the Dirac point the extracted Kondo scale is higher than the
experiment by one order of magnitude.

By combining the charge fluctuation effect for 1« >~ 0 and
the Kondo effect (spin fluctuations) for finite p, we obtain
a Kondo temperature dependence on p that is qualitatively
consistent with experimental results' with a gate voltage of less
than 30 V. Our conclusion is that the observed experimental
results, albeit fitted well by NRG for a conventional metal
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Kondo model,>* cannot be solely explained by Kondo screen-
ing in the entire range of chemical potentials. For a chemical
potential near the node the charge fluctuations is responsible
for the observed resistivity temperature dependence, while
away from the node the spin fluctuations take over.

This paper is organized as following: We start with the
Anderson impurity Hamiltonian to describe the dilute impurity
physics in the graphene system. To study the local moment
regime we use the Schrieffer-Wolff transformation to obtain
the Kondo model from the Anderson Hamiltonian. In Sec. III
we evaluate resistivity due to spin fluctuations, with different
impurity locations, by perturbation computations on the Kondo
model. In Sec. IV we compute the resistivity due to charge
fluctuations when the impurity occupation is close to zero by
using a mean-field approach on the Anderson model. In Sec. V
we show the numerical results of temperature dependence of
the resistivity with different symmetries and mechanisms. In
Sec. VI we compare our results with the experiment in Ref. 1.
The results are summarized in Sec. VII. Two appendixes con-
tain derivations for the perturbative results in the Kondo model.

II. HAMILTONIAN

We start from a graphene Hamiltonian in the presence
of dilute impurities described by the Anderson impurity
Hamiltonian,’

H = H, + Hy + Hy + Hy,

Hy=—1Y $ra} bis+He. — pa) s + bl biy).
k,s

Hy =Y e4dld,. ey

=Udldd' d_,,
Z[ Feal  + Vyibl 1ds +He.

H, is the nearest hopping in the momentum space, with ¢ >~
2.7 eV being the nearest-neighbor hopping strength.  defines
the Fermi level measured from the Dirac point. a}: ;and b}: ; are
the particle creation operators on the a and b sublattices. ¢y =
213:1 eika @ with d; = aoX, d = ap(—x/2+~/3y/2), and
a3 = ag(—x/2 — v/37/2) being the nearest-neighbor lattice
vector. ag~ 1.42 A is the lattice constant. Hy, describes
the hybridization between the impurity level and graphene
electrons with Vi 4/, = Z?:l V,;a/be"k'a". Hy; describes the
Coulomb repulsion on the impurity level and H; is the
Hamiltonian describing the localized level of the d electron.
We diagonalize H, by defining ¢}, = [a], & (¢/|¢x])b].].
In this basis the H, term becomes

Hy =Y (ntlgn] — p)cky,cron, ©)
ksn

with n = & denoting the conduction and valence bands. The
hybridization term Hy in this rotated basis is

Hy =V )" Y [Opc),,ds + Hel,

n==% k,s
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with Oy = (Vi +n V07 /Ix)/(V2V). Denote €, =
nt|¢r| — o as the energy of the bands evaluated from the
chemical potential p and {k} = (Izsn) as combinations of
momentum, spin, and n the band index. The Anderson impurity
Hamiltonian describing the impurity in the graphene can be
written as

H =" ey, cron+ Y €adid, + Udldyd" d_,
{k} s

+V Y [Ouncly,ds + Oy dicionl. 3)
{k}

To explore the local moment regime where impurity occupa-
tion for a given spin ng ; =~ 0.5, we perform a Schrieffer-Wolf
transformation to project out the charge degree of freedom.’
The exchange Hamiltonian or Kondo model obtained after
this transformation with the additional term H;, S S
describing spin-spin interaction at different sites is given by
H = Hg + Himp + Hiy, with

_ § T
Hg = €knCrspnChsns
{k}

1 . I
Himp = N Z ®lm®k’m (K(sx’s - ES . Us’s) C]LS,kam,
{k},{k"}
Hi ==Y W@ —r)S, -5, )
Here J ~V?[1/(eq—p)—1/(eq+U —u)] and K ~

(V2/2)[1/(n — €4) + 1/( — €4 — U)]. The interaction be-
tween impurity spins Hj, is added for the inclusion of
the spin-spin interaction but is assumed to be small due
to a small concentration of the impurities in this paper.
Including this term would lead to a time-dependent impurity
spin via S(7) = effm*Se~Hn?  with T being the imaginary
time.!”

For impurities preserving the Cs3, point group symmetry
of the triangular sublattice in the graphene system, the factor
|®pn| o |¢x|, while for impurities breaking the symmetry the
factor |®y, | is a constant. To evaluate the resistivity due to spin
fluctuations we use Eq. (4) as the starting Hamiltonian. We use
a perturbation expansion on the one-particle Green’s function
T matrix to compute the scattering rate and from the Boltzmann
transport to obtain a linear response resistivity in both impurity
breaking and preserving the lattice symmetry cases. We use a
mean-field approach on the Anderson impurity model shown
in Eq. (3) to obtain resistivity due to charge fluctuations in
both symmetry breaking and preserving cases. The following
two sections are the computation results for each of the cases
mentioned above.

III. RESISTIVITY DUE TO IMPURITY
SPIN FLUCTUATIONS

To study the resistivity due to spin fluctuations we start
with the Kondo Hamiltonian shown in Eq. (4). We calculate
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transport properties from the 7" matrix, which is related to the
single-particle Green’s function by'®

Gy ko a(ior,iw)

= Gy (@) + Gy oy (0D Ty .00

X (iw1,i2) Gy 4y ((@2), 5)

where G?k,},{k}(ia)l) = 81 48y Omnlio) — )" and a, o
are impurity spin state indices. The formalism used is the
generalization when one is interested in accounting for
the dynamics of the spins.' When the dynamics of spins
are trivial, Hrgxy = 0, i.e., governed by the coupling to
the conduction electron spin. The thermodynamic average is
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performed, as shown in Egs. (9), (11), and (12) below, by
replacing two spin correlation functions (s(¢)s(0)) by s(s + 1).
This expression is related to the time-dependent Green’s
function by

Gy k.o alion,ior)
B B . , /
= / / drdrt et(wlrfwzr )G{k'},{k},a’,a(f»f ), (6)
0 0

with w = 2r + 1)nT = (2r + 1)m/B and r being integers
(We put the Boltzmann constant kp = 1 to simplify the
notation.) Based on perturbation in Hj, this time-dependent
Green’s function can be written as

oo _ n ﬂ ﬁ
G{k,},{k},a,,a(r,z’)z—<Z>—‘Z(nl!) /O dfl.../o dz, Z Z >

n=0

Jo . Jo
X {TS |:®Z1,nl®kg,m| <K8x{,s| - ES(TI) : as{,s]) e ®kmnn®k{1,m,, (Kss,;,s,, - ES(Tn) : O‘x,’,,s”)i“

X (T‘r(Ck/s’m(T)Eksn(f,)ék;s{m] (t1 )Cklslnl (T)---

Here T and T are the time ordering operators and (Z) is the
S matrix. The first order in J and K is given by

1 .
T{(k) ik, Qliwy,iw)

* J .
= ®kn®k’m ﬂswl,szas’,ssa’,a - Eas’ssa’a(l(a)l - wZ)) .
@

Here S(io')= [ dte®7S(r), with o =2mrksT. For
Hrkxy = 0 we can simplify the above expression by noting
that S(iw') = BSS. 0, and we get

1 . . 1 .
Ti) o @ (@1i®2) = BSuy i T4 iy i@D). (9)

with T 1 0o = 0}, 0um(K — $0y:Sya). The gen-
eral second- orderresult of the T matrix, with f; , = 1 /(ePern 4
1)and F(z) = N~! Zk,n |Okn|*(z — ek,n)’l, is expressed as

2 . .
T{(k’;,{k},aﬂa(lwl ,l(l)z)
= ®zn ®k’m {,Bswl,wzga’,al(z

- KJUs/sSa/a(iwl - lw2)}F(la)l)

7\’ .
+®Zn®k’m (5) T Z(O-llo-lz)s’ssw’l-&-mé,wl—wz

)0}

x —Z|®q,| GY (iw) —iw))
q,l
x (S (i) ((wh) — fulS"((w}),S?(wh)}ora-
(10
To focus on the Kondo contribution to the scattering rate,

we may set K =0 and we set Hj, = 0 by assuming dilute
impurities. For RKKY types of spin-spin interactions the

G1sqYseesGm Gy S15575-

Sy s ny,my,..., Ny s My

o,

Ek;s,’,mn(fn)ck,,x,,n,, (tn)) H,- @)

interaction strength decays as 1/R? for symmetry breaking
or 1/R7 for the symmetry preserving case.’” Thus for sufficient
dilute impurities we may treat Hi,, = 0. In this limit Eq. (10) is

. 2 2 .
simplified to T{( ,; v GUoniom) = Béw,.on {(k)}{ La,’a(la)l),
with

J 2
T{(kz’)}»{k},a’,a(z) = ®zn®k’m (5) |:S(S + 1)F(Z)8s’,s5a’,a

1 |®ql|2 Béq.i
+ > P tanh (= ) (Sue - 0v)|.

q,l
(11

For noninteracting spins the third-order perturbation, after tak-
ing a trace over conduction electron spins and approximating
the reduction of three-spin correlation functions to two-spin
correlation functions,'’ is given by

3 AN 1
T =285+ 1D () ©;Oum

N?
2 2 Bégyn
X Z |®‘11"1| |®Q2n2| tanh( qzz 2)
q1.n1 = €qum G212 €q1.m — €qoimy

12

From Eqgs. (11) and (12) we may define a general function
R(z) which we need to evaluate in computing the 7 -matrix,

Bégn
( 5 ) . (13)

1 |©gn|?
— E tanh
N -z

q.n €q.n

R(z) =
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By usi1.1g €gn = r%t|¢q| - nh%ltﬂ —u=nle| —
may write the continuous form of Eq. (13) as

CAE Ble — )
R = _/ e—(z u)tanh( 2 )

(14)

uw we

where A is the linear spectrum cutoff. In the following
we will separate the discussions into two cases:” One with
impurity interactions breaking the Cj, lattice symmetry, in
which |®,|? = %, and we denote R(z) = Rsg(z) in this case;
another with impurity interactions preserving the symmetry,

9|k|2a
= Wa _ b Rsp(2)

in which |®y, =57

in this case.

and we denote R(z) =

A. C3, symmetry breaking impurities

For the case of symmetry breaking, the cutoff scheme we
choose for a linear density of states (DOS) with a cutoff A is
multiplying the argument of the right-hand side of Eq. (14) by

62{\',-2[\2 and extending the integration limit from £A to £oo.

The resulting Rsp(z), with details shown in Appendix A, is
4 [A / ® xdx

——1—| P

Ot |« 0o Xx—A

*® xdx F
—/0 TrA (x,u,z)}

1 Bz\ 2A%*z+ )
_w("_)(zw)%ﬂ}' )

Here F(x,u,z) is defined as
vz itk +5)
x+i(u+2z)

Rsp(z) =

F(x,u,z)

VG -i )

Flepa) = x—i(n+2)

and ¥ (z) is the digamma function. Analytic forms can be
obtained in two asymptotic limits by using the asymptotic
forms of the digamma function. For B < 2w we have

4 4y +41In(2) — 4 —3¢(2
RSB(Z)ZW[JTA—F v “()ﬁ (@

Gy 2@+t ( ™ )

T Bz + )

Bz(z + 1) T\

* 2 ln[1+<ﬂ(1+u))}

2A%(z 4+ W) 1 Bz

_(Z+M)2+A2w<§_ 5)] 1o

where y ~ 0.577 is the Euler constant and ¢ (2) = 72/6 is the
Riemann zeta function evaluated at 2. In the limit Su > 27
we get

4 Blul |l
0= e (20 4 (L1

4
+ A—l—ﬂ[——tan_l( el )—1}
2 Z+nu
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2
2AXz 4+ ) 1 Bz
_<z+m2+A2‘”<5_ ﬁ)} (an

In Egs. (16) and (17) we have assumed 0 < z < u. Using
the Boltzmann equation with a relaxation time hypothesis®
and noticing that the honeycomb symmetry is broken by the
impurity, we find the scattering rate is related to the 7 matrix
by

1
TsB(€k,n)
= T Sern — e T P(1 = 08 B )
" Q)
+ T (e — € T (1 — cos B )~
h * m LTk, K2z
2ng
= — = m(Ti k() (18)

The second line of Eq. (18) represents the scattering pro-
cess related to different Dirac points in the Brillouin zone,
and the third line is the scattering event within the same
Dirac cone. We have used the fact that Im[7} x(e™)] =
=7 Y | Tew(€M)?8(e — ex) and |Tj p(e™)|* is independent
of angle 6, between momenta k and k" in the symmetry
breaking case in the above equation. The scattering rate,
rS_Bl (w) with tsg(w) being the relaxation time, to third order is

2
» 2\ (J
htg (w) = 4n; S(S + 1)[ (9t2> (5) o+ ]

2\ (7\}
) <@> <5> |a)+M|Re[R(w)]]- (19)

The Kondo effect is reflected in the divergence of the relaxation
time in the parquet approximation. This involves treating the
cubic term as the first in an infinite series, which is summed to
give

Lo ERYEARNNULYTIN
htg () = 4n;S(S + 1) (9t2) <2) 1 4+ JRe[R(w)]

(20)

We are mainly interested in the dc response so we shall
study the relaxation time when @ — 0. Figure 1 shows the
function Rgsg(0) plotted as a function of temperature for
different chemical potentials. We define the Kondo temper-
ature as the temperature when the relaxation time diverges
when w — 0. For the case S <« 27 the singularities from
1 + J Re[R(0)] =~ O can be expressed, by using Eq. (16), as

47 4 4In(2) —4 —3¢(2
I A e (Rt SO DU
92 B
A Je
S T=-— il -, @
4y +4In(2) — 4 —3¢(2) J
where J. = —9t>/4A and By = 1/T;. Thus for chemical

potential © <« T we have no Kondo effect if |J| < |J.|. As
one increases the chemical potential we may include the linear
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FIG. 1. (Color online) The function Rgz(0) plotted as a function
of temperature k7T in the unit of eV. Energy cutoff A = 3.5eV and
t=2."7¢eV.

order of i in Eq. (16) and obtain the expression for the Kondo
temperature as

A(l=2)4+[4mQ)+¢2)—4
o AU P AR+ A
4y +4In(2) — 4 —3¢(2)
-1 T T 1y _
where we have used tan (5erm) — 3 and ¥ (5)=—y —2

In(2). Thus the Kondo temperature increases with increasing
chemical potential.

In the opposite limit where S >> 27, we use Eq. (17) to
obtain the Kondo temperature as

A .
T, = copexp [”— (1 - i)} , (23)
" J

where cy=exply +In(2) — 1 —4/7]/2w ~ 0.058.
Equation (23) can be expressed as T o exp[(J — J.)/(pgJ)],
with p, o< p the electron DOS of graphene. Compared with the
Kondo temperature in conventional metal T o< exp(1/pgJ),
there exists acritical value of exchange coupling for the Kondo
effect to be realized in this two-dimensional pseudogap
system. Figure 2 shows the Kondo temperature as a function
of the chemical potential for various values of J. For J/J,
smaller than 0.87, the Kondo temperature is smaller than the
chemical potential for the range shown. In this regime 7} is
given by Eq. (23) and is exponentially smaller than the energy
scale set by the chemical potential. As J/J. approaches
one from below, the Kondo temperature grows faster than
the chemical potential. As Ti(u) >~ u/2m the exponential
behavior crosses over to the linear dependence shown in
Eq. (22).

Given the relaxation time we obtain the linear response
conductivity as

) dk
ogg(T) = ——Z/UFTSB(GM) / ~on?

2 4 o
_ _ii/ de|e|tsp(e — ,u)—f. (24)
e de

3 9malr?
For a small chemical potential or Bu < 2m we use
Egs. (16), (20), and (22) and approximate fg(e)(—8f/86) ~

#tT r 8(€)/(2T) since the dominant contribution is for en-
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FIG. 2. (Color online) The Kondo temperature as a function of
chemical potential for various values of J. Energy cutoff A = 3.5eV
andr = 2.7 eV gives |J.| ~ 4.68 eV.

ergies close to . We get the resistivity at a low chemical
potential as

T = 3 wS(S + Dadn; (1)29;1:2( 1 )
Psp 202 ol 2) 27 G
37rnlS(S+1)< ) ( 1 ) )
4 2 r(T,w)
with
F(T.p) = [4y +41n(2) — 4 = 3c )T — Tp)

2T

For temperature /2w < T < p but higher than 7}, the same
approximation scheme gives

3JTnIS(S+1)<> ( 1 )
4 2 r(T,u)

r(T,n) =[4y +4In(2) — 4 =3¢ 2Q)UT — Ty).

Thus we see that for 7 > u the Kondo contribution to resis-
tance is not determined by a single scale 7j. For temperature
range between u/2m < T < u the scaling of the resistivity
goes as 1 /(T — Ti). This power-law behavior indicates that at
a sufficiently low chemical potential the magnetic impurities
are not completely quenched while a logarithmic behavior is
expected in the conventional metal case.

Forlarge v or v > 21, a Kondo effect similar to magnetic
impurities in the conventional metals is obtained. For a
large chemical potential we approximate df/de >~ —8(e — ).
Under this approximation the resistivity pig(7) = is

2
[2y—c<2>+4 2w< )}u

pr(T)
26)

O3y o3 (T)
given by

3 nS(S+ Da2n; (4)°
hv? 1+ J Re[Rsp(0)]’
Using Eq. (17) for Re[Rsg(0)] with T > T} we get

3 rrS(S+1)a0n1 <J>29m2 <ln Ti )“
th 2) 2Ju T

-1
w< Ja(m[F]) - e
4 21 r

psp(T) = 27

PSB(T)
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B. C;, symmetry preserving impurities

For the case of impurities preserving the symmetry of a
honeycomb lattice, the cutoff scheme we choose for a linear
DOS with a cutoff A is to multiply the argument of the
right-hand side of Eq. (14) by A*/(e* + A*) and extend the
integration limit from +A to co. The resulting Rsp(z), with
details shown in Appendix B, is

4 |2a%
Rsp(z) = {

oo )C3
— dx———F(x,14,z2
Ot | w fo x* 4+ A4 x,1,2)

(z + w)’A* 1 Bz
R SET A <_ - 27r)

A* +zﬁ—“—t’6Ae’7
+Re 1!’( )
Ael ¥ —(z4+w)

4 Bu ﬂA
A w( l27r > ):|} (29)

Ae'T —(Z-I-M)

Analytic forms of Rsp(z) are obtained by taking the asymptotic
behavior of the digamma function in the following two limits:
Bu/2r < 1land Bu/2m > 1. For Bu/2m < 1 we have

~ AN | [7 41“( )]f\lé
Rsp(z) Wiﬁ + \/E
[44+8In(%)]z\ =
B TA ,B_A

41 +2In(2)] pn 7\’
*(—% *%) (m)

AT

For the opposite limit /2w >> 1 we have

AN [« n 2
ont* | /2 BA

(4w [2u u?
= [A Q+m )—

o ()]

)

+ % [—M(Z + 1)* + (z + p)’ tan™! <L)
Am

Z+u
3 2
LM }1n<ﬁu)+u(u+z)

Rsp(z) =~

3 2 A3
(n+2)7° (n+2)7*
1 . 1
M n(uz+(u+z)2>} GD
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FIG. 3. (Color online) The function Rsp(0) plotted as a function
of temperature kg7 in units of eV. Energy cutoff A = 3.5 eV and
t = 2.7 eV. Compared with Fig. 2, Rsp(0) shows more temperature
variations when 7' — 0, indicating the Kondo effect can only be
observed on a lower temperature as compared with the symmetry
breaking case.

Similar to Egs. (16) and (17) we have assumed 0 < z < u.
Using Eq. (18), but with the appropriate relaxation times
determined in this section, we compute the resistance. For
this case Im[Tyx(e")] = -7 Y, |Tew(€M)?8(e — €x) and
|Tk,kr(6+)|2 is independent of angle 6; ; between momenta
k and k' since |T; 1 (e)|* o |k|?|k’|?. The scattering rate to
third order is

- 2\ (7Y ,
hrgp (@) = 4nS(S + 1)[ (—4) (—) lw —+ |
2 J
-2 <9t4) ( ) o+ ul Re[Rsp(w)]] (32)

The expression for the relaxation time tsp within the same
approach as the previous section is

N 2N\ (LY letnr
htgp (w) = 4n;S(S + 1) <9t4) (2) 1 + J Re[Rsp(w)]”
(33)

The dc conductivity is related to the relaxation time with
o — 0. Figure 3 shows the function Rgp(0) plotted as a
function of temperature for different chemical potentials.
Rsp(0) shows small variations with temperature except when
the temperature is close to zero, where exponential growth with
decreasing temperature is observed. For the case S < 27 the
singularities from 1 4+ J Re[Rsp(0)] ~~ 0 can be expressed, by
using Eq. (30), as

4 mA 1w\
sl 3 (5) ]2+

3\ 3 3
—>Tk:<€A> (1—%). (34)

In the above we have used the leading-order correction as
(1/B)? since its prefactor is 1/z, which diverges as we take
z — 0. Higher-order expansion in p/z shows it as a sum of
an infinite series in powers of (—u/z)", with n being some
integer. Thus the infinite sum gives a factor of —1.
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FIG. 4. (Color online) The Kondo temperature as a function of
chemical potential for various values of J. Energy cutoff A = 3.5eV
and t = 2.7 eV gives |J.| = 9;&; ~
preserving case.

~3.94 eV for the symmetry

In the opposite limit where S > 2w we use Eq. (31),

4] [nA> 4 8 B
I IA (1= — ) P ~ 1
9nt4[ﬁ+n # +< 371) (271)]

3
— Tk:iexp |:02<£> <I—L)+C2£i| 35)
2 nw J 7
f(s ~ 14.69, and c3 = 7 ~ 1.74. Thus for
both cases we obtaln results similar to mean-field results
obtained in Ref. 7.

Figure 4 shows the Kondo temperature as a function of
chemical potential for various exchange coupling strengths
J. For J/J. smaller than 0.75 the Kondo temperature is
always smaller than the chemical potential for the range
shown. J/J. approaches one from below and for 7 >~ u/2x
the exponential dependence on p crosses over to a power
law.

Given the relaxation time we obtain the linear response
conductivity as

where ¢, =

d dk
osp(T) = Z/Uﬂsp( kn) f T enye

202 4ol /°° af
= —— de|e|tsp(e — u)—. 36
3 0w | o €] Tsp( M)ae (36)

For Bu <« 2n, T > p,and T > T} we use Eqgs. (30) and (34)

and again approximate [ g(€)(—df/de) f:jTT g(e)/(2T).
The conductivity for 0 < u < T has no analytic form as the
integral in Eq. (36) involves f T de /l€|?, which diverges as
@ < T. This vanishing resmthlty for © < T for impurities
preserving the lattice symmetry is due to the fact that the
scattering rate goes to zero faster than the chemical potential
at the node. For C3, symmetry preserving impurities the
scattering rate goes as the third power of energy while the
DOS is linear in energy. The vanishing resistivity is true even
without the box approximation for the energy integral. Thus
the contribution to scattering near the node is dominated by
other sources of scattering as compared to exchange scattering
of impurities that preserve the lattice symmetry.
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For Bu «2m, u/2n <T <p, and T > T, we use
Egs. (30) and (34) and use the same approximation scheme
as above, and we obtain the resistivity as

h u?—T?
Pip(T) =~ nmw+mw<————). (37)

TP —1T3
Thus even for larger chemical potentials the resistivity does
not scale solely with the Kondo temperature. The behavior for
T < goes as u? /(T3 — Tk3).

For large chemical potentials or Sy > 1 we approximate
—0df/de ~ §(¢ — u). Combining with Egs. (31) and (35) we

get
972 hJ 7. T\
ﬁn,S(S 0oy <1n [%‘D . (38)

Thus at large chemical potentials the Kondo contribution to
resistivity is similar in form to the magnetic impurities in a
conventional metal.

ng(T) x~

IV. RESISTIVITY DUE TO IMPURITY

CHARGE FLUCTUATIONS
From |J| =~ m ~V?/|u — €4, for a large

Coulomb repulsion U, it follows that to obtain |J| > |J;|
the impurity level €; must be close to the Fermi surface
. Since the DOS in the graphene is proportional to the
energy scale away from this Fermi surface, or p,(€) o |€]
with p,(€) denoting the graphene DOS, the phase space for
charge fluctuation is very small and the local moment region
is large compared with the case of the magnetic impurities in
a conventional metal.” However, it is still likely to have an
impurity level close to p which is not in the local moment
region.® Thus it is worthwhile to estimate the resistivity
contribution from impurity charge fluctuations.

We use a mean-field approach on the Anderson impurity
model shown in Eq. (3) and rewrite Hy — ) U n_sdsT d, —

Uniyn,, with ng = (d;[ds) determined self-consistently, to
obtain the impurity Green’s function. From the imaginary part
of this Green’s function we obtain a temperature dependence
of the linear response resistivity by assuming Boltzmann
transport. Under this mean-field approach we obtain the
retarded impurity Green’s function as®

1

GR = . (39
ddfs(a)) w—e;—Un_, — Efdﬁx(a))+i0+ (39

The self-energy part =X 4.s(®) 1s given by

V2
Z:(fd,s((’()) = W Z |®q Vl| Ggfs(qvw)
q.n
v CARCERD)
(@ + u? — vilql* +i0Fsign(w + p)

(40)

In the above we have used |®; ,| = |0,]%. |©,]> = 1/2 for
the symmetry breaking case and |®q|2 =9q| a(% /8 for the
symmetry preserving case. We take the principal part of
x ffd,s(a)) between (—A,A), with A being the linear spectrum
cutoff. In the nonmagnetic mixed valence regime in which
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we are interested in, 0 <ny =n_; < 1/2. The impurity
occupation n; is given by

" -1
ng = / do—Im[Gf, (»)]. (41

A T ’
By using Egs. (39) and (40) we find the relation between €,
and n; by solving self-consistent conditions numerically.

A. C3, symmetry breaking impurities

For impurities breaking the symmetry the self-energy
by qus(a)) obtained from Eq. (40) is given by

2
on s |:(w + w)n

(@ + 1)> — A?| .
X <W> +l7'[|6l)+llz|i|

Since Tix(@) =Y., V*O*GE, (») we use Egs. (18) and
(24) to obtain the impurity cond{lctivity, denoted as o (T).
The resistivity pgg(T) = 1/0g5(T). We are mainly interested
in the leading-order temperature dependence of the resistivity
contributed by the charge fluctuation in the Anderson impurity
model. Thus we use the same approximation — f g(e)af/de ~

: _+TT g(€)/2T in Eq. (24) to extract the leading order in
temperature dependence. The resistivity obtained for 0 >~ u <

T is

Tias(@) = —

¢ (T)’\’ 9n1V4 h 1
el = T Ty

A& A -&2
I"(,bL,T):STZOl]n( 7 d) [3aln< = d) +4ot—6i|

+T*a((8 + 972 — 12) + 9] + 27(8; + p)*.
42)

_ 2
Here o = 92—‘/

— and €; = €¢; + Un_;. An analytic result of
resistivity for 7 < p can also be obtained but the expressions
are cumbersome and we defer a numerical analysis to Sec. V.
From Eq. (41) we find the nonmagnetic region® by demanding
ng = n_; when €; >~ . Within this charge fluctuation regime
(0 < ny <« 0.5) we study the temperature variation of resistiv-

ity at a given u and Coulomb repulsion U.

B. C;, symmetry preserving impurities

For impurities preserving the honeycomb lattice symmetry,
the self-energy T, (o) is given by

2:fd,s(w)
2V2 3 (0»1;02 xdx . 3
=——|(@+u’pP timlo+ @l |.
It 0 x—1

(43)

We again use Eqgs. (18) and (24) to obtain the impurity
conductivity, denoted as o$p(7T). The resistivity pgp(T) =
1/0§p(T). For temperature dependence we use the approxi-

mation — f g(€)of/de ~ lijT g(e)/2T in Eq. (24) to extract

the leading order. To perform this computation we need to
find the w dependence in the principal integral of Eq. (43).
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This is done by fitting numerically the principal value of the
integral for large A/(w + w). This is because the relevant
integration region for w in the expression of conductivity is
o C (—=T,T), which makes A > |w + | in our discussion.
From the numerical fit with 10 < ﬁ < 10? (chosen for an
experimentally accessible range) we have
A2
w+p)? d A2
P/( I L0589+ 1.022———.
0 x—1 (0 + w)?
The conductivity obtained is
2e%  4v? u+T t$(e — 1)
C(T)~— —F dele| 32— 2,
5o = g /,H €757

1 2n1 V2|€|2 .
v . o
e =1 ae 2 Ml —w]

For 0 < p < T, the resistivity p§p(T) = 1/05p(T) — 0 simi-
lar to the case for spin fluctuation in Eq. (36). For T < u we
have

27ma h
g '

3 Ta(T? — 2y
2rép(u,T)
rép(u,T) = T((@* + )T /t* + )

o u—T
3a° = 2T In(—— ).
+3a t2(6d+u)(u ) In P

psp(T) =

(44)

Here a = 2.589 is the parameter from principal integral of the
dot self-energy. We find the nonmagnetic region from Eq. (41)
and study the temperature variation of resistivity within this
charge fluctuation regime (0 < n; < 0.5).

C. Range of validity for mean-field result

Before we proceed to compare the temperature depen-
dences of resistivity due to charge fluctuations, spin fluctu-
ations, and the influence of the impurity position, we pause
here to discuss the regimes where mean-field results are valid
in this Anderson impurity model. The order parameter of this
unrestricted Hartree-Fock is the d-level occupation for a given
spin n4 . To make a comparison with exact d-level occupation
done by a Bethe ansatz,”® we need to go back to the case for
the conventional metal where the mean-field results were done
by Anderson.?* The d-level occupation for a given spin s at
zero temperature is

1 Ung s —
Ngs = — cot™! <6d + V. 6F> . (45)
T A

Here A = 7 V2p(er), with p(ep) = 1/27 the DOS for con-
ventional metal. We solve Eq. (45) in the nonmagnetic region,
where n, s = ng s, and compare the answers with the exact
results obtained by the Bethe ansatz. The comparison for
d-level occupation for a given spin versus impurity level, with
€r = 0, is shown in Fig. 5.

From this figure we can see that the mean-field results
deviate from the exact ones in a range ny ; ~ 0.06-0.1 for the
range of U ~ 2-8A, indicating that the mean field is a good
approximation when the impurity level €, is higher than the
Fermi energy ep or, in the other words, the impurity is near
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FIG. 5. (Color online) Comparison of Bethe ansatz with mean-
field d-level occupation vs impurity level for conventional metal. The
Fermi energy is set at ¢, = 0. Lines denoted BA mean the Bethe
ansatz results and lines denoted MF mean the mean-field results. The
two match better in the region where ny; < 0.1. This upper bound
increases with decreasing U/A.

the empty orbital region. For larger Coulomb repulsion U/A
the minimum value of €, of the overlapping region is closer to
€. Since for a two-dimensional system the mean-field results
are marginal, we expect the mean-field result works for €¢; =~
€r = [, as the s-wave scattering in the conventional metal
considered above®*?° is a one-dimensional problem. Since
the crossover shifts to increasingly lower values of n; as U
increases, this is a rough criterion but establishes a basis for
the mean-field calculations.

V. RESISTIVITY TEMPERATURE DEPENDENCE

In Secs. III and IV we have shown the analytic results
of the temperature dependence of resistivity for Su > 1
and Bu < 1. Here we compute numerically the temperature
dependence of resistivity due to spin fluctuations, pgs(7") and
03p(T), for impurities breaking and preserving the honeycomb
lattice symmetry, and the temperature dependence of resistivity
due to charge fluctuations, pgs(T) and pgp(T). We use the full
form of Rsg(w) and Rsp(w) and extract the results for 7 > Ty,
with T} obtained numerically the same way as we obtain the
Kondo temperature in Figs. 2 and 4. We compare the resistivity
for different symmetries with the same sets of parameters.
The resistivity due to symmetry preserving impurities is much
smaller than that of the symmetry breaking case due to the
factor of (u/t)* [see Egs. (20) and (33)]. We examine the
resistivity due to impurity spin and charge fluctuations in
the symmetry breaking case and make a comparison with the
experimental results' in the next section.

A. Comparison of resistivity due to spin and charge fluctuations
with different symmetry

Weuset =2.7eV,A=35eV,V=1eV,and U =4 eV
in all of the numerical results within this section. We choose a
different impurity level €, to explore the resistivity due to spin
and charge fluctuations. The resistivity versus temperature is
evaluated numerically between T C (1074,10"") eV.
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FIG. 6. (Color online) Perturbation results for resistivity vs
temperature for the symmetry breaking case with ¢, = —1 and
various u. The exchange coupling strength |J| is larger than 0.2432
(for i = 0.3 eV) and less than 0.2884 eV (for u = 10™* eV) in the
range chosen. In all cases the Kondo temperature is less than 10712 eV,
so the temperature range chosen is well above the Kondo scale.

Let us first study the local moment region. We choose
€, = —1 eV to ensure the d-level occupation n; ¢ >~ 0.5. The
chemical potential x is chosen between 10~* and 0.3 eV.
From |J| =~ W&% this choice of parameters renders
the exchange coupling strength 1.14 eV < |J| < 1.33 eV. For
both cases these exchange coupling strengths are less than the
critical value |J.|, and the Kondo temperature 7} obtained
for both cases is extremely small (T; < 10712 eV). With
this choice of parameters, 7y < u, and therefore the analytic
expression for 7; corresponds to Eq. (23) for the symmetry
breaking case and Eq. (35) for the symmetry preserving
case. The resistivity versus temperature are plotted in Figs. 6
and 7.

In Fig. 6 we see the T; < T tails of the logarithmic upturns
occurring when T =~ T;. The resistivity goes down as the
chemical potential increases. This tendency is quite different
from the case of the symmetry preserving ones, shown in Fig. 7.

0.001 T T T T T

]074 - 4

-0 ;=102
—a— u=0.1
o u=0.2

10°°F g
—&— p=0.3

10—7 L L L L L

5% 1074 0.001 0.005  0.010 0.050 0.100
T(eV)

FIG. 7. (Color online) Perturbation results for resistivity vs
temperature for the symmetry preserving case with ¢; = —1 and
various p. The exchange coupling strength |J| is larger than 0.2889
(for i = 0.3 eV) and less than 0.3380 eV (for u = 1072 eV) in the
range chosen. In all cases the Kondo temperature is less than 1072 eV,
so the temperature range chosen is well above the Kondo scale.
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FIG. 8. (Color online) Mean-field results for resistivity vs tem-
perature for the symmetry breaking case with €, = 0 and various .
The d-level occupation ny , is greater than 0.024 (when u = 1072 eV)
and less than 0.093 (when © = 0.3 eV) in the chosen range.

The dependence of resistivity on chemical potential p for the
symmetry preserving case shows pgp(u) u? by comparing
the resistivity at 7 = 10~* eV in Fig. 7. At temperatures
higher than the chemical potential, the resistivity decreases
with increasing temperature faster than the logarithmic tail for
all cases in Fig. 7. This is due to the divergence in conductivity
when p >~ T. The order of magnitude of resistivity at the
same temperature for the symmetry preserving case is much
smaller than the resistivity for the symmetry breaking case.
Thus we can safely ignore the contributions from the symmetry
preserving type of impurities when considering the resistivity
due to spin fluctuations.

For the case of charge fluctuations we choose ¢; = 0 eV
to ensure the d-level occupation n,; < 0.1. The chemical
potential g is chosen between 10~* and 0.3 eV. We com-
pute the resistivity v.s. temperature for 7 C (1074,107") eV
numerically from the mean-field results. The resistivity versus
temperature are plotted in Figs. 8 and 10 for the symmetry
breaking and symmetry preserving cases.

Figure 8 shows pgp(T) o In(T) for T > 1072 eV and tends
to a flat region for small temperature, which is very similar to
the screening result of the Kondo effectat T < 7. Conductivity
at T = 10~* shows a quadratic chemical potential dependence,
shown in Fig. 9, consistent with the gate voltage dependence
on conductivity seen in the experiment.' The experimental fit
in Ref. 1 for the Kondo scale, however, is approximately one
order of magnitude smaller as compared with the energy scale
obtained in the logarithmic temperature range in Fig. 8. The
temperature dependence of resistivity in this charge fluctuation
regime is similar to that of the Kondo model in this case,
but the physics is not related to spin but charge fluctuation.
To facilitate comparing our results with experimental ones in
Ref. 1, we refer to the energy scale as a Kondo-like temperature
in the following discussion.

Figure 10 also shows pgp(T) o In(T) for T < p with a
shorter range of temperature and similarly tends to a flat
region for small temperature. The resistivity increases with
increasing chemical potential in Fig. 10, similar to the case of
spin fluctuation. The resistivity for the symmetry preserving
case is much smaller than that for the symmetry breaking
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FIG. 9. (Color online) Mean-field results for conductivity at
T =10"* eV vs chemical potential x4 (in units of eV). The symbols
are the numerical data of conductivity at various chemical potentials
and the line is the fitted quadratic curve with o ~ 0.32 +2.08u +
51.86u2. This quadratic behavior is also seen in Fig. 3(d) of Ref. 1.

impurities and thus ignores the contribution from symmetry
preserving impurities.

In summary, when both types of impurities are present,
the resistivity due to impurities preserving lattice symmetry is
much smaller than that from impurities breaking the symmetry.
Thus we focus our discussions on symmetry breaking cases
for spin and charge fluctuations in the next section.

VI. COMPARISON WITH EXPERIMENTAL DATA

Here we make comparisons with the experimental data
given in Ref. 1. We start with the perturbative results of
the Kondo model in the case of impurities breaking the
honeycomb symmetry. To have a large Kondo temperature
(30 K < T < 90 K in the experiment) the exchange coupling
|J| must be very close to its critical value |J;|. As the
perturbation breaks down when T' ~ T}, we can only analyze
the gate voltage dependence of the Kondo temperature shown
in Fig. 4 of Ref. 1. The strategy is the following: We find the

1x107°

5%107°

p(nihje®)

1x107°

5%1077

1 0—7 1 1 1 1 1 1
0.001 0.002 0.005  0.010  0.020 0.050  0.100  0.200
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FIG. 10. (Color online) Mean-field results for resistivity vs
temperature for the symmetry preserving case with €, =0 and
various p. The d-level occupation n, is greater than 0.040 (when
w = 0.1 eV) and less than 0.093 (when & = 0.3 eV) in the chosen
range.
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TABLE I. Relationship between u and €, obtained by fitting with
the experimental Kondo temperature. The left two columns show
the experimental Kondo temperature at a given gate voltage. We
compute the corresponding chemical potential in the third column
by using V, = 5.3 + 515.387u?. The impurity level €,, shown in the
last column, is obtained by evaluating the corresponding exchange
coupling strength J.

T (K) Ve (V) w(eV) €4 (eV)

31.5 53 0 —0.225949
32 6 0.0368 538 —0.191 582
35 10 0.0954953 —0.140059
40 12.5 0.118195 —0.119956
51 15 0.137189 —0.102273
56.2 20 0.168 885 —0.0743727

impurity level €, at a given chemical potential 4 by using the
experimental Kondo temperature 7 as the Kondo temperature
obtained by the pole of resistivity, or 1 + J Rsg(0) = 0, where
J =V /(eq — w)eq + U — ).

In the experiment the Kondo temperature is obtained as
a function of gate voltage. We assume the gate voltage
V, is connected with chemical potential p via a capacitive
effect, i.e., Q/e =c,V,/e =8c,u?/(27+/3nt?al), with O
representing the electric charges, e = 1.6 x 107!° C, and
cg = 1.15 x 1078 F/cm? as the capacitance of the graphene.
In the experiment of Ref. 1, V, =5.3 V is regarded as
the position of the Dirac node. Thus we take V, =5.3 +
8@/(27\/§nt2a3cg),u2 =5.3+515.387u by fixing V, =
5.3V at u = 0 eV. Using the experimental Kondo temperature
at a given chemical potential, we compute the corresponding
exchange coupling strength J and thus determine the relation-
ship between w and impurity level €,. The results are shown
in Table I.

From Table I we find €; o p. The obtained impurity level
€4 changes linearly with the chemical potential u, as shown in
lower left-hand side of Fig. 11. One of the main conclusions
of this work is that the observed upturn in resistivity' can be
understood in terms of an Anderson impurity model only if
the impurity level varies with the applied voltage. By using
the linear fit in this figure, we obtain the Kondo temperature
as a function of chemical potential as shown in the top of
Fig. 11. Between i = 0.02 and 0.3 eV the Kondo temperature
grows monotonically from 14 to 90 K. The decrease of T
with increasing p for 0 eV < p < 0.02 eV may indicate the
failure of linearity between p and €, for the onset of nonzero
chemical potential or the failure of the Kondo physics near the
node. The chemical potential dependence shown in top figure
of Fig. 11 is roughly consistent with Fig. 4 in Ref. 1 in the
intermediate gate voltage.

For gate voltage V, larger than 30 V in Ref. 1, the
experimental 7; begins to decrease with increasing gate
voltage. This can be accounted for qualitatively, as shown in
Fig. 12, by assuming that the energy of the impurity level no
longer changes with the external gate voltage for V, > 30 V
due to sufficient charge screening. For a small gate voltage
(chemical potential close to the node) the experimental T}
increases monotonically with increasing gate voltage. In this
region neither a constant impurity level nor €; o u gives the
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FIG. 11. (Color online) Top: Kondo temperature 7 as a function
of chemical potential . The relationship is obtained by |J| ~ V?/
| — €4 and €, o u, which we find by fitting the experimental data
shown in the lower left-hand figure. Lower left-hand side: Impurity
level €, as a function of chemical potential. The symbols are obtained
by the data in Fig. 4 of Ref. 1 shown in Table I. The red dashed line
is the linear fitting function which gives ¢, = —0.2254 + 0.8951 .
Lower right-hand side: Impurity occupation of a given spin ny ; as a
function of chemical potential evaluated by the mean-field approach.

corresponding experimental dependence on V, based on our
perturbative Kondo results.

We also compute the impurity occupation as a function of
by using the mean field as shown by Eq. (41) in the symmetry
breaking case. The obtained impurity occupation for a given
spin increased from 0.057 to 0.082 monotonically between
u C (0,0.3) eV. Given that the validity of the mean field is
limited to small values of the impurity level occupations (see

T (K)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
uEVv)

FIG. 12. (Color online) Kondo temperature 7} as a function of
chemical potential w. The relationship is obtained by |J| ~ V?2/
[w —€4] and €, = —0.2254 4+ 0.8951p for 0 < u < 0.21 eV and
€; = —0.029 456 (corresponds to V, = 30"V or u = 0.2189 eV) for
0.21eV < pu <03eV.
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Sec. IV C), we expect deviations away from the mean field.
Thus the system is not likely to stay in the local moment region
near the node, suggesting a crossover of impurity occupation
from the local moment to the empty orbital regime based on
the NRG results in Ref. 15. Thus the Kondo effect alone would
not be able to explain the logarithmic temperature dependence
seen in Ref. 1.

Let us now investigate whether charge fluctuations can give
rise to a temperature dependence of resistivity seen in the
experiment. We take €, = —0.2254 4- 0.8951 0 and evaluate
the resistivity versus temperature from the mean-field results
of the impurity Green’s function for the symmetry breaking
case. For a chemical potential close to the node, we get a
reasonable temperature scale (the logarithmic behavior shows
up at T ~ 1073 eV) from charge fluctuations as shown in the
top figure of Fig. 13. We also have u? being proportional to
conductivity at zero temperature, as seen in the lower left-hand
side of Fig. 13, which was observed in Ref. 1. Rescaling p(T')
by p(0) and T by the Kondo-like temperature 7;° obtained
by the temperature at which the resistivity begins to show a
logarithmic dependence in 7', we obtain the universal curve
shown in the lower right-hand side of Fig. 13. In this range
of chemical potential the impurity occupation ng ; >~ 0.057.
It shows that even for the chemical potential u close to
the node, the one-parameter scaling is still possible in this

0008 o g gq
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FIG. 13. (Color online) Top: Resistivity vs temperature for
the charge fluctuation case with €, = —0.2254 4 0.8951u and a
chemical potential between 10~* and 102 eV. Lower left-hand side:
Quadratic dependence on p for conductivity at zero temperature.
The red line is the quadratic fitting which gives o (1, T = 0) =
0.0000693 + 0.167514 + 90.3726,4> and the blue symbols are con-
ductivity at various chemical potentials. Lower right-hand side: Uni-
versality curve after rescaling resistivity and Kondo-like temperature
scale T} obtained by the temperature scale when logarithmic behavior
is shown. 1.17 >~ T; by comparing this universality curve with
Fig. 2(b) in Ref. 1.
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FIG. 14. (Color online) Resistivity due to charge fluctuations vs
temperature plot. For T < 1072 eV the resistivity decreases slowly
with temperature. For 1072 eV < T the logarithmic dependence on
temperature begins to appear.

charge fluctuation scheme, while as it is shown analytically in
Eq. (25), the one-parameter scaling is unlikely for © >~ 0 in
the Kondo case.

For chemical potentials away from the Dirac node we plot
the resistivity versus temperature for © = 0.1, 0.2, and 0.3 eV
in Fig. 14. The overall feature is very similar to the Kondo
results: Near zero temperature the resistivity decreases with 72
while at large temperature po(T) < In(T'). At zero temperature
the conductivity is proportional to u” as in the case shown
in Fig. 9. However, the logarithmic behavior shows up at
T ~ 1072 eV, which is approximately one order of magnitude
larger than the experimental results in Ref. 1. Thus the charge
fluctuation cannot explain the experiment for large chemical
potentials.

By comparing the universal curve obtained by NRG**
shown in Fig. 2(b) in Ref. 1 and the one we have for
charge fluctuations in lower right-hand side of Fig. 13, we get
1.1T¢ ~ Ty. The “Kondo temperature” for both charge and
spin fluctuations as a function of chemical potential is shown
in Fig. 15. From Fig. 15 we observe that charge fluctuations
give a large Kondo scale with increasing chemical potential
and good agreement with experimental results is obtained
only if p < 1073 eV. Away from the node, the Kondo scale
obtained by charge fluctuations grows much faster than that
of the spin fluctuations. The Kondo scale obtained from spin
fluctuation, on the other hand, gives a large Kondo scale for
< 1072 eV and reaches its minimum when p ~ 0.02 eV.
The combined picture of the two cases as shown in Fig. 15,
by assuming charge fluctuation for x ~ 0 and spin fluctuation
for large w, can give an overall consistent picture as seen
in the experiment for gate voltages of less than 30 V. For
1073 eV < < 0.06 eV it shows the crossover from charge
fluctuations to spin fluctuations, which is not accounted for
in our simple mean field in Anderson model nor perturbation
in the Kondo model. For gate voltages of larger than 30 V
a nonmonotonic dependence of 7; on p is seen in Ref. 1.
Given our analysis, we speculate that the screening due to the
finite density of carriers could modify the dependence of the
energy of the impurity level on the gate voltage. A weaker
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FIG. 15. (Color online) Kondo temperature 7, as a function
of chemical potential p. The blue symbols are the Kondo-like
temperature, obtained by comparing the universal curve with NRG
results, for the charge fluctuation case. The purple symbols are the
Kondo temperature for the spin fluctuation case. Between pu = 1073
and 0.02 eV, both cases give a Kondo temperature higher than
their neighboring chemical potentials. The “mixed” (brown symbols)
case takes the Kondo scale obtained by charge fluctuations with
w1 < 1073 eV and spin fluctuations with x> 0.02 eV. By combing
these two, the Kondo scale obtained grows monotonically with
chemical potential.

dependence at a large gate voltage will lead to a decreasing
Kondo temperature.

VII. CONCLUSION

We use the Anderson impurity model to describe the dilute
impurity behavior in graphene. The goal is to test whether
the recent experiment on the resistivity of graphene with
vacancies induced by ion irradiation in ultrahigh vacuum!'
can be solely explained by the single impurity Kondo effect
(spin fluctuations). To study this local moment regime we
use the Schrieffer-Wolf transformation to freeze the charge
degrees of freedom and obtain the Kondo Hamiltonian. In
the case of dilute impurities we may ignore the RKKY
interactions and treat the problem as a single impurity Kondo
model.

We have computed this Kondo contribution to dc resis-
tivity by perturbation in a 7-matrix formulation. Analytic
expressions are obtained for Bu < 2w and Bu > 2w by
taking the asymptotic form of the digamma function in the
integrand. The Kondo temperature dependence on chemical
potential and exchange coupling is obtained. Depending
on the location of the impurities, the Kondo contribution
to resistivity is very different. For the type of magnetic
impurities which break the C;, symmetry at low chemical
potentials, it shows a power-law temperature dependence as
1/(T — Ty). For the magnetic impurities preserving the Cs,
symmetry of the lattice at low chemical potentials, it shows
a power-law dependence as 1/(T3 — Tk3). At even lower
chemical potentials when the Fermi surface is close to the
node, both cases show an extra dependence on the chemical
potential as well as the Kondo scale. Near the node a critical
value of exchange coupling is needed for the Kondo effect
to be realized.'>'> The critical value |J.| is larger for the
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symmetry breaking case. For a large chemical potential . both
cases show logarithmic dependence on temperature scaled by
the Kondo temperature. With increasing p the resistivity at
a given temperature decreases for impurities breaking the
honeycomb symmetry while the resistivity increases for the
ones preserving the symmetry. The resistivity obtained with
the same set of parameters shows that the dominant source
of resistivity is from the impurities which break the Cj,
symmetry.

We have also computed the effect of charge fluctuation for
impurity occupation 0 < ng s < 0.5 by using the mean-field
approach on the Anderson impurity model. The resistivity at
a given temperature has a similar dependence on the chemical
potential as the case for spin fluctuations. Similar to the spin
fluctuation case, the dominant contribution to resistivity at
the same sets of parameters comes from the impurities which
break the honeycomb lattice symmetry.

By studying the resistivity versus temperature and compar-
ing with the experimental results in Ref. 1 from both spin and
charge fluctuations in the symmetry breaking case, we find
that the Kondo effect fails to give the correct Kondo scale and
is unable to describe single-parameter scaling for a chemical
potential near the node. For i ~ 0 the resistivity due to charge
fluctuations gives a reasonable temperature dependence and
the resistivity after rescaling also shows a single-parameter
universal behavior. The same analysis yields a large Kondo
scale for 1072 eV < p in the charge fluctuation case, which
is roughly the same chemical potential at which we obtain
nonmonotonic behavior of the Kondo temperature in the spin
fluctuation (Kondo) case.

The failure of a Kondo explanation near the node is
consistent with the NRG results,'* which find that the Kondo
effect near the node is suppressed for r > 1/2 for systems
having an electronic density of state p(¢) o |€|". By combining
the low chemical potential results (0 < pu < 1073 eV) from
charge fluctuation with the large 1072 eV < pu results from
the Kondo effect, we obtain a Kondo scale consistent with the
experimental results. For a chemical potential in between these
two cases, the system should be in the mixed valence regime.
For gate voltages of higher than 30 V, a weaker dependence of
the impurity energy on the applied gate voltage as compared
to the dependence at smaller chemical potentials will lead to a
decrease in the Kondo temperature. Whether this effect or the
effect of RKKY interactions is responsible for the observed
nonmonotonic behavior on gate voltage will be the subject of
future studies.
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APPENDIX A: DERIVATION FOR SYMMETRY
BREAKING CASE

Rea(2) = 4 /"O le|de v (€= H A?
B 92 oo € — (24 1) 2kpT ) €2+ A2’
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Defining y = € — u and using

By 1 By LBy
tanh — — |- =
an(z i |V 2+l271 V27
As W(% + i%) has poles on upper and/or lower complex plane, we may separate Rsg(z) into two parts as Rsg(z) = ({; +

1,)4/(9t?), with I, and I, given by
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In the third and fourth lines of the above equation we replaced y by y = —p + ix and § — +0. A similar computation gives I, as
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Combining /;; and I}, we get

Lo A gite (Vi) (/ / > (=it~ 5)
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Here C; denotes the integration path taken from z = —u —ioo to Z = —u along the imaginary axis. We may also write
I, = ) + I, in a different region as

1 K
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Here C, denotes the integration path taken from Z = —u to Z = —u + ioo along the imaginary axis. I is expressed as
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The sum of I, and I, is then given by

I Ly ;8 _ 1.z
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Ci I
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Rewriting 7 = —ju + ix in the expression of Rsp(z) along the C; and C, paths we get
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By defining F(x,u,z) as
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we may simplify the above expression as
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APPENDIX B: DERIVATION FOR SYMMETRY PRESERVING CASE

Considering integrals of the form
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