PHYSICAL REVIEW B 75, 035117 (2007)

Antiferromagnetic metal to heavy-fermion metal quantum phase transition in the Kondo lattice
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We study the quantum phase transition from an antiferromagnetic metal to a heavy fermion metal in the
Kondo lattice model. Based on the strong-coupling approach we first diagonalize the Kondo coupling term.
Since this strong-coupling approach makes the resulting Kondo term relevant, the Kondo hybridization persists
even in the antiferromagnetic metal, indicating that fluctuations of Kondo singlets are not critical in the phase
transition. We find that the quantum transition in our strong coupling approach results from softening of
antiferromagnetic spin fluctuations of localized spins, driven by the Kondo interaction. Thus, the volume
change of the Fermi surface becomes continuous across the transition. Using the boson representation of the
localized spin n;= zz o' Zior With the spin-fractionalized excitation z;,, we derive an effective U(1) gauge
Lagrangian in terms of renormahzed conduction electrons and fractionalized local-spin excitations interacting
via U(1) gauge fluctuations, where the renormalized conduction electrons are given by composites of the
conduction electrons and fractionalized spin excitations. Performing a mean field analysis based on this effec-
tive Kondo action, we find a mean field phase diagram as a function of Jg/D with various densities of
conduction electrons, where Ji is the Kondo coupling strength and D the half-bandwidth of conduction
electrons. The phase diagram shows a quantum transition, resulting from condensation of the spin-
fractionalized bosons, from an antiferromagnetic metal to a heavy fermion metal away from half-filling. We
show that beyond the mean field approximation our critical field theory characterized by the dynamic critical
exponent z=2 can explain the observed non-Fermi liquid physics such as the specific heat coefficient y
=C,/T~-InT near the quantum critical point. Furthermore, we argue that if our scenario is applicable, there
can exist a narrow region of an anomalous metallic phase with the spin gap near the quantum critical point.
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I. INTRODUCTION

The nature of non-Fermi liquid physics near quantum
critical points in heavy fermion compounds is one of the
central interests in modern condensed matter physics.! A
standard theoretical framework is the Hertz-Moriya-Millis
(HMM) theory in the Landau-Ginzburg-Wilson framework.”
Using a Hubbard-Stratonovich (HS) transformation for an
appropriate interactional channel, a local order parameter can
be introduced. Integrating out fermion degrees of freedom
and expanding the resulting logarithmic action based on the
noninteracting itinerant fermion ensemble, one obtains an ef-
fective action of the local order parameter with dissipation
that results from gapless electrons near the Fermi surface.
Based on this order parameter action, a self-consistent mean
field analysis and a renormalization group study can be per-
formed to find non-Fermi liquid physics near the quantum
critical point, characterized by critical fluctuations of the lo-
cal order parameter.’

However, since the expansion in deriving HMM theory
from the Fermi liquid action is basically a weak coupling
approach, the effective theory will break down in a strong
coupling limit. In addition, the presence of gapless electrons
can cause nonlocal interactions between order parameters,
making a conventional treatment unreliable in a local effec-
tive action.* Furthermore, HMM theory is not fully self-
consistent because feedback effects to the fermion degrees of
freedom by order parameter fluctuations are not taken into
account. Actually, it is now believed that the critical field
theory of order parameter fluctuations, that is, HMM theory
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cannot explain the observed non-Fermi liquid physics in
thermal and electrical properties in the heavy fermion
metals.!

In this study, using a strong-coupling approach, we derive
an effective action in terms of both bosonic and fermionic
excitations associated with order parameter fluctuations and
gapless electrons, respectively. The weak-coupling approach
solves the kinetic energy term first, and treats the interaction
term perturbatively, implying that the theory is based on the
noninteracting itinerant fermion ensemble. On the other
hand, in the atomic limit of electrons the strong-coupling
approach solves the interaction term first and then, treats the
kinetic energy term perturbatively. In the present strong-
coupling approach we take into account critical order param-
eter fluctuations and gapless electron excitations near the
Fermi surface on an equal footing. In other words, we incor-
porate both bosonic and fermionic excitations in the effective
action without integrating out the gapless fermion degrees of
freedom. Hence, our strong coupling approach goes beyond
the conventional treatment for the quantum phase transition
in interacting itinerant electrons.

We start from an antiferromagnetic phase of localized
spins in the Kondo lattice model, where the Kondo interac-
tion term describes the coupling between the localized spins
n; and conduction spins s;= ;cf(,r +Cior. In the strong-
coupling approach the Kondo interaction term can be diago-
nalized by using the CP1 representation 7;- 7= U, TgU with an

SU(2) matrix U; —( ) for the localized spins and intro-

T
ducing renormalized electrons ¥, as composites of the con-
duction electrons and spin-fractionalized bosons, ;,
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= Uir(r,c,-,,,.S‘7 Then, the Kondo lattice model can be rewrit-
ten in terms of the spin-fractionalized bosons z;, and renor-
malized conduction fermions ;. Integrating out the fermion
fields ¢;, and performing the gradient expansion in the re-
sulting logarithmic action, this conventional strong-coupling
theory leads to an effective action of the z;, bosons, which is
well known in the context of the nonlinear o model.> In the
present study, however, we take into account both the bosons
and fermions simultaneously.

The boson representation for the localized spin instead of
its fermion representation is necessary for explaining the
quantum phase transition involving an antiferromagnetic
phase. The U(1) slave-boson representation has been used
conventionally for the study of the heavy fermion phase in
the Kondo lattice problem. If the localized spins are repre-
sented by fermions and an order parameter (slave-boson)
corresponding to the Kondo hybridization is introduced, a
critical theory can be obtained in terms of both order param-
eter fluctuations and fermion excitations by integrating out
the conduction electrons.®® Fermions and bosons then inter-
act via long range interactions mediated by slave-boson U(1)
gauge fields. This critical theory successfully explains the
non-Fermi liquid physics such as the specific heat coefficient
y=C,/T~—In T near the quantum critical point. However, it
is difficult to explain the observed antiferromagnetic long
range order that begins to appear at the transition point
where the heavy fermion phase disappears. Furthermore, the
order parameter in the slave-boson representation is “hid-
den”; no symmetry breaking associated with lattice transla-
tions or spin rotations is involved. Thus, the transition driven
by condensation of the hidden order parameter may not be
physical.

II. EFFECTIVE ACTION FOR THE KONDO
LATTICE MODEL

In the Hamiltonian of the Kondo lattice model

HKLM=—fE C,Tacjo"'sz Si'C;rg;'w’Cia', (1)

ijo ioa’

the first term describes dynamics of conduction electrons c;,
and the second term represents antiferromagnetic exchange
couplings between conduction electrons and localized spins

S;, where ¢ is the hopping integral of the conduction electrons
and Jg is the Kondo coupling strength. Using the coherent
state representation for the conduction electrons and local-
ized spins,'” the partition function of the Kondo lattice model
in the path-integral representation can be given by

R , Bt o,  om
Z=| Dc;,Dn;exp lSE dr| dun;- | — X —
i Jo 0 ou

or

B
- f dT(E CZU(&T_ Iu’)ci”_ IE Clrcjrr

0 io ijo

+ 7SS - cj(,;-(m,ci(,) , ©)
ioo’
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where we use S;=S7, with §=1/2 and |n]=1, and w is the
chemical potential. The first term corresponds to the Berry
phase that comes from the path-integral quantization of spin
with an additional parameter « in a unit sphere.'”

In order to study the antiferromagnetic phase with collin-
ear ordering of localized spins, we set

n— (= 1)'n;. 3)
Then, Eq. (2) reads

) (Bt L (an on
Z= | Dc;,Dn;exp iSE -D"| dr| dun;-|—X—
i 0 0

ou or

B
- f dT(E Cil(r(&r_ M)cf(T - IE Cjo-cj(r
ijo

0 io j

+JKSZ (_ l)icj(r(ﬁi : ;)(m"ci(r’> . (4‘)

oo

Based on this partition function we investigate two closely
related interesting problems; how the antiferromagnetic or-
dering of local spins is affected by dynamics of conduction
electrons as varying the Kondo coupling Jg, and how the
dynamics of the conduction electrons is influenced by the
change of antiferromagnetic fluctuations of the local spins.

We apply the strong coupling approach to Eq. (4) where
we first solve the Kondo coupling term. Although the HMM
theory results in a firm and successive quantum theory for
quantum phase transitions,” the naive perturbation for the
Kondo coupling term based on the itinerant fermion en-
semble do not work well in the case of strong couplings.
Using the identity

- > + <it _Zjl
n;-r=UmnU;, U= o (5)
il %
where z;, is a boson field carrying a spin o in the SU(2)
matrix field U; and satisfies the unimodular constraint
S,lzisl?=1, and performing the gauge transformation

¢ia = UjUU’CiO" ’ (6)

the Kondo coupling term, JxS=,,/(=1)c] (71; D) yorCigr» can
be represented as JKSEM(,,(—I)"@UTZU, ipr. As a result, the
two-body Kondo interaction term is represented by a one
body term. We call z;, and ;, bosonic spinon and fermionic
chargon, respectively.

In the strong coupling approach an antiferromagnetic spin
fluctuation 7; carrying spin quantum number 1 fractionalizes
into bosonic spinons z;, with spin 1/2, which seems to occur
through the screening of conduction electrons due to the
strong Kondo interaction. The components of ;, field are

given by
U = (‘/4’1) _ ( ZlTTCtT +Z:'rlci1 )
T\ =z Cit + Zi1C4|
where i, field represents the usual Kondo hybridization, and

i; field the polarization of the bosonic spinon and the con-
duction electron. The fermions ¢, can be considered to ex-
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press Kondo resonances. Another way to describe this frac-
tionalization is that the conduction electrons fractionalize
into the bosonic spinons U, and the fermionic chargons
Yigs 1.€., Cig=U,ss¥i,r. The resulting partition function is
obtained in terms of new field variables ; and U,,

= J Dlr//i(rDUi(ra" &Ujgd’Uid’n’ - 50'0’)exp[_

ioo’

B
- f dT{ 2 '701‘0—([[?7_ :U’] 60-0’ + [Uj-aTUi]UU’){/li(f’
0

- tz IO'Uj—O'aUIO((T lﬁw' +JKS2 ( 1) za' (m-/lpza' }]

l(TlT

)

where Sp is the Berry phase action. Note that the integration
measure  [Dc;,Dn; in Eq. (4) is changed into
ID,.D ,,mré(Ujg Uigrs1=0441) in Eq. (7). Note that the
chargons (renormalized conduction electrons) and spinons
(fractionalized local spins) are now coupled in the Kinetic
energy term instead of the Kondo coupling between the con-
duction electrons and localized spins in Eq. (4).

A standard way to treat this nontrivial kinetic energy term
is to integrate out the chargon fields,

Z= f DUio’o" 5( Uj‘o'g'"U[lO'"U', oa’)exp[_ SB +tr ln{[&T_ /-L]

X 8yt + JkS(= 1) +[UI0,U )y - 10} oU o},

(8)

0'(7'

where 7;;=t is the nearest neighbor hopping. An effective
action of the spinons can be obtained by expanding the loga-
rithmic term for the bosonic spinons. One important differ-
ence from the HMM theory is that the expansion parameter
is t/Jg instead of Jg/t. However, this formulation has a se-
rious defect. Metallic physics of the conduction electrons is
not introduced since this treatment is valid in the atomic
limit. Actually, expanding the logarithmic term in the expan-
sion parameter t/Jg, the resulting effective action is known
to be the O(3) nonlinear o model appropriate to an insulating
antiferromagnet.> Because an additional Berry phase term
appears in the effective o model, the two Berry phase terms
cancel each other and the contribution of Berry phase
vanishes.® In the following, although we develop a formula-
tion different from the above standard approach, we can also
exclude the Berry phase term.

An important issue of this study is how to introduce phys-
ics of the Fermi surface of the conduction electrons in the
strong coupling approach. One possible route is to decouple
the “interacting” kinetic energy into the conventional “non-
interacting” one via the HS transformation. Unfortunately,
there is a difficulty in performing the HS transformation for
the time-derivative term in Eq. (7). We consider discrete-
time steps and rewrite the partition function
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2 w[ 0U1 o’aUaO' l/fi,.,r

l’TT

Z= f v D:,bwexp[

v JiS /
E o'UToaUaU ]o’T K E( 1) Z';T (370- lﬂo—

1}7
M o0
_J§ ¢i7 wi'r :|’ (9)

where J is an energy scale associated with a time step J
=1/Ar. This discrete-time expression can be reduced to the
original one of Eq. (7) in the limit of A7—0.'!

Performing the HS transformation for the “hopping”
terms in Eq. (9), we obtain the following expression:
exp|:— 2 lﬂTUUTUaU(.);_?J w;'-’, JE lpTUUTa'aUcw wo"

it yT

T(rrr
E {ElTT lTT' + Hec.

lTT

JDFW DE’Z‘; exp[
.
— U U F T E i — Hee)

_ _2 {EJJTT Fa' %4t Hec. — Ul(raUaa' Fu’ o

yT T
le

|rr(r ot
- lj’T lﬂ]rlﬂz HC}‘|

> te{E_F;.. +Hc.

it

= f DF,,DE,, exp[—

- UiT'FiTT’ U;!-T_ ‘ﬁleE:TTr%r' - HC}

- _2 tr{EijFt]T+ H.c.
UT
-U; F,JTU,T wTEUTtﬂ,T Hc}:| (10)
where E; s, F;;» and E;,, F;;; are HS matrix fields associ-

ated with hopping of ;. fermions and z;, bosons in time and
space, respectively.
We make an ansatz for the hopping matrix fields

— ia; 1T — ia;; .
EiTT’ = Ete irr 3’ EijT_ Ere ijr 3,

F”T/ = Fe irr FijT: Freiai.iTTf%, (1 1)

where E,, F, and E,, F, are longitudinal modes (amplitudes)
of the hopping parameters, and a;,., a;j, their transverse
modes (phase fluctuations) which are time and spatial com-
ponents of U(1) gauge fields. In fact, the transverse modes
should be represented by SU(2) gauge fields generally, but
we limit our discussion in the U(1) case for simplicity. The
hopping parameters will be determined self-consistently. In-
serting Eq. (11) into Eq. (10), and using the explicit repre-
sentation [Eq. (5)] of the SU(2) matrix U;, we obtain an
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effective U(1) gauge theory of the Kondo lattice model

Z:fDZiTU"Dlv[/iTaDa/LVD)\iTDEZDFtDErDFr
Xexpl- SSene S S,
i T

_Ez E lﬂ,m . TT’wiT’O' E E 2 17'0' w'am.

7 io T ijo

J S
HEE S Ui - ES S vhttins

T o J T o

- th 2 Zjﬂreiaiﬂ', F 2 E ZlTU'e i ZJTU'

7 io T ijo

ERYEesg

e~

where the 73 matrix is replaced with o==+. \; is a Lagrange
multiplier field to impose the unimodular constraint.

The last step in deriving an effective U(1) gauge theory of
the Kondo lattice model is to perform the limit of A7—0.
Ignoring the time component «;,» of the U(1) gauge field for
the time being, the time-derivative term of the bosonic
spinons becomes in the tight-binding approximation for the
discrete time

- th E er(rZiTI(T

L
T 10

ZFE E cos( )zm(Q )Zi6(£2,)

—rzx(-(5)

J

XZZ{]‘(Qn)Zi(r(Qn)
(s (Froe p :
- dTE J |(97'Zia'| - 2JFI|Zio'| .
0 io

(13)

The last term can be absorbed into the Lagrange multiplier
term, and thus has no physical effects. The derivation of Eq.
(13) is based on the relativistic invariance for the bosonic
spinons. This is reasonable because spin excitations in the
antiferromagntic phase have the w, ~ k dispersion, exhibiting
the relativistic invariance. On the other hand, the relativistic
assumption for the bosonic spinons is not appropriate for the
fermionic chargons because the chargons have Fermi sur-
face. In this case it is natural to perform the A7—0 limit
naively. Then the time-derivative term for the fermionic
chargons is given by
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A
-E 2 2 zrg-wn"o’ EE 2 lﬂ”—g( ¢i70'_ &TA/T)

AT
7—7—/ io T io

=f dTE (E Tl//,g— JE¢ lpw')
0

(14)

where A7=1/J is used. The last term is also absorbed into
the chemical potential term.

Based on the above discussion, we find the effective U(1)
gauge action for the Kondo lattice model

Z= f Dz;,D,Da,,,DNDE,DF,DE,DF e,

Seff= S()+ S¢+ SZ’

5
So = f dr(JE EF,+1> EF)
0 i

ij

- io—a[T) lﬂia' - tErE wjae

ijo

B
Sy= fo dT(E,Z Y10 i

+ JKSE (_ ])i(]'l//;:rl//[(r - IL’LE libj(rlr//io') s

tFrE Zz‘oemijzjo'
ijo

B
Sz = f dT(EE |((97_ iai‘r)zio'|2 -
0 J io
+iz )\[(2 |z,»0|2—1>). (15)

Here, both the conduction electrons and localized spins are
taken into account on an equal footing in the strongcoupling
regime, and the bosonic effective action S, associated with
order parameter fluctuations is derived without integrating
out the gapless conduction electrons explicitly. The fermionic
effective action S, has essentially the same structure as the
action of the conduction electrons in Eq. (4), considering that
antiferromagnetic spin fluctuations are frozen to be 1;- 7=,
in Eq. (4), and gauge fluctuations are ignored in Eq. (15).
When the spinons are condensed, the effective action in Eq.
(15) is reduced to Eq. (4) with n;-7=75. In the condensed
phase gauge fluctuations can be ignored in the low energy
limit because they are gapped due to the Anderson-Higgs
mechanism. The spinon action S, is equivalent to the CP'
action of the O(3) nonlinear o model.” Hence, the effective
action of Eq. (15) can recover the insulating antiferromagnet
at half filling of the conduction electrons with Fermi-nesting.

III. MEAN FIELD ANALYSIS

Now we perform the saddle-point analysis to obtain pos-
sible phases of the Kondo lattice model. The mean field
phases will be determined by condensation of the bosonic
spinons. We ignore the U(1) gauge fluctuations in the mean
field analysis. Later, these gauge excitations will be allowed
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beyond the mean field approximation. Then, we consider the
effective mean field action

B
ZMF: J DZiUD(ﬂiU 6Xp|:— {J dT(EIE lﬂj—oaTl/liU
0 io

—rEEwm@bNHKSE( D oyl i, — ME Uty

ijo

F
+ 7t2 10,210 = tF, 2 2} 2j0+ )\E (E |zi0]* = )

ijo

(16)

+ J}i‘, EF,+1> EF) } }

ij

with N=i\,. The hopping parameters E,, F,, E,, F,, and the

-u+E ek
oJgS iE,

Fur=- 53 S [

wko’

w, = p+ Erellcll+Q

+ 2 (JEF,+DE,F,)+ > (u[1-8]-\).
k k
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effective chemical potentials N\, p can be written from the
saddle-point equations as follows:

1
JEZ = ;E <|(97~Zi0'|2>’ JF 2 < T‘/Ila'

E.= E <Zjozjo>’ F,= E < l///"'

1= 2 <Zjazio>’ 1- 5= 2 <Cjoci0'> = 2 <lzbjo-¢i0'>a
(17)

where 6 is hole concentration.
Integrating out fermions ;, and bosons z;, in Eq. (16),
we obtain the following expression for the free energy:

kS ) —221( QZ+F6,ZC+)\>
Ba, ko

(18)

Here ek and € are the bare dispersions of chargons and spinons, respectively. w, (£2,) is the fermionic (bosonic) Matsubara
frequency. Minimizing the free energy in Eq. (18) with respect to E,, F,, E,, F,, N, and u, we obtain the self-consistent mean

field equations

O3

JE,=—f deD(e)~ E;,
-D

Ba, F

iw,|(iE,w,— u+E, 6,‘f’+Q) + (iE,w,

Qz +F.e+\

- u+E.e€))]

JF,= 2’22

" (iE,w, — p+E,e))(iEw,— nw+E,€,,) — (xS

DE,:—J deD(e)= E—,
-D

Ba, F

QZ+F6+)\

(iEw, - M)(e;{//+ ell<p+Q) + 2Er6;5/+Q€ll<p

=§’

2
B, (Ew,- u+E,e)(Ew,

—u+Eelg) - (S

1

1=| deD(e)=> ————,
L) € (6),3

I_s=_S E [(iE,w,

- u+E.€,) + (Ew,

2 7'0,21 +F.e+)\

_M+Er6]lf)]

k Bw (le

- p+E,€)iEw,

: (19)
—pt Erfllc//+Q) - (JxS)*
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Here 3, is replaced with [, deD(e) in the bosonic equations,
where D(e) is the density of states for the bosonic spectrum
€. =, in the fermionic equations means sum over the folded
Brillouin zone. The factor 2 in the 1/ terms comes from the
spin degeneracy. The chargon spectrum e,‘;” is given by the
electron bare dispersion in the tight binding approximation,
ie., e,‘f:—Zt(cos k,+cos k). Furthermore, a constant density
of states D(e€)=1/2D will be used, where D=4t is half of the
bandwidth.

In Eq. (19) we should introduce energy cutoff in the fre-
quency integrals for E, and F,. Note that the usual momen-
tum cutoff D is introduced in the integrals for E, and F, to
prevent the divergence. Quite similarly, we also introduce an
energy cutoff J in the integrals for E, and F, because it cor-
responds to the inverse of lattice spacing in the frequency
space. When evaluating the frequency integrals for £, and F,,
we first divide the integrals into two parts, divergent and
divergent-free parts. We calculate the divergent parts within
the energy cutoff, but for the divergent-free integrals we per-
form the Matsubara summation without the energy cutoff.

A. Kondo insulator

We solve the mean field equations [Eq. (19)] at half-filling
of the conduction electrons, where the chargon chemical po-
tential u is zero due to the particle-hole symmetry. The
Fermi-nesting induces a gap corresponding to the Kondo
coupling in the chargon spectrum. The excitation spectrum of
the chargons is given by E/'=/(E,€/)*+(JgS)?. Performing
the Matsubara summation in the frequency integrals in Eq.
(19), we obtain

27 1 (P VF,e+\ B
JE,=———+— deD(€)—— 7,5 coth| —
wF, J)_p (5) 2
J

27 1 de VF e+ \

10— T+ T Ay

(T—0) wF,  2DJ)_, (5>3/2

J

2] 2 154

JFt=—+—22'E,‘ftanh<&)

wE, E;7} 2F,

2J 1

=0 —— + de/E262+JS
-0 e ¥ OpE v (JxS)%,
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Ei//
tanh( PE; )
2E,

EE/

DF,=2E,>,' €/
k

E, f b p e
= — P E—’
92D ) " ENE2E + (4,8

(20)

where we use a constant density of states, D(e)=1/2D. The
first terms in the equations for E, and F, come from the
divergent parts.

Performing the momentum integrals in Eq. (20), we ob-
tain the following expressions for the self-consistent mean
field equations of E,, F,, E,, F,, and \:

2J  UIN+DF, 1** - (JIN-DF,])*?

JE,=— ,
! '7TF, 3DJF,F>"?
JE = ﬁ DE\D?E* + (JS)* + (JxS)? sinh™ 1(DE,/JKS)
B WE, 2DE’E,
DE - (2N = DF,)\VJ(\ + DF,) — (2N + DF )\J(\ - DF,)

r

3DFAF,

DE,\/DZEZ + (JgS)? - (JkS)? s1nh‘1(DE,/JKS)
2DE,E*

yJ()\ +DF,) - \J()\ DF )
DF.\F,

21

Although it is not easy to obtain analytic expressions for the
mean field parameters as a function of Ji/D and J/D, we
can find the quantum critical point where the bosonic spinons
begin to be condensed. The spinon condensation occurs at
N.=DF,., where ¢ denotes “critical.” Inserting this condition
into Eq. (21), we find the quantum critical point defined by

F 1+<3JKCS)2 1 §iF +8l
tc 772D tc oD tc D?
2J 2 4 1
Frc‘:__’ Etc=_ +_2’ Erc=_’
F,.D 7F,. 3F,, 3
s (30kS\: 1 247 5, 207 8J
F;. sinh Fo.———F.+>—.
D 3JSID) ~ D w D 3D

(22)
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FIG. 1. (Color online) The mean field parameters at half-filling
are shown as varying JS/D with J/D=0.01. The quantum critical
point defined by \./D-F,.=0 in (a) coincides exactly with the
analytic result Jx.S/D=0.09. The effective hopping parameters F,
and E, become zero at a certain value of the Kondo coupling be-
yond its critical point, which implies that our spin decomposition
cannot cover the whole range of the Kondo lattice model.

Solving Eq. (22), we find that the quantum critical point
Jx.S/D depends on the value of J/D. In the case of J/D
=0.01 we obtain Jg.S/D=0.09>0 that completely coin-
cides with the result obtained by solving Eq. (21) numeri-
cally as shown in Fig. 1. Decreasing J/D from this value, the
critical value becomes larger. In the case of J/D=0.1 we find
JSID=-0.10<0, indicating that there is no phase transi-
tion at half-filling, and only the Kondo insulating phase (see
below) appears. Increasing J/D further, the critical value
gets more negative. The condition for this quantum transition
can be obtained from the boson sector of the mean field
action in Eq. (16) without any detailed calculations. Since
the boson Lagrangian coincides with the rotor model, more
precisely, the CP! Lagrangian of the O(3) nonlinear o model,
one can read the transition condition (D/J)F,F,~ 1 from the
boson Lagrangian itself. Actually, it can be seen from Eq.
(22) that the mean field condition for the spinon condensa-
tion given by \.=DF,, coincides with (D/J)F, F,.=2 ex-
actly.

The mean field parameters in this effective Kondo action
at half-filling is shown in Fig. 1, where J/D=0.01. For Jy
<Jk. the condensation of bosonic spinons occurs, indicating
the emergence of an antiferromagnetic order for the localized
spins. On the other hand, for Jx>J,. the spinons become
gapped, implying that the localized spins are disordered and
the antiferromagnetic order vanishes. Increasing the Kondo
coupling strength, the localized spins are strongly affected by
the conduction electrons. Thus the effective hopping param-
eters F, and F, decrease as J increases (Fig. 1). As F, and F,
decrease further so that (D/J)F,F,<1 for large Kondo cou-
plings, quantum fluctuations of spinons get stronger, de-
structing the antiferromagnetic long range order of the local-
ized spins.
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TABLE I. Quantum phases at half-filling in the Kondo lattice
model.

Je<Jke Jk=>Jke
Antiferromagnetic insulator Paramagnetic insulator
(2 #0 (2ig)=0
(¢laTsapcip) #0 (claTapcip)=0
(YlaTsaptip) #0 (YlaTsaplip) #0

Meanwhile the Kondo hybridization (7;-(c] 7yqrcior)) is
nonzero in both phases because

(b (il Dggrigry = <C,T0Uiaa7'3aﬁU,TB(,rCig'> = <¢;a73aﬁ¢iﬁ>
= (i = W ) # 0, (23)

which is the hallmark of the present strong-coupling ap-
proach. In a different angle one may view this as an assump-
tion in our strong-coupling theory. At half-filling, due to the
Fermi-nesting the chargon excitations are gapped, thus both
phases are insulators.

When the localized spins form an antiferromagnetic order
in Jgx<Jg. with the condensation of bosonic spinons, (z;,)
# 0, the conduction electrons also exhibit an antiferromag-
netic order through the Kondo couplings with the localized
spins. One can see this antiferromagnetic order from

<CiTo'T3¢m"Ci¢r’> = <¢Zanaa-T3tm" Uio-’B¢iB>
~ (YatipXUlao T Uiga)

= (b — W i ez — <z # 0,
(24)

if the easy axis anisotropy is assumed. In the easy plane limit
one finds (¢} Tj,orCig) #0 O {C} Trygrcior) #0. Since the
conduction electrons form an insulator due to the Fermi-
nesting at half-filling, the phase of the conduction electrons
is an antiferromagnetic insulator.

When the localized spins are in a disordered phase, the
antiferromagnetic order of the conduction electrons also van-
ishes as (z;,7=0. As a result, for Jx>Jg,. the phase of the
conduction electrons is identified as a Kondo insulator be-
cause the conduction electrons are still gapped due to the
Fermi-nesting. In the Kondo insulator the origin of the exci-
tation gap is the Kondo hybridization, not the antiferromag-
netic ordering. Figure 1 shows that mean field analysis for
the effective action of the Kondo lattice model exhibits a
second order phase transition from an antiferromagnetic in-
sulator to a Kondo insulator, as increases the Kondo coupling
strength Jg. The possible mean field phases at half-filling are
summarized in Table I.

Although the continuous quantum transition between the
two insulating phases was obtained in the mean field
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approximation, it should be considered as an artifact of the
mean field analysis because instanton excitations of compact
U(1) gauge fields'> cause confinement of the massive
spinons and chargons in the Kondo insulating phase beyond
the mean field level. From the seminal work of Fradkin and
Shenker'3 we know that there can be no phase transition
between the Higgs and confinement phases. The order pa-
rameter discriminating the Higgs phase from the confinement
one has not been known yet.'* In this respect only a cross-
over behavior is expected. In this study the antiferromagnetic
state corresponds to the Higgs phase because the phase is
characterized by the spinon condensation, while the Kondo
insulating state coincides with the confinement phase. Apply-
ing Fradkin and Shenker’s result to the present problem, we
conclude that the second order phase transition turns into a
crossover between the antiferromagnetic insulator and the
Kondo insulator. This crossover picture is reasonable, con-
sidering that the chargon excitations are gapped in both
phases.

Note that the present spin decomposition is not allowed
for all values of Jx/D because the renormalized hopping
integrals ¢F, and tE, for the spinons and chargons, respec-
tively, become zero above a certain value of Ji/D (Fig. 1) in
the Kondo insulator. Solving the mean field equations (21) in
the limit of E,— 0 and F,— 0, one can determine the value

[ZE}f((
2B [
oL e\

E}f—u)_n<EZ’+M))
E, N\ E,

JF,=>

+
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of JgS/D resulting in E,=0 and F,=0 from the following
conditions:

2 2 JiS
FE,+—|F,=1, |FE-=|E =",
T T J
JSJ F J
18 >=— A==
D* " E, F,

These equations give JgS/D=0.19 and E,=8.99 for J/D
=0.01, and JxS/D=0.13 and E,;=2.27 for //D=0.1. Both the
spinon and chargon bands become flat above this Kondo
coupling strength, causing these particles localized with
(z;s7=0. We believe that this localization originates from our
strong coupling approach. We interpret the localization as the
breakdown of our spin decomposition.

B. Heavy fermion metal

Now we consider a hole-doped case where the Fermi-
nesting is destroyed. We can expect the metallic behavior of
chargons. Introducing the electron chemical potential, we ob-
tain the self-consistent mean field equations for the chargon
sector

2J

7E,

E{-n El+p
I AN *
t t

2o
—\2-n/-
!

E;

_ 1 f " 2v/E3e2+(JKS)2(®<\/Efe%(JKs)Z—M) ®( VE2E + (IS)? + M))
_(T_K))4D -D ‘ r2 E E,
+2_M(2_®(VE362+(JKS)2—M>_®<_ \/E362+(JKS)2+M>) LY
E2 Et Et ,n.Et’
t
Tl )
DF,= s S (A . o I
' Et % Ellcp nf El nf Et
E, fDd & ( (VE%EZ+(JKS)2—M) @( V/Egez+(—JKS)z+M>)
=TT € _ _ ’
"TUDE ) B2 + (gS) E, E,
1-6=2>"2 El-p Ef+p))_ 1 Dd r® VE; €+ (JxS)* - o E2E+ (IS +
— 0= _nf - E —nf E —(T—>O)2D € - £ — — £ .
k t t D s .
(25)

The mean field equations in the spinon sector remains the
same as those in Eq. (20). One can recover Eq. (20) for half
filling by setting =0 and =0 in Eq. (25).

In the doped case two kinds of phase transitions are ex-
pected to appear. One occurs in the spinon sector, character-
ized by the spinon condensation, thus associated with an

antiferro- to paramagnetic transition of the localized spins.
The other can appear in the chargon sector, not understood
by condensation of an order parameter since there is no order
parameter in this fermion part. The phase transition is an
insulator to metal transition of the chargon excitations, oc-
curring when the gap in the chargon spectrum vanishes.
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TABLE II. Quantum phases away from half filling in the Kondo
lattice model.

T <Jge J>Jke
Antiferromagnetic metal Heavy fermion metal
(2ig)# 0 zig?=0
(€iaT3apcip) # 0 (CiaT3apcip)=0
(Wl omaptlip) #0 (Wlomaptlip) #0

From the last equation in Eq. (25) one can see how the
chemical potential changes as a function of & and Jg, given
by

w==\(E,D)*& + (JgS)* (26)

for 6>0 and u=0 for 6=0. This means that as soon as holes
are doped in the conduction band, the chemical potential that
lies between the upper and lower “conduction” bands jumps
to the lower band, thus metallic properties of the conduction
electrons appear.

The most important question in this study is how the
antiferro- to paramagnetic transition of the localized spins
arises when the conduction electrons become metallic away
from half-filling. This quantum transition is driven by the
spinon condensation. Performing the momentum integrals in
the first and second equations in Eq. (25), we obtain the
following expressions for the mean field equations:

2w Vi = (JxS)?
JF,=—+—5|1- ~ DE

7TE t t r

+ DEND?E? + (JS)? + i = (JcS)>
2DE§E,( (JS)™ + pVp” = (JgS)

+ (JxS)?[sinh~ (DE, /17 S)
— sinh™' (Vi = (JgS)1JgS)]),

DF (DENDE? + (JiS)? + plu? = (UiS)?

r

" 2DE,E>
— (JgS)[sinh~ (DE,/JS)
— sinh™ (Vi = (JgS)*/JS)]) . (27)

Using the equations for E,, E,, A in Eq. (21) and Eq. (27)
with Eq. (26), we can find the quantum critical point associ-
ated with the magnetic transition, given by

AT )

241F2 28JF 8J
=—__r, ———_r;,.+o_,
@D “ D “ D
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FIG. 2. (Color online) The mean field parameters away from
half-filling (5=0.5) are shown as varying JgS/D with J/D=0.1.
The quantum critical point defined by \./D—F,.=0 in (a) coincides
exactly with the analytic result Jg.S/D=0.36. The chemical poten-
tial agrees well with the analytic result u=—(E,D)>& +(JS)>%.
Even away from half-filling the effective hopping parameters F,
and E, also vanish at a certain value of the Kondo coupling beyond
its critical point.

(39S, 1 - 5
F,|\——=— ) |sinh™| =———= | —=sinh™ | ———
D 3Jx.SID 3Jx.SID
3Jk.S \?
—(1-9) 52+(i)]
D
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Note that Eq. (28) is not reduced to Eq. (22) in the §—0
limit because there is a chemical potential jump at half-
filling.

Let us consider the doped case with 6=0.5. For J/D
=0.1 we find J¢,.S/D=0.36, indicating the existence of the
phase transition from an antiferromagnetic metal to a para-
magnetic metal away from half-filling. Remember that there
is no phase transition at half-filling when J/D=0.1. We iden-
tify this antiferromagnetic metal to paramagnetic metal tran-
sition as the quantum phase transition in the Kondo lattice
model. Possible mean field phases away from half-filling are
summarized in Table II, basically the same as Table I except
that the phases are metallic rather than insulating. The mean
field parameters away from half-filling is shown in Fig. 2,
where J/D=0.1. Note that the transition point in Fig. 2, ob-
tained by solving the mean field equations (21), (26), and
(27) numerically, agrees completely with the analytic calcu-
lation.

A standard way of interpreting the quantum transition
uses the ground state wave function. For Jx<<Jg,., since
(ziey # 0 and <l//;ra7'3aﬁlrlliﬁ> #0, the ground state |7;) for a lo-
calized spin at site i can be written as |n;)=n,zAF)

(28)
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+ngs|KS), where |AF) is the antiferromagnetic state with
weight n,p, and |KS) the Kondo singlet state with weight
ngs. We emphasize again that the Kondo hybridization still
exists for Jx<Jg.. The ground state of the conduction elec-
trons for Jx<Jg, is given by |c;,)=cap|AF)+ckgKS) in the
same way, where the antiferromagnetism and Kondo hybrid-
ization result from the Kondo interaction. Increasing the
Kondo coupling strength, the antiferromagnetic long range
order vanishes due to the Kondo hybridization, thus the
ground state for the localized spin at site i turns into |7;)
=|KS). In the same way the ground state for the conduction
electrons is given by |c;,)=|KS).

This discussion implies that fluctuations of the Kondo sin-
glets are not critical in this transition, and only antiferromag-
netic spin fluctuations are critical to drive the quantum tran-
sition via the Kondo interaction. This picture is consistent
with the single impurity problem, where the Kondo coupling
always causes the Kondo singlet ground state. The presence
of the Kondo singlets in both phases originates from the
strong coupling approach, where the Kondo coupling term is
solved first, thus allowing the Kondo singlets in both phases.
This leads us to conclude that the volume change of Fermi
surface should be continuous, which can be checked from
the fact that the chemical potential varies continuously
across the transition.

However, there can exist another solution for the mean
field equations (21), (26), and (27). If we assume E,=0 and
F,=0 for JgS/D larger than the quantum critical point
JxS/D, these mean field equations become

( 2 ) 2 J
FE+—|F=1, FE=— \N=—,
T T F,

yielding F,=/4, E,=8/m°, and N\=4J/ . This solution has
an interesting physical interpretation although our spin-
decomposed effective action for the Kondo lattice model is
not available above the value of Jg where E,—0 and F,
— 0. Note that this solution cannot be compatible with the
spinon condensation because the spinon condensation occurs
when (D/J)F,F,=2 is satisfied. Thus, it can be allowed only
in the paramagnetic phase. Approaching the quantum critical
point from the antiferromagnetic phase, the effective hopping
parameters remain finite, i.e., £,.#0 and F,.# 0 while they
are zero approaching the quantum critical point from the
paramagnetic phase. There is discontinuity for E, and F,,
given by AE.=E.(Jx—Jg.—0)-E(Jx—Jg.+0)=E,. and
AF,=F (Jx—Jg.—0)—F (Jx— Jx.+0)=F,.. We expect that
this abrupt change in the hopping parameters may be related
with discontinuity in the volume change of the Fermi
surface' even if the quantum transition is the second order
described by the spinon condensation. Although the delocal-
ized solution (E,# 0, F,# 0) near the quantum critical point
is expected to be a genuine solution in the mean field level, it
will be meaningful to consider this localization solution, con-
sidering gauge fluctuations beyond the mean field approxi-
mation. Later, we will comment on this issue. Since we do
not have any clear physical picture for this localization, we
do not go further based on this mean field solution.

PHYSICAL REVIEW B 75, 035117 (2007)

IV. BEYOND THE MEAN FIELD APPROXIMATION
A. Effective field theory

To examine non-Fermi liquid physics near the quantum
critical point, it is necessary to obtain an effective continuum
action of Eq. (15). It is important to introduce nonperturba-
tive effects of Kondo interactions in the continuum action.
We rewrite the mean field action for the fermion sector in Eq.
(16), and diagonalize it as follows:

S%F= 22 (‘ﬂlnka ¢l,lk+Qa)

w, ko
y (iE,wn —p+Ee oJxS ) ( Vo ko )
aJgS iEw,— u+ E,QﬁrQ wwnk+Qo
= E 2 (niwnk(r nia)nk(r)
w, ko
iEw, - pu+E! 0 ew,k
X( Wy — L k ‘ 7])( wno->’ (29)
0 lE,wn - M- Ek ”—wnko'

where the New, ko fermions are given by the unitary transfor-
mation of the ¢,, ;, fermions in the following way:

7]+wnko Cos ﬂwnk — osin 19wnk (/lwnko'
n—wnku' - o sin 19a)”k Cos ﬁwnk l//a)nk+Q0' '
(30)

Here E]'=\(E,€/)*+(JS)? is the quasiparticle energy ob-
tained before, and cos ﬂwnk, sin ﬁwnk are coherence factors,

- 29, =i[1422] in2 9, =4 1-2%
given by cos '-(}w,,k—z 1+ 7 and sin 1‘)‘%,6—2 1- o

Expanding the quasiparticle band in the long wavelength
limit, we obtain

E.€'\? 1{E€'\*
El=JgSA\/1+ ﬁ ~ JgS 1+§ ﬁ
K K

2(E,1)? ~ 2(E,1)?

= JgS+
JgS JgS

(k;+k)+ 0K, (31)

where the terms beyond the fourth order are ignored in the
long wavelength limit. Inserting the above into Eq. (29) and
performing the Fourier transformation, one can obtain a low
energy continuum action for the 7_, fermions

B
Sap:f de dzr{z (nfg(En[&T—ia'aT]—,u— IA) 7,
0 o

1 - .
+ _2M,7|(V —ioa—iA) 77_(,|2>] , (32)
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where M;IE(DE,)Z/ 8JkS and E, is replaced by E,. Note
that the effective mass M, of the renormalized conduction
electrons 7)_, is proportional to the Kondo coupling. The
U(1) gauge field a,, is introduced by shifting the three mo-
mentum k,, as k,—oa,. The empty high energy band for the
7. fermions is ignored in the low energy limit.
Performing the continuum approximation for the boson
sector in Eq. (15), the resulting effective field theory is given

by
Seff=S7]+Sz,
B
S,= fo dr f d’r E(nL(En[aT—ioaT]—M—iA,)ng

+ WKV —ioa— lA) 770|2)}

P F. 1, -
Szzf0 drfaarl; (7z|(z97—ia7)zg|2+2—MZ|(V—i5)zU|2

J+ + 3 (Z el e mﬂ (33)

+m

where M '=¢F /2 and F, is replaced by F, in the spinon
part. Here the “—” symbol in 7_, field is omitted for a
simple notation. The unimodular constraint in the spinon sec-
tor is softened via their local interactions u,. The w, term is
phenomenologically introduced, associated with the easy-
plane anisotropy.

The above effective action can be simplified via the fol-
lowing scale transformation:

7=, F=\2Mj. (34)

Performing the field-transformation for the boson sector ac-
cordingly,

. — ., a . (F )
a,=\Fla, a =-7—, z,= Zg»  (35)
: V2M, V2M,

the effective spinon action is given by
B 2 N2 ~ >\ |2
S.= dr | d*r'| 2 (|9, —ial)zL )P+ (V' —id")z.)
0 o

u, ! 2 ! ! !
2(2 |z(,|2) +wz|zT|2|zl|2} (36)

+m |z + ey
g

with
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18 12 2 ’ 2Mz
B =——, m/ =m, u.=—=-7u.,
\“’FZ/J b4 4 (FZ/J)I/z 4
2M

W= """ ;7W,.
Z (FZ/J)I/Z 4

The effective chargon action can also be obtained as follows:

Bf
— ’ 2.1 el s YAV
S”_fo dr fd r |: > (7]0 (E) [0 —ioa ] - p' —iA) 7,

+2—M,7|(V, —ioa —iA’ ng|2>] (37)

with the scale transformation for the fermion sector

e 1/4
B = EZZ ' MZZ A», _ A ' (FZ/J)
7 [ ’ n s > 770' [ 770'7
NF 1T 2M, \2M, V2M,
w=p A=A, (38)

As a result, we find the effective field theory

B
Seff= J;) de d2}"|:2 (n;(E‘I][aT_ anT] - M= lAT) Mo

N o B
+ ﬁJ(V —ioad— iA)7]0|2)1 + JO dTJ d2r|:§(r: (o,
u, 2
2) + 5(% |Z0'|2)

1 ¢ E,lo] 94
+WZ|ZT|2|Zi|2:| +52 <_+_72_n 8= =" |awa,

—ia)z,* + |(§ —ia)zg? +m?

qw, V8 Uy 4 q

(39)

where the prime symbol is omitted for a simple notation. In
the gauge action the former with an internal gauge charge g
of the 7, and z,, particles is the Maxwell term resulting from
high energy fluctuations of the 7, and z, particles.!>!® The
latter with the quasiparticle “renormalization” E, and the
Fermi velocity of the chargons v, is the Landau damping
term representing dissipative dynamics of gauge fluctuations,
which come from particle-hole excitations of the 7, fermi-
ons near the Fermi surface.' Since the time component of
the gauge field mediates local interactions due to the 7,
polarization'> which are irrelevant in the renormalization
group sense, it can be ignored in low energy limit.

B. Antiferromagnetic metal

For weak Kondo couplings J<Jg. (m§<0) the bosonic
spinons become condensed, leading to an antiferromagnetic
order of the localized spins. An antiferromagnetic metal ap-
pears for the conduction electrons away from half filling.
Gauge fluctuations are massive due to the Anderson-Higgs
mechanism, thus safely ignored in the low energy limit. Al-
though the gauge fluctuations are irrelevant in the renormal-
ization group sense, they play an important role in confining
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the fermionic chargons with the bosonic spinons to make
usual conduction electrons. This can be seen from the unitary
gauge. If the easy plane limit w, <0 is considered in Eq.
(39), the spinons can be treated as z,=(1/ VZ)e“"(f The uni-
tary gauge means a’u—aﬂ M¢T’ causing an excitation gap
for the @, fields. In this unitary gauge the phase degrees of
freedom appear in the chargon sector, and these phase fields
can be gauged away from the gauge transformation c,,
=¢"?17,. Thus, low energy excitations are antiferromag-
nons ¢'?1=%1) in the localized spins and electron excitations

B
30=f dffdzr{E(%(Eé o lA)ng+—|(V
0

~ oM,

where N,=2 is the flavor number of the spinons. Integration
for the critical spinons should be understood in the renormal-
ization group sense. Since critical boson fluctuations yield a
term linearly proportional to momentum ¢ in the gauge ac-
tion, the dynamical critical exponent is obtained as z=2.'%

In the random phase approximation!®?° the free energy is
given by

F f &Pq [ do [ w} _I{ImD(q,w)}
— > | — coth tan~ | —————
Vv @2m) 2T Re D(q,w)

1 (% * 8E
~ —j do| dgq tan‘{—”—%}
47 ), 0 v,N.q

1 E
———’7—{(3—21n—’£-21n wc>wc
47 v N, v,N,

8E
—(3—21n71\;L—21nT)T2}, (41)
v Z

where D(q,w)= ( z——+ S q) is the gauge kernel in the real

frequency w, and o, 1s an energy cutoff. The specific heat is
obtained to be

PF 1 E 8E 1 E
CV:_ (—2 :—__ﬂ_ _"ZT—__W_TIHT
ar-/y 7TZU,7N v, ’7TZU,7N
1 7T T
= In — (42)
T8AT, T,

with an energy scale Ty= (&)_1 Thus, the specific heat co-

efficient y has a singular dependence y=Cy/Tx—-InT in the
T—0 limit. The logarithmic divergence also can be seen in
the two dimensional itinerant antiferromagnet, where its
critical field theory is characterized by the dynamical expo-
nent z=2.%

In the one-loop level the imaginary part of the fermion
self-energy is given by

—iod - ifi)%|2” +

PHYSICAL REVIEW B 75, 035117 (2007)

¢, in the renormalized conduction band instead of the fermi-
onic chargons 7,. These conduction electrons feel weak
staggered magnetic fields due to the antiferromagnetic order-
ing of the localized spins.

C. Quantum critical point

As the Kondo coupling increases, the antiferromagnetic
metal approaches the quantum critical point where the anti-
ferromagnetic order vanishes. Critical boson fluctuations
renormalize gauge dynamics'’ in the critical field theory

Ly (Bl X ), ),
2q,wn Ur] q 8 ] q2 J

(40)

” - de,
S (k€)= f do f ypln(@) + 1= fel)]
0 aa

(k+k’)a<k+k')ﬁ< B qaqﬁ>
(2M77)2 ap 2

XIm D(q, )8 - €, — w)

2—]\;7]/[—2 dede dos(e! — € — w)[n(w) +1]
T

/E
X[1= /()] x gP—A =
w2+( zvzz) 4

8E
kFN (U/E
da) dq
4
(8E ) 1
kr N
“win @3)
/A

where €/=k?/2M,, is the energy dispersion of the 7, fermi-
ons, and N, is the density of states at the Fermi energy. The
scattering rate can be obtained from the self-energy expres-
sion with an additional ¢® factor in the integrand.'® Since the
imaginary part of the fermion self-energy is linearly propor-
tional to the fermion dispersion, the dc conductivity?! is
given by o, ~T72.

D. Region of strong Kondo couplings

Increasing Jg further from the quantum critical point, an
anomalous metallic phase appears. Integrating out the
gapped z,, excitations in Eq. (39), we obtain the Maxwell
term for gauge fluctuations
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1

B 1 N N 2 E .
SNFL:J de d2rl2 (ﬂz—(E’/)aT_ M= iAT)n(r+ WKV - l.O'C_l)— lA)ﬂaP)] + 52 (q_ + JM)<5!]_ q;gl)aiaj’
0 T n q

where the dynamical critical exponent is z=3. The effective
field theory of Eq. (44) is well known to cause non-Fermi
liquid physics due to scattering with massless gauge fluctua-
tions. The imaginary part of the fermion self-energy is given
by »?? at the Fermi surface, implying that its real part also
has the same frequency dependence via the Kramer’s Kronig
relation, thus giving rise to a non-Fermi liquid behavior.??
The coefficient vy of the specific heat is proportional to —In 7’
in three spatial dimensions and 7'/ in two dimensions.® The
dc conductivity is proportional to 77> in three dimensions
and T*3 in two dimensions.'> Note that the dynamical ex-
ponent z changes from z=2 at the quantum critical point to
z=3 in the non-Fermi liquid phase. Physical responses in the
Fermi liquid to non-Fermi liquid transition for two spatial
dimensions are summarized in Table III.

E. How to recover the Fermi liquid phase

When the spinon excitations are gapped, they can be ig-
nored in the low energy limit. Thus, if the gauge fluctuations
are suppressed in Eq. (44), Fermi liquid physics can be ob-
tained. As the Kondo coupling constant increases, the effec-
tive chargon mass M,=8/S/ (DE,)?> becomes heavier and
gauge fluctuations are suppressed because 1/v,~ M, in Eq.
(44). This may give rise to the Fermi liquid physics in the
case of large Kondo couplings. In this scenario the non-
Fermi liquid is expected to turn into the Fermi liquid con-
tinuously. In our mean field analysis M — and M,— %
were found at the point where E,=0 and F,=0. Hence, the
spin decomposition scheme cannot cover the whole range of
the phase diagram so that we were not able to recover the
Fermi liquid phase.

There is another possibility associated with the
confinement-deconfinement transition due to the compact-
ness of the U(1) gauge field in the present problem. Note that
we did not take into account instanton excitations in the pre-
vious discussion. In two space and one time dimensions
there is no deconfined phase owing to the proliferation of
instanton excitations when only gapped fermion or boson

excitations exist.'> However, the presence of gapless matter

TABLE III. Physical response in the Fermi liquid to non-Fermi
liquid transition.

Jx<Jge
Antiferromagnetic
Fermi liquid

Jxk=Jke
Quantum
critical point

J>Jge
Paramagnetic
non-Fermi liquid

y=C,IT Const. ~InT T3
T ge T—2 T—2 T—4/3

g0, 8 Uy 4

(44)

fields was recently argued to allow a deconfined
phase.!623-28 Non-Fermi liquid phase corresponds to the de-
confined phase which gapless fermion (7,) excitations make
stable against instanton excitations.!®23 The present quantum
critical point is identified as the deconfined quantum critical
point>* that can be stable due to critical boson (z,)
excitations®® and gapless fermion excitations.'®?} On the
other hand, Fermi liquid corresponds to the confinement
phase. Instanton condensation leads to confinement between
the 7, fermion and the z, boson to make an electron c,
=U,s .. We don’t know whether the non-Fermi liquid
phase is stable against instanton excitations or not. If it is
stable, the confinement-deconfinement transition correspond-
ing to the non-Fermi liquid to Fermi liquid transition would
occur in the strong Kondo coupling region. The nature of this
transition may be KT-like (Kosterlitz-Thouless).>” On the
contrary, if the non-Fermi liquid phase is unstable against the
confinement, the parameter region of the non-Fermi liquid
phase would shrink to vanish. Then, the quantum critical
point will coincide with the point where localization occurs
with M, —o and M, — .

V. DISCUSSION AND PERSPECTIVES

Our approach has some analogies with that of Ref. 30
where bosonic spinons are used for the localized spins, re-
sulting in charged fermions for the Kondo resonances. How-
ever, there are several important differences between our ap-
proach and that of Ref. 30. Reference 30 starts from the
Kondo-Heisenberg lattice model

HKHM 2 6'ka{er(,. + JK E bl( l(r’C,gprtmecl(r
ko ioa’

i gsery,
+Jp 2 blbigbs b, (45)
(ijpoo’
where ¢, represents a conduction electron with momentum
k and spin o, and S;= %bjg?m,/bi,,/ is the boson representation

of the localized spin §;. Performing the HS transformation
for the particle-hole channel in the Kondo coupling term and
the particle-particle channel in the Heisenberg interaction
term, Eq. (45) reads

Xth
eff_ 2 6kao-CkU"" 2 (bw—Xz Cigt H. C) 2 J
io K
2
+ 2 (Al ™ bl bT, + He) =2 Bl 4

({ij)o () Jn

where the onsite bond variable y; is a Grassman field asso-
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ciated with the Kondo resonance and the bond variable A; is
introduced to keep short range antiferromagnetic correla-
tions.

The crucial difference between the two approaches lies in
the HS decoupling scheme of the Kondo interaction term;
Ref. 30 allows three kinds of matter fields that correspond to
two fermions ¢, X;, and one boson b;, while our decompo-
sition introduces only two kinds of matter fields, one fermion
¢, and one boson z;,. In fact, x; fermion corresponds to the
;7 fermion while the ;) fermion is not allowed in Ref. 30.
Since the ; field follows fermion statistics and the conden-
sation of fermions is not possible, the conventional mean
field analysis in the slave-boson approach? is not applicable.
Recently, there has been progress in this spin-boson ap-
proach for the single impurity problem based on the non-
crossing approximation scheme of the U(1) slave-boson
theory,? although its extension to the Kondo lattice model
has not been reported yet.’!

A schematic phase diagram based on the effective Kondo
action in Eq. (15) is shown in Fig. 3, where the horizontal
axis is the Kondo coupling strength and vertical is tempera-
ture. “AF” represents the antiferromagnetic metal and “HF”
the heavy fermion metal. The dashed line denoted by T
represents the Kondo temperature for the Kondo singlets to
form, where (ol ;) #0 below Ty while (o] i;,)=0
above Tg. The solid line shows the second order antiferro-
magnetic transition related with the spinon condensation in
the present theory. This phase diagram is quite similar to that
of the HMM theory since the Kondo hybridization always
exists in both the antiferromagnetic and heavy fermion
phases below the Kondo temperature, and antiferromagnetic
ordering is associated with the quantum transition. However,
an important difference between these two theories can be
found near the antiferromagnetic quantum critical point.

In the HMM theory low energy elementary excitations at
the quantum critical point are critical antiferromagnetic fluc-
tuations with spin quantum number 1, described by

1 . N .
Stmm = EE (Tw,| + gnlg, »,) - 1(- g,— »,) + V(|7A]),

7.0,

(47)

where the damping term with a damping coefficient I' comes
from gapless electron excitations near the Fermi surface and
V(|i1|)=[Bdrf d*r3|n|*+---. is an effective potential for the
spin-fluctuation order parameter 7.2 On the other hand, at the
quantum critical point of the present approach the critical
antiferromagnetic fluctuations are fractionalized into critical
spinon excitations with spin quantum number 1/2 due to
strong Kondo interactions. The critical field theory is given
by

B -
SDQCP=J de dzr{z ((9, = ia)z > + |(V = id)z,|*)
0 o

u 2
(ol wz|zT|2|zl|2}
o

1
L (ﬂMJr

2 q,0p v 7 4q

N O
jg)(@,—‘%l)a,-aj, (48)
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FIG. 3. (Color online) A schematic phase diagram of the Kondo
lattice model based on our effective theory.

where the gapless renormalized fermions 7, are integrated
out, causing dissipation in gauge dynamics. Here “DQCP”
means the deconfined quantum critical point>*?* discussed in
the previous section.

It is interesting to see that both critical theories in Egs.
(47) and (48) are characterized by the same dynamic critical
exponent z=2. Thus, two critical theories show similar criti-
cal physics although the low lying excitations are completely
different. Actually, the HMM theory can also explain the
logarithmic divergence in the specific heat coefficient in two
spatial dimensions.! Since two spatial dimensions lie in the
upper critical dimension due to the dynamic critical expo-
nent, universal scaling for the spin susceptibility does not
appear in both critical theories. Thus, it is impossible to com-
pare an anomalous critical exponent in one theory with that
of the other. However, there exists one crucial difference; if
we have the deconfined quantum critical point, the non-
Fermi liquid metal as a deconfined critical phase can appear
above the deconfined quantum critical point (Jx>Jg.) while
this non-Fermi liquid phase cannot be allowed in the HMM
theory. According to our effective field theory, it is clear that
there should be a crossover between the quantum critical
region and non-Fermi liquid phase as temperature decreases
in Jx>Jg, (Fig. 3). The crossover temperature 7" depends
on the spin gap N\—DF, as T ~\-DF,. This crossover
should appear in the upturn behavior of the specific heat
coefficient from y~-InT to y~ T3 since the effective
field theory changes from z=2 to z=3 during the crossover.
The upturn behavior was also discussed in Ref. 30, but the
mechanism is different.

Let us discuss dissipation in both the weak coupling criti-
cal theory of Eq. (47) and the strong coupling one of Eq.
(48). The strong coupling theory may be derived from the
weak coupling one using the CP' representation. Remember
that the O(3) nonlinear o model can be mapped onto the
U(1) gauge theory within the CP! representation, as dis-
cussed before. The main point of this CP! decomposition is
how dissipative dynamics of spin fluctuations 7(r, 7) in the
HMM theory [Eq. (47)] are transferred into that of gauge
fluctuations a(r, 7) in the CP! gauge theory [Eq. (48)]. In the
context of the standard weak coupling theory order param-
eter fluctuations directly couple to gapless fermion excita-
tions near the Fermi surface. As a result, dissipation effects
in order parameter fluctuations appear in the kinetic energy
term. In our strong coupling approach fractionalized order
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parameter fluctuations do not couple to the gapless fermion
excitations directly. Instead, their couplings are realized in-
directly via gauge fluctuations. Dissipative dynamics of frac-
tionalized order parameter fluctuations are induced by
damped gauge fluctuations that result from the gapless fer-
mion excitations near the Fermi surface. The damped gauge
fluctuations play an important role in quantum critical phys-
ics. If fermion excitations are gapped and the damping ef-
fects in gauge fluctuations are not taken into account in Eq.
(48), the quantum phase transition belongs to the inverted XY
(IXY) universality class in the case of large flavors of frac-
tionalized boson excitations.!” However, the presence of dis-
sipation in gauge excitations due to gapless fermions
changes the IXY universality class completely. Since the dis-
sipation results in the dynamic critical exponent z=2, the
spacial dimension d=2 becomes the upper critical dimension
and the nature of the quantum transition would be a mean
fieldlike type with logarithmic corrections.

Inserting the CP' representation 7= %zl?wrzgr into Eq.
(47),> Eq. (47) can be written in terms of the bosonic
spinons interacting with gauge fluctuations. Unfortunately,
the |w,| linear (damping) term prevents obtaining a complete
expression. Performing the HS transformation for the damp-
ing term, dissipation in order parameter fluctuations would
appear in gauge fluctuations although the dissipative gauge
action is not given by that in Eq. (48). This implies that
damping effects due to gapless fermions are imposed in a
different way for the weak and strong coupling theories.

It is valuable to apply our spin decomposition to the one
dimensional Kondo lattice model in order to confirm that the
non-Fermi liquid metal with spin gap can be allowed. The
effective field theory in Eq. (39) will be applicable to the one
dimensional case. An important difference from the two di-
mensional case is that dissipative dynamics in gauge fluctua-
tions do not appear because the gapless conduction fermions
are described by massless Dirac fermions near the Fermi
points. In one dimensional effective field theory strong quan-
tum fluctuations coming from low dimensionality do not al-
low the spinon condensation. Furthermore, the spinon exci-
tations are gapped because the Berry phase contribution
disappears due to the Kondo coupling. The most crucial
point in the one dimensional effective theory is that the gap-
less Dirac fermions make gauge fluctuations massive,3
which can be seen using the bosonization technique. As a
result, the gapped spinon excitations are deconfined®* al-
though the mechanism is different from the two dimensional
case. Moreover, the gapless fermion excitations exhibit
strong superconducting correlations as the two dimensional
case. Our spin-gauge theory in Eq. (39) allows superconduct-
ing instability because the spin-gauge fields mediate attrac-
tive interactions between 7; and 7, fermions. The o symbol
in the gauge coupling shows that the gauge charge of the 7;
fermion is opposite to that of the #, fermion. In this respect
the non-Fermi liquid phase with spin gap is the two dimen-
sional analogue of the one dimensional spin-gapped phase.

If SU(2) gauge fluctuations are taken into account in Eq.
(11) instead of U(1) gauge fluctuations, the non-Abelian na-
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ture of SU(2) gauge fluctuations may not allow the decon-
fined quantum criticality and non-Fermi liquid phase.'?> How-
ever, there is no consensus for the confinement problem in
the context of the SU(2) gauge theory, as far as we know. If
the deconfined non-Fermi liquid phase turns into a confine-
ment state, spinons should be confined with chargons via
SU(2) gauge fluctuations. Instead, electron excitations are
allowed and the resulting phase may be the Fermi liquid. The
spinons and chargons are not meaningful objects in the low
energy limit. However, the spinon excitations may emerge as
broad spin spectrum (particle-hole continuum) at high ener-
gies beyond multiparamagnon scattering according to the
asymptotic freedom of the SU(2) gauge theory.'?

In this SU(2) gauge theoretic description the quantum
critical point would lie between the Higgs phase (antiferro-
magnetism) and the confinement one (Fermi liquid), while it
is between the Higgs phase and the deconfinement one (non-
Fermi liquid) in the present U(1) gauge theory. It was argued
that there is no phase transition between the Higgs and con-
finement phases and they are smoothly connected.'3 Then,
the spin-decomposition method in the context of the SU(2)
gauge theory cannot describe the quantum phase transition of
the Kondo lattice model. In this case another order parameter
should be considered to study the quantum phase transition
of the Kondo lattice model, for example, the hybridization
order parameter in the context of the slave-boson theory.®’

In summary, we investigated the quantum phase transition
from an antiferromagnetic metal to a heavy fermion metal in
the Kondo lattice model. First, we diagonalized the Kondo
coupling term in the strong coupling approach. Then, we
derived the effective Kondo action [Eq. (15)] and performed
the mean field analysis [Eq. (19)] to obtain the mean field
phase diagram, showing the quantum phase transition from
the antiferromagnetic metal to the heavy fermion metal. The
Kondo term is always relevant so that the Kondo hybridiza-
tion persists even in the antiferromagnetic metal, which
means that fluctuations of the Kondo singlets are not critical
in the phase transition. The volume change of Fermi surface
thus is expected to be continuous across the transition. We
found that softening of antiferromagnetic spin fluctuations
leads to the quantum transition driven by the Kondo interac-
tion in the strong coupling approach. Beyond the mean field
level we derived the effective U(1) gauge theory [Eq. (39)]
in terms of the renormalized conduction electrons 7, and the
spin-fractionalized excitations z,, interacting via the U(1)
spin-gauge fields a,. Our critical field theory characterized
by the critical exponent z=2 can explain the non-Fermi lig-
uid physics such as y~ —In T near the quantum critical point.
Furthermore, we showed that if our scenario is applicable,
there can exist a narrow region of the non-Fermi liquid phase
with the spin gap near the quantum critical point. We also
discussed how the present theory can recover the Fermi lig-
uid phase, but this issue should be clarified near future.
Lastly, we commented on the superconducting instability
near the quantum critical point. This interesting possibility
remains as a future study.
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