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We show that spatially local, yet low-energy, fluctuations can play an essential role in the physics of strongly
correlated electron systems tuned to a quantum critical point. A detailed microscopic analysis of the Kondo
lattice model is carried out within an extended dynamical-mean-field approach. The correlation functions for
the lattice model are calculated through a self-consistent Bose-Fermi Kondo problem, in which a local moment
is coupled both to a fermionic bath and to a bosonic Hatfiuctuating magnetic fieJd A renormalization-
group treatment of this impurity problem—perturbativesin 1— y, wherey is an exponent characterizing the
spectrum of the bosonic bath—shows that competition between the two couplings can drive the local-moment
fluctuations critical. As a result, two distinct types of quantum critical point emerge in the Kondo lattice, one
being of the usual spin-density-wave type, the other “locally critical.” Near the locally critical point, the
dynamical spin susceptibility exhibite/T scaling with a fractional exponent. While the spin-density-wave
critical point is Gaussian, the locally critical point is an interacting fixed point at which long wavelength and
spatially local critical modes coexist. A Ginzburg-Landau description for the locally critical point is discussed.

It is argued that these results are robust, that local criticality provides a natural description of the quantum
critical behavior seen in a number of heavy-fermion metals, and that this picture may also be relevant to other
strongly correlated metals.
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I. INTRODUCTION metal to an antiferromagnetic metal by varyir@nd/or an
applied pressure. The resdfts'®are striking in a number of
Non-Fermi-liquid properties have been seen experimenways. (1) The frequency dependence of the dynamical spin
tally in a number of strongly correlated electron systénis. susceptibility displays a fractional expone(®) The same
They pose fundamental questions about how electron corr@xponent also appears in the temperature dependence; the
lations lead to new electronic states of matter and new eldynamical spin susceptibility has/T scaling.(3) This frac-
ementary excitations. One mechanism for the breakdown dional exponent describes the variation with frequency and
Fermi-liquid theory is quantum criticality. While the extent temperature not only at the ordering wave vector, but essen-
to which an underlying quantum critical poif@CP plays a tially everywhere else in the Brillouin zone.
role in the non-Fermi-liquid behavior of high-temperature The existence of the fractional exponent is a surprise. It is
superconductors remains a subject of deBate, situation is  standard to assurffe? that the critical theory for magnetic
much clearer in heavy-fermion metals. Among the manyQCP’s in metals is a¢* theory, describing the long-
heavy-fermion materials in which non-Fermi-liquid proper- wavelength fluctuations of the magnetic order parameter.
ties have been seén; *®magnetic QCP’s have been explic- Landau damping makes the dynamic exporefrger than
itly identified in a number of stoichiometric or nearly sto- 1. In the antiferromagnetic case=2, so the effective di-
ichiometric materiafs® including CeCy_,Au,, CePgdSi,, mensionality of the¢* theory, dgs=d+z, is greater than
Celn;, and YbRRBSI,. In each of these systems, the zero-(equal tg its upper critical dimension for spatial dimension-
temperature magnetic ordering transition appears to be comlity d=3 (d=2). Consequently, in the standard picture all
tinuous. Non-Fermi-liquid behavior, usually seen in the tem-the nonlinear couplings are irrelevant in the renormalization-
perature dependences of transport and thermodynamigroup (RG) sense, the fixed point is Gaussian, and the fre-
properties, arises near the QCP. For instance, the resistivity guency exponent must take its mean-field value of 1.
linear (or close to being linearin T, and the temperature Likewise, the existence ab/T scaling is surprising. For a
dependence of the specific heat coeffici€lfl is either Gaussian fixed point, the spin relaxation rate is determined
logarithmically singular or nonanalytic with a finite zero- by nonlinear couplings that are irrelevant in the RG sense.
temperature limit. Away from the quantum critical regime, This implies that the relaxation rate is superlinear in
there is a gradual recovery of Fermi-liquid behavialbeit  temperaturé® whereasw/T scaling can arise only for a lin-
still with a large effective mags These materials provide ear relaxation rate.
controlled settings in which to study not only basic issues Both of these features, then, imply that the critical point in
concerning magnetism in heavy fermions, but also the physceCy_,Au, has to be an interacting one. What is the new
ics of QCP’s in strongly correlated metals in general. physics that is responsible for the interacting part of the criti-
Inelastic neutron scattering directly probes the criticalcal theory? A clue is provided by the third feature of the
fluctuations at heavy-fermion magnetic QCP’s. Particularlyexperimental data mentioned above. The fact that the frac-
detailed measurements have been performed ofional exponent in the frequency/temperature dependence oc-
CeCy_,Au,, which can be tuned from a paramagneticcurs also at generic wavevectdfar away from the ordering
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wavevectoy suggests that the origin of the fractional expo-the Bose-Fermi Kondo model, and of the calculation of cor-

nent lies in some type of local physit5. relation functions at the critical point of the impurity model
Heavy-fermion metals undergoing a magnetic quantun@re given in Appendixes A, B, and C, respectively. Finally,

phase transition should be well described by the Kondo latAppendix D presents the derivation of correlation functions

tice model of local moments interacting with conduction-for the long-ranged one-dimensional spherical model with an

band electrons. It is natural, therefore, to suspect that théteraction that decays with distance either as a pure power

local physics responsible for the anomalous properties oW or with logarithmic corrections.

CeCy_,Au, involves the magnetic moments. In Ref. 27, we

briefly reported an interacting critical point in Kondo lattice II. THE MODEL AND FORMALISM

systems(See also Ref. 28 for more qualitative discussipns.

Our analysis was carried out using an extended dynamical-

mean-field theory(EDMFT), supplemented by Ginzburg-  The Kondo lattice model is specified by the Hamiltonian

Landau considerations. Other approaches, based on aNarge-

formulation, have also been developed to study this [

problem?®*although they have yet to yield any new type of H=2 tiicl Cjot 2 S-St X %S S, (@

QCP’s. A scenario of three-dimensional electrons coupled to e ' !

two-dimensional Gaussian spin fluctuatidfi&®! has also

been proposed, but it does not address the local and OthS/rhich interacts on-site with the sp&; of the conductior{c)

nor_:_-hG aussian aspects of the. C”“Cf"" dyna_rmcs. . -electrons. The tight-binding paramet¢gsdetermine the dis-
e present paper describes in detail our MICTOSCOPIG & sione, and, hence, the bare Cond]uction-band density of
analysis of the Kondo lattice. The interplay of local and spa-p €k ' ' sty 0
tially extended physics is treated using the EDMFT devel—s’tat(':'S
oped in Refs. 32—34. The central result is the finding of two
types of qqantum phase transmon. The _fl_rst, corresponding _to pol€)= 2 S(e—€p). )
the Gaussian picture, describes a transition of the usual spin- K
density-wave(SDW) type, and is found to occur when the
underlying spin fluctuations are three dimensional in characWe will treat only cases where the average number of con-
ter. We dub the other type of transition “locally critical,” duction electrons is less than one per site. All the phases
because long wavelength and spatially local critical modeslescribed below are metallic.
coexist at the QCP. This type of transition occurs if the spin Two processes oppose each other in the Kondo lattice.
fluctuations are(quasiy two dimensional. Near the locally First, each magnetic moment couples locally with strength
critical point, the dynamical spin susceptibility exhibitedT ~ Jk to the spins of the conduction electrons. We consider only
scaling with a fractional exponent. By analyzing the generapositive (antiferromagnetic Jx values, which can lead to
form of the interacting critical theory, we argue that the ex-Kondo quenching of the local moments. Second, the mag-
istence of two types of critical point is valid beyond the netic moments interact with each other through the nonlocal
approximations contained in our microscopic calculationsRuderman-Kittel-Kasuya-YosidéRKKY ) coupling ;. In
The locally critical picture provides a natural description of Eq. (1), we have introduced an explicit RKKY interaction
the quantum critical behavior seen in a number of heavyterm in addition to that induced implicitly by the Kondo
fermion metals, and is argued to be of importance in thecoupling Ji . This is done so that the dynamics associated
broader context of strongly correlated electron physics.  with the RKKY interactions can be incorporated into the
The remainder of the paper is organized as follows. WEEDMFT.3273(The EDMFT ensures that there is no double-
introduce the model and its EDMFT formulation in Sec. II. counting of the implicit and explicit RKKY interaction)
The EDMFT equations have the content of a Bose-FermFor the systems under consideratiby, the spatial Fourier
Kondo model supplemented by self-consistency conditionstransform ofl;;, is most negative when is equal to the
In Sec. lll, we present a detailed RG analysis of the Boseantiferromagnetic wave vect@+ 0.
Fermi Kondo model, when the bath spectral functions are The competition between the Kondo effect and the RKKY
assumed to take power-law forms. A critical point is identi- interaction is expected to lead to a magnetic quantum phase
fied in the impurity model, and the spin correlation functionstransition3®¢ Traditionally, it is assumed that the local mo-
near this critical point are calculated. Using this solution toments are quenched, not only on the paramagnetic side but
the impurity model, we study in Sec. IV the self-consistentalso through the transition. In this picture, the quantum phase
EDMFT problem. Two types of QCP are identified, and theirtransition corresponds to an SDW instability of heavy quasi-
zero-temperature dynamics are determined. The finiteparticles produced by the quenching, and the quantum criti-
temperature spin dynamics are studied in Sec. V. Acal behavior is necessarily that of a Gaussian fixed point. By
Ginzburg-Landau analysis is presented in Sec. VI. Sec. VItontrast, our analysis makes no prior assumption that Kondo
compares our theoretical results with experiments in heavyresonances are fully developed. It should be stressed—as a
fermion systems. Section VIII contains concluding remarksdiscussion at the end of Sec. IV A will make clear—that the
and discusses the general relevance of critical local physicsritical point is always reached by tuning just one parameter:
Details of the derivation of the RG equations, of the deterthe ratio of the effective RKKY interaction and an effective
mination of the separatrix between the two stable phases d¢fondo coupling.

A. Kondo lattice model

At each lattice sitd is located a spir- local momentS,
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B. Extended dynamical mean field theory . % ‘

In the EDMFT3273 all the correlation functions of the i b
Kondo lattice can be calculated in terms of a self-consistent ' ;
Kondo impurity model. The EDMFT generalizes the stan- : ..
dard dynamical mean-field thedfin that it incorporates the J
guantum fluctuations produced by any intersite interaction;
in the Kondo lattice mode(l) this is the RKKY interaction.

A key gquantity introduced in the EDMFT is the “spin self- I. I ‘
energy”M(w), in terms of which the momentum-dependent R Ko
dynamical spin susceptibility can be written + +

X(q,w):M(w—)Jrlq- (3 J | J

(More specifically, the spin self-energy is defined in terms of
an effective spin cumulant that i irreducible®?) The
conduction-electron Green’s function is, as usual, expressed FIG. 1. Single-site, two-site, and three-site diagrams for the

in terms of the conduction-electron self-ene&yw): Luttinger-Ward potential in the extended dynamical mean-field
theory. A dashed line represents an intersite interaction,; thiig is
1 for the Hamiltonian given in Eq). A blob contains all the on-site
G(k,w) (4) diagrams, with the associatéflly dressedl fermion Green's func-

ot p— e (o) tion. The series extends to diagrams involving an infinite number of

A crucial advantage of the EDMFT is that, unlike standard'®

RPA approximations, the damping of spin fluctuations is not ial choi f lattice h b de i d

restricted to take place via decay into quasiparticle-quasiholgase.’ a special choice of lattice has to be made in order to
. . . : Obtain a stable paramagnetic solution.

pairs. Instead thédynamical solution of the problem will

dictate the nature of the low-energy many-body excitations

and the associated form of the spin damping. At the same

time, it is important to bear in mind the central approxima-

tion made in the EDMFT, namely, both andM are taken to The EDMFT equations for the Kondo lattice model can be

be momentum independent. expressed in terms of an effective action for a single lattice
Details of the formalism have been published in Ref. 32site (the “impurity” site):

Here we stress that the EDMFT can be adopted as a conserv- 5 5

ing resummation of diagrams for finite-dimensional systems.

Ag discussed in Ref. 392, the diagrams retained in %/he ED- Simp= Stop fo d7deS &~ fo dr

MFT form an infinite series, which is illustrated in Fig. 1. ;

(Note that standard Feynman diagrams can be used for the , + 1 , ,

Kondo lattice model once the spin of the local moment is x fo dr {; Co(7)Go (7= 7)Co(7")

represented in terms of pseudofermions without a constraint;

one such representation suitable for the spicase we are 1 1 , ,

considering is the Popov representation. + 587 xo (7= 7)S(7")
The spatial dimensionality and other aspects of the lat- )

tice structure are encoded in the form of the tight-bindingwhere=1kgT, Stop de§cl:r|bes the Berry phase of the local

parametet;; and the RKKY interactionl;; . In particular, a ~moment, and3, ~ and x, ~ are Weiss fields.

quantity that will play a crucial role in our analysis is the  Equivalently, the effective impurity action can be repre-

C. Extended dynamical mean-field equations for
the Kondo lattice

: (6)

“RKKY density of states” sented in terms of the following effective impurity Hamil-
tonian:
€)= o(e—1g). 5 - -
pO=2 dlemly) P M aS st Bl 03 S (dy+d )

For any finite-dimensional syster, is nonzero only over PR
a finite range. In other words, the support pf(e) is +2 Wpdp' - dp- v
bounded. This ensures that there is a finite region of param- P
eter space over whicly(q,w) is positive and nonsingular; This is the Bose-Fermi Kondo Hamiltonian, describing a lo-
hence, a stable paramagnetic solution exists. An alternativeal moment coupled not only to the spin of a fermionic bath
construction of the EDMFT, also given in Ref. 32, scales the(Cp,), as in the usual Kondo problem, but also to a dissipa-
intersite parameters such that the nearest-neighbor couplinge vector-bosonic batthp). Physically, the vector bosons
goes asl<ij>o<1/\/a, and then takes the limd—o. In this  describe a fluctuating magnetic field generated via the
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RKKY interaction by the local moments at all other lattice = The derivation of Eqs(3), (4), and(11) has been given in
sites. The dispersiong&, andw,, as well as the coupling Ref. 32. For notational simplicity, in the remainder of the
constantg, are such that integrating out the two baths in thepaper we will not differentiate between impurity quantities
Hamiltonian representation yields the effective acti@.  and local quantities. In particular, the impurity spin-spin cor-
Specifically, relation function determined from the Bose-Fermi Kondo
) model will simply be calledyq.
2 Wp  _o—ag
J % (ivm)2—w3 Xo (1¥m). Ill. SOLUTION OF THE IMPURITY PROBLEM

®) Our goal is to determine the universal low-energy behav-
=Gy(iwp), ior of the effective impurity problem generated by the ED-
MFT. For this purpose, we choose trial forms for the Weiss
fields such that the density of states of the fermion bath near
the Fermi energy is a nonzero constant

EP iwn—E,
wherev,, and w,, are bosonic and fermionic Matsubara fre-
guencies, respectively. In the following, we will interchange
between the two representations based on notational conve-
nience. _ > (0—Ep)=No, (14)

The self-consistent procedure goes as follows. p

(1) Put in trial forms forxg *(ivy) andGg (i wy).

(2) Solve the impurity Kondo problem to determine the
impurity correlation functions

Ximp(T)=(T;S(7)S(0)) 9

and > Sw—wp)=(K¥m)|w|” for |o|<A, (15
p

while the spectral function of the fluctuating magnetic field
has a sublinear power-law dependence on energy at suffi-
ciently low energies

Gimp(7)=—(T,C,(7)c(0)). (100 with y<1. Equivalently—through Eq(8)—the imaginary

This step also determines the spin self-energy through gart of the Weiss field takes the form

Dyson-like equation for the impurity problem Imxgl(w+i0+)=C|wlysgnw, (16)

IS b where
M imp(' Vm) - XO (l Vm) + Ximp(i Vm) ’ (11)

C=(Ko9)>2. (17)

Equation(15) also defines the cutoff paramet&r The self-
: . (12) consistency of our trial forms for the Weiss fields will be
Gimp(iwp) established in Sec. IV, where the solution far C, A, and
) ) ) Ny will also be given.
(3) Determine the parameters in the trial forms of Having specified the parameters of the impurity model,
Xo (ivy) and Gy '(iw,) by demanding self-consistency. we now proceed to solve this model. Our strategy is first to

and a conduction-electron self-energy

2imp(i wp) = Gal(i wp) —

The self-consistency conditions construct the RG equations for the coupling constagtand
g. We then show that a phase transition exists as the ratio
Ximpl ©) = z Y(q o), g/'_l'ﬁ is vari_ed.[nge we parametrize the Kondo couplidg
q using the single-impurity Kondo temperature
(13
Gimp(w)=2k G(k,), Tﬁ~me Vpo(u) Ik (18)

amount to the requirement that each local correlation funcwherepy(u) is the bare conduction-electron density of states
tion is equal to the wave-vector average of the correspondingt the chemical potentigk.] The critical value ofg/Tﬁ is
lattice correlation function. The lattice spin susceptibility anddetermined to linear order in-4y. We then calculate the
lattice Green’s functiony(q,iv,) and G(k,iw,), respec- correlation functions at the critical point, also to linear order
tively, are given in Egs(3) and(4). in 1— 1. This (1— y) expansion was first introduced to the
(4) Once self-consistency is achieved, identify the impu-Bose-Fermi Kondo model by Smith and®*$jfollowing an
rity quantities xim, and G, with the corresponding local earlier (1- ) expansion for a spinless Bose-Fermi Kondo
(on-site quantitiesy,q. and G, of the lattice problem. Like- modef®] and by Sengupt®. It was subsequently used to
wise, identify M, and 2, with the corresponding lattice study a Bose Kondo model with an interacting bath by Vojta,
quantitiesM and3, and hence use Eq&) and(4) to cal-  Buragohain, and SachdéV.
culate the lattice dynamical spin susceptibilityq,i v,,) and Both the construction of the RG equations and the calcu-
the lattice Green functio®(k,i w,). lation of correlation functions require a proper handling of
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--------- »----------f-electron c’ G’ G’
- \\
\‘ \\\
conduction ‘?\ .
P AVAVAVAW
electron K e
7 2y
G, c G,
N\NNNNSNVY  vector-boson
FIG. 2. Bare propagators of the impurity problem defined by the a b
Hamiltonian(7), with the spin of the local moment represented in
terms of(pseudd f electrons. FIG. 3. (a) Kondo coupling between the spin of flectron and

the spin of a conduction electrofly) coupling between the spin of
the spin operators. Following Smith and®iwe adopt the anf electron and the vector-boson field.
Abrikosov representation of the spin in terms of psefido-
electron8? g

g .
Ho== > of'f ¢*+—=(fIf ¢~ +H.c),
. 573 2 0Tl S (1147 +He)
s=>, f1-27f,, (19) . . .
w2 where o,0'=%1, ¢=Zy(d+$ ), and ¢ =(¢*

v . D
wherer*Y2 are the Pauli matrices. To stay within the Hilbert =)IN2. H, andH, are shown graphically in Fig. 3.

space for the spin, we assign an enekgyo the f-electron
level and calculate any correlation functio®)( involving
the spin from the corresponding correlation function in the  We first determine the bare scaling dimensions of the cou-
f-electron representatiorD) using plings Jx and g. S(7) is dimensionless because whép
=g=0, (S(7)-3(0))o is a constant;Z(r) has the scaling
dimension ofr~ (**""2 ands.(7) that of 7 1. ThereforeJy

is marginal, whileg has scaling dimension (1v)/2, i.e.,g

is marginal fory=1 and relevant fory<<1.

Here the prefactogef* is introduced to compensate the  We now calculate the8 function to cubic order in the
Boltzmann weighting factor for the singly occupied subspaceoupling constants. To do so, we first calculate the perturba-

in the pseudofermion basis. Wick's theorem appliesito tive contributions to thd-electron self-energy, and the per-

A. RG equations

1 -
D= lim EeBAD. (20

A—c0

since it involves Only canonical fermion operators_ turbative corrections to the vertices shown in F|g(-Bhe
Figure 2 shows the diagrammatic representation of thé&elf-energies of the fermionic and bosonic baths are of order
bare propagators 1/Ngjte @and vanish in the thermodynamic limit for the baths

or, equivalently, when the bath spectra are continydbe-
tails of the calculation are given in Appendix A.

Giwy) = —— (21) Consider first thd-electron self-energy. The relevant dia-
lw,— A\
" grams for the perturbative corrections are given in Fig. 4.
for the f electron, The result is
. 1 L 2.3 2 W
Gb(p,lwn)Zm (22 2f(w_")\)__ g(NOJK) +Z(Kog) wln;a (29
for the conduction electrons, and whereW is a running cutoff energy. Introducing through
o 2w, Gi(w+N\) =G w+\)Gi(w), (26)
Co(Piivm) = (ivm)?—wp 23 we have
for the vector bosonssl;(p,ivm) is the Fourier transform of 1 3 N2 3 ka2l W )
S = T =1—-|= +— n—.
GY(p.7)= (T dp @ T)(7): (Bt 3, Q)13 Gile)= 17Nl Z (o0 fin g (27

In the pseudofermion representation, the Hamiltonian Next consider the corrections to the Kondo couplihg
terms describing the Kondo interaction and the localpye to spin-rotational invariance it suffices to examine just
moment-vector boson interaction take the forms the spin-flip processes, say. Also, we set the energy of the

externalf electrons taw+ A and that of the external conduc-

tion electrons tgu. The diagrams that lead to singular cor-

rections to the full verteX';(w) are given in Fig. 5. We write
(24)  the full vertex as

J J
Hy= S oo’ tht,0] 0,0t (11 e +He,
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FIG. 4. Diagrams for thé-electron self-energy.

I'j(w)=Jky)(w), (28
and find that

1 ) 1 ) W
vi)(w)=1+ No\]K_g(NoJK) _Z(Kog) |n;-
(29

Finally, consider the corrections to the coupling constant
g. The diagrams contributing singular corrections to the cor-

responding full verteX"y are given in Fig. 6. Writing

Iy(w)=gyy(w), (30)
we have
a b
bay } .
v, 5,
A A
'77' 'ﬂ'
t’ t
Cc . d “

PHYSICAL REVIEW B68, 115103 (2003

FIG. 6. Perturbative corrections to the vertex describing the cou-
pling of the local moment to the vector bosons.

|1 2, 1 2| W
Yg(w)=1— g(NoJK) + 7(KoQ) In;. (32)

We are now in a position to construct the RG equations.
Lowering the cutoff energy fronW to W’ produces the
coupling-constant and wave-function renormalizations

gf(wiwrﬂ']},(’g’):zf gf(vaI‘JKig)i
Yy, W', 3k ,9" ) =25 yy(0,W, Ik ,9), (32
yg(wrwll‘]l,(’g,)zzal’yg(wawr‘]K!g)!
where
I=z'20¢, 9’ =2 249 (33
This leads to the RG equations

dd

ar

1
NoJk — ENSJ%— Kggz},

(34)

-
wherel =In(W/W').

To linear order in I vy, the 8 functions given in Eq(34)
yield an unstable fixed point located in tig-g plane at

dg 1-y 1
oS5 SNk

(Kog*)?=NoJg =(1-y)/2. (39

A separatrix passes through this critical point and through the
origin, Jx=g=0: to its left(right) in the Jx-g plane the RG
flow of Ji is towards infinity(zerg (see Fig. 7. For small

Jk andg, the position of the separatrix, expressed in the form
0c.(Jk), can be determined by iterating the RG flow. This
calculation, the details of which appear in Appendix B, gives

1_
(Koge)2=2(1 y)exp( N JZ) . (36)

B. Correlation functions at the critical point

Consider first the local spin autocorrelation function

1
Xioo T)=(T,S*(7)S(0))= lim EGBAX(T), (37

A— 00

FIG. 5. Perturbative corrections to the Kondo coupling vertex.where
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5 a b

~ . ~
S e e ~ k
s._<__— <., -

-

c ___>__~ d /_-}-_\
/f\ - . o, .~
- <. > <. i)
N~~ “f N§~ “'
0 g --<_- -_<__

FIG. 7. Schematic RG flow of the Bose-Fermi Kondo model.

Note the unstable fixed point at fini andg.
e ¢">—- _-~>~s f,"y—@$\~
~ 1 <, > < >

X(1=5(TA(DH (D0 (0)), (38)

which can be calculated using diagrammatic techniques. The
correlation functions along the entire separatrix specified by
Eq. (36) are asymptotically the same as their counterparts at
the fixed point described by E¢35). . .
As usual, given that * v is treated as an expansion pa- <\ /’
rameter, the correlation functions at the critical point can be \1@—4’
calculated via perturbative expansion in the coupliiigsind
0, at the end replacing these couplings by their fixed-point

valuesJ® andg*, respectively. The low-order diagrams are FIG. 8. Perturbation series faf,., defined in Eq(38), showing
shown in Figs. 8)-8(g). terms entering at zerotta), first (b)—(d), and higher(e)—(g) order

Becausely is of order 1- v, the corrections tgy from in1=y.
the Kondo couplinglk [Figs. 8e), 8(f), and &g)] are of
higher-than-linear order in-1y. The calculation of the re- 1 Cm(l-y)
maining contributions is given in detail in Appendix C. Dia- Xio @)= = T(y)sin———(—iw)"7, (43
. ) ) 2ATY
gram 8a) contributes to zeroth order in-1y:
X|(§c)(7):1/4- (39) wherel is the gamma function, and for=0,
Three diagrams contribute to first order in-3. The singu- 1 A
lar correction from diagram(®) is Xioc(®) = —_— (44)

2A

2 sin(7r 7/ B) .

X&(r)=- 1(K g*)2In (40)
loc 8 0 ’7T/A,8

Now we turn to the conduction-electron Green’s function.
The leading nonvanishing contribution to the conduction-
(Here we consider €7<p.) The singular contributions electron self-energy is given in Fig. 9. Sindg is of order

from diagrams &) and &d) sum to 1— v, we conclude that
3 Si /
Xiog (7)== g (Kog*)?In M. (42) 3=0[(1-9)], (45)
mAB
Collecting all these contributions, noting tha€4g*)?= (1 . _>. ~
P ~

—vy)/2, and following the procedure of the standard
e-expansior> we end up with the following form for the
local spin correlation function at the critical point:

1 mAB \177 49
X|0C( T) SIrKTrT/ﬂ) ( )
FIG. 9. Leading nonvanishing contribution to the conduction-
In the zero-temperature limit, this gives, forQy<1, electron self-energy.
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a X, a AP®

r\\

! g/T0 1
/To K |
970 |
>
lq €
*
b Eloc
b Ap©
\‘ - 0
0 g/TK
970
FIG. 10. (a) Static local spin susceptibility as a function of
g/Tﬁ. Forg<g., the susceptibility is finite and the local moment -
is completely quenched. The divergence of the susceptibility at IQ €
=(. signals that the dynamics of the local moment have become _ _ _
critical. (b) The local energy scalEf: as a function ofy/TY . Ej:. FIG. 11.(a) An RKKY density of states with a jump at the lower
vanishes ag,, reflecting a critical slowing down. edge e=1q, characteristic of two-dimensional magnetic fluctua-

tions. (b) An RKKY density of states with a square-root onset at the

. . , N lower edge, characteristic of three-dimensional magnetic fluctua-
i.e., the conduction-electron Green’s function is unrenormal 9 9

ized to linear order in & y. Note that this stands in marked tons.
contzfilst to the strong-coupling Kondo phase, whereas a
pole:

To summarize, for a fixedy, the impurity model dis-
plays a QCP at a critical coupling.(Jk) specified by Eq.
(36). The static impurity spin susceptibility diverges gs
—0, , asillustrated in Fig. 1@). At the QCP, the dynamical
susceptibility is given by Eq43). Associated with this criti-
cal point is the vanishing of a local energy sc&g,, re-
flecting a critical slowing down. This is shown schematically
in Fig. 10b). Forg<g., Ej, is finite and serves as an ef-
fective Fermi energy scale. (&)

H €
Subsequent to the work reported here, the RG analysis of Xloc(w):f de P (46)

the fluctuating magnetic field to have a sub-ohmic spectrum
(y<1)?

The answer to both questions lies in the self-consistency
requirement. The determining factor turns out to be the form
of the RKKY density of states defined in E). The sig-
nificance ofp,(€) is that it characterizes the way the RKKY
interaction enters the self-consistency condition. Indeed,
combining Eq.(5) with Eq. (3), we can rewrite the first equa-
tion in the self-consistency conditiqd3) as

the Bose-Fermi Kondo model has been extefiti&dto M(w)+e
higher orders in +vy. An unstable fixed point has been
identified not only in the spin-isotropic model considered \ye consider two types of RKKY density of statege):
above, but also in the presence of anisotropy. In both casegye first type increases from the lower band edge e
the exponent of the local spin correlation function at the:|Q) with a jump, as shown in Fig. 14). The second type
;rg;trlggln%ﬂtnt Ft’;”éq‘(’;zt)to be *ytoall ordersin -y, i jycreases from the lower band edge in a square-root fashion,
. . . i.e., asye—lq. This is illustrated in Fig. .
We note that power-law behavior of local spin-correlation o jSmeand square-root onset %tlfﬁé lower edge are

functions has also been discussed in 'rg%%r_'% models thatparacteristic of magnetic fluctuations in two dimensions and
arise in the context of quantum spin-glasses."There, it three dimensions, respectively. This can be seen, for in-

IS as;omated with atablefixed point(i.e., a p_has)eof the stance, by comparing the form of the RKKY density of states
impurity model. By contrast, what we have discussed abovcieor nearest-neighbor real-space coupling on (@vo-
is anunstablefixed point(a critical poin). dimensiongl square lattice, wheré,=1(cosg,a+cosqg,a),
and a(three-dimensionalcubic lattice, wherd ;=1(cosga
IV. SELF-CONSISTENT SOLUTION +C0SQ,a+C0Sq;A). . . .
In the remainder of this section, we describe the quantum
We must now address the following two key questions.critical behavior for the two types of RKKY density of states.
Can the critical point associated with the local problem co-The quantum phase transition takes place as the ratio of the
incide with the magnetic ordering transition? What can caus&®KKY interaction to the Kondo coupling
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to linear order in -+vy. This shows that the fermion-bath
= (47 density of states, assumed to g in Eq. (14), is indeed a
Tk nonzero constant and is, in fact, equal to the bare
is tuned through some critical valug., which labels the —conduction-electron density of statgsee Eq.(2)] at the

QCP. We expech, , the ratio of energy scales characterizing chemical potential

the competing interactions that give rise to the transition, to _

be of order unity. No=pol)- (52
The QCP is signaled by the divergence of the static Spin | et us turn to the dynamical spin susceptibility. Combin-

susceptibility at the peak wave vectQr The peak suscepti- ing Eq. (51) with Eq. (11) yields

bility is related to the spin self-energyl (o) via Eq. (3):

_ 1 Xiocl @)
1
Xo (w)+ =M(w)=—IQ+AOeX[{——.
= w |
x(Q,w) M(@)+1g° (48 Xioc( @) pi(lo) 53
This implies that at the QCP Inserting Eqs(16), (36), and(43) into Eq.(53), and demand-
B ing a power-law form for the frequency-dependent part of
M(0—0)=-lq. (49) the spin self-energ\M (w), we reach the following self-
consistent solution for the parameters introduced in EQs.
A. Self-consistent solution in two dimensions (15-(17):
With a jump in the RKKY density of states, the self- >
consistency equation E¢46) can be written as y=0", A=Clm=—TY, (54)
aa
A
Yo ©) = flw OdELe)+f déﬂ, where T is defined in Eq(18). The specific form for the
Q M(w)te Jigra, M(w)+ 6(50) spectral function of the vector-bosonic Weiss field is
-2
wherer is defined such that, fare (1g,1g+ Ao), pi(e) is Im xo Hw+i0%)= WA( In A) sgnw, (55)
approximately equal to its value at the lower eqgélg). |l

Eor instance, ifo,(€) is flat, thenA, is equal to the separa- \yhile the local susceptibility is

tion between the upper and lower edge of the gldk). For

a genericp(€), Ag is of the order of the RKKY interaction . 1 A

as parametrized by, sdyo|. Given Eq.(49), the first term in Xiol @ +107) = > In——. (56)
Eq. (50) is singular; the second term, on the other hand, is

nonsingular and can be neglected. The self-consistency equ&he spin self-energy is given in terms gf,. through the

tion then becomes second equality of Eq53). The result is
Ao M(w)=—lqg+Ao(—iw/A)%, (57
Xiod @) =p(lQ)IN 7 (0)+1g 6D where the exponent is
Equation(51), when combined with Eqg48) and (49), 1
leads to the conclusion that the local susceptibiffy.(w a= 2Ap(lg) (58

—0) becomes singular at the same valuedofivhere the
peak susceptibilityy(Q,w—0) becomes singular. As usual, The paramete is determined by the Kondo coupling, as
the singularity iny(Q,») signals the emergence of a critical shown in Eq.(54). The parametep,(lo), introduced earlier,
mode associated with the long-wavelength fluctuations of thés the RKKY density of states at the lower eddég. 11(a)].
order parameter. However, from Sec. lll[Bee the discus- We note that the local susceptibility at the critical point,
sion concerning Fig. 1@)], we know that the divergence of given in Eq.(56), is universal. The exponemnt for the spin
Xioc( @) signifies the emergence of critical but spatially local self-energy, on the other hand, depends on the product
modes; thus, the fluctuations of the local moments are alsd p,(Ig). Since the QCP is reached through competition be-
critical. The corresponding energy scdi§, vanishegFig.  tween the RKKY and Kondo interactions, we expect that this
10(b)]. This reasoning leads to one of our key conclusiongproduct is close to unity, resulting in anthat is not too far
concerning the quantum critical behavior of the Kondo lat-from 3. The precise value of this product, however, is non-
tice in two dimensions: as we increase the param&tepa-  universal: it depends on which point of the phase boundary
tially local critical modes emerge simultaneously with thein the t\No-dimensionall(Q|—Tﬁ) parameter space is crossed
usual long-wavelength critical modes. as the system is tuned through the quantum phase transition
We now determine the detailed dynamics at the QCP, beftsee Fig. 12
ginning with the conduction-electron self-energy. Since the The phase boundary can, in principle, be located by in-
effective impurity model is at its own critical point, our re- serting Eq.(49) into Eq. (53). Recognizing that (@
sult of the previous sectidieq. (45)] implies thats, vanishes —0)=0, one obtains the condition
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the self-consistency equation is satisfied; Esf), then, al-
lows us to determin® from the leading term of ().

B. Self-consistent solution in three dimensions

paramagnetic If the RKKY density of states increases at the lower band

metal edge in a square-root fashion
- 0
TK lim p|(E)OC\IE_IQ, (60)
FIG. 12. Phase diagram of the Kondo lattice in thg|-Tg elg

parameter space. The solid line is the phase boundary. The dash
line shows the tuning trajectory through the quantum phase trans
tion for a given system.

ﬁge self-consistency equati@d6) can again be written as in
\'Eq. (50), the difference being thak, is now defined such
that the square-root form applies fare(lg,lg+Ag).
Again, for a generigp,(€), A is of the order of the RKKY
interaction|l g|.

The second term on the right-hand side of E§Q) is

ite, just as in two dimensions. In three dimensions, how-
ever, the first term—when combined with Eqgl9) and
e(60)—also yields a finite value

Xo (w—0)=—1g. (59)

In this paper we have carried out an asymptotic Iow—energ¥.
analysis of our dynamical equations. By contra@@,l(w n
—0) dependgthrough the Kramers-Kronig relatipon the
solution at all energies. Therefore, the determination of th

phase boundary and, hence, the value of the expoagent ot A

. . Qtho pi(€)
requires a completénumerical treatment of the problem. emx\//\o. (61)
Recently, such a treatment has been carried out for a Kondo lo w)Te

lattice model with Ising RKKY coupling2®°*A locally criti-
cal quantum phase transition was identifil@dyith a near- . . >
universal exponentv=0.72+0.01. Extension of such nu- d'g‘g”ﬂggic?@fﬁ tggcloﬁ?ggzctig“gg:%sg;?I::(aor?é(:?n(ain
merical work to the isotropic case considered in the prese i i(Ia)] w’e Know thét the dvnamics of the local momer?t
paper remains an important problem for the future. 9. ' y

Figure 12 also illustrates the important point that, in gare notyet critical. Equivalently, the local energy scalg;

given system, there is only one parameter that must be tundd finite at the QCP. y .

to drive the system through criticality. The dashed line rep- Ve now proceed to extract the critical behavior. To be

resents such a tuning trajectory. concrete, we work with a semi-circular form for the RKKY
Two additional remarks are in order. First, the self- density of states

consistent Weiss fielg, *, given in Eq.(55), has a logarith- 5

mic dependence. Ifimaginary time, this corresponds to an pi(€)= 2 [2— €2 (62)

interaction with an algebraic component- Thultiplied by a ™

logarithmic correction. On the other hand, the self-consistenfor |¢|<|. Solving the self-consistency equatitt) yields

solution for the spin-spin correlation function at the critical

point, given by Eq.56), corresponds to %/ with no loga-

rithmic correction. Within the (% y)-expansion carried out M(w)= (E Xod @)

in Sec. lll, the logarithmic corrections to the range of the loc

interaction do not affect the critical exponent fgg., which  which, when combined with Eq11), gives

remains algebraic without any logarithmic corrections. We . 5

believe that this remains true beyond the{(%) expansion, Xo (@)= (112)* X0l @). (64)

since the spin-spin correlation functions at a critical point are . » , .
in general algebraic and admit no logarithmic corrections. ' N€ local physics is noncritical at the QCP, so the imagi-

For the particular form of the self-consistent Weiss fi)@gjl nary part of '_[he spin self-e_nergy ShOUId. re_flect the decay of
used here, we can demonstrate this point explicitly in SPin fluctuations into particle-hole excitations and, hence,

spherical model with a long-range interaction specified by>"0uld l:;(FeSIinear in frequency. We can quant, using the
Xo ' (see Appendix I definitio

Thus, self-consistency dictates that in the three-

2
Xioc( @) +

(63

Second, the self-consistency equatibB) dictates that, at 1,y % \2 *
the critical point, the imaginary part of the spin-self-energy IMM™(w) = 0/(Ejpe)”  for || <Ej. (65)
ImM(w) is subleading compared to both jp(w) and Combined with Eq.(49), which now readsM(w— 0)

IM Xjoc(@). In principle, we should allow a subleading term _
in xo(w), and determine both the leading and the subleading
terms for the criticalyo(w). Calculating the subleading M(w)=1—i(1/Ef)%w+O(w?). (66)
terms of y..(w) is, however, beyond the scope of the (1

—y) expansion. What we have done, instead, is to take adFhe precise value oE}. can be determined using a tech-
vantage of the freedom to choose the Weiss field such thatique that is applicable to the strong-coupling regime of the

this implies that
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Bose-Fermi Kondo Hamiltoniari7); one such method is _ 1 A 1 o
slave-boson mean-field thed. Xiod @107, T)= TN |nm—¢/(§—l m) , (71
Combining Eqs(63) and(66) leads to the following form
for the local susceptibility: where ¢ is the digamma function.
The corresponding spin self-energy can be found using
. 2 2 2 — . h lity of E .Th It
o 0+107)= = = \[l—m—Zw/(E.’;c)z the second equality of E¢53). The result is
'030/ M(w+i0",T)=—lg+Ag(2m/A)*T*M(w/T), (72
+0(w™?). 67) where
Using Eq.(64), the Weiss field is
M(olT)=exd ap(12—iw/l27T)]. (73
|2 [1)3%2 . . I
Xo Hw+i0T)= 57 = (E) V=iw—2i(I/E})%w The momentum-dependent dynamical spin susceptibility at
loc finite temperatures follows from inserting E@72) into
+0(w%?). 68) Eq. (3):
We should stress that Eq&7) and (68) are compatible. x(qyw,T)= 1 . (79
In other words, for a given Bose-Fermi Kondo Hamiltonian Y lq= 1o+ Ao(27/A)*T*M(w/T)
[Eq. (7)] and given bath dispersiofi§gs.(14) and(15) with
v= 1/2], the solution will yleld an |mpUr|ty dynamical Spin VI. GINZBURG-LANDAU THEORY
susceptibility whose imaginary part is proportional to _ N _ o N
|w|Y?sgnw. While the correlation functions on the strong- A. Gaussian critical point and its instability

coupling side of the Bose-Fermi Kondo model are not | the picture of theT=0 SDW transition, there is only
accessible within the (% y) expansion(and are in general one type of critical degrees of freedom, namely, the long-
difficult to determine except for certain largedimits), we  wavelength fluctuations of the magnetic order parameter. The
note that the above is consistent with the bound set by GrifGinzburg-LandatﬁGL) action is an extension of the standard
fiths’ theorent’? The correlation functions in the paramag- 4 theory for a classical phase transition to allow for order-

netic phase of the one-dimensional long-ranged spheric@larameter fluctuations that take place not only in space but
model provide additional support for this conclusion; see Ap-a|so in (imaginary time 2%2%2653The temporal fluctuations

pendix D. can be thought of as addingdimensions, where is the
dynamic exponent. In the antiferromagnetic caQeleing
V. DYNAMICAL SPIN SUSCEPTIBILITY nonzerg, z=2 and the action takes the form
OF THE LOCALLY CRITICAL POINT
AT FINITE TEMPERATURES Sspw=Sw[M(q~Q,w)]

We now return to the locally critical point that occurs in 5 5
the two-dimensional case. Inserting au« 0 solution for the :f dCIf dolr+(g—Q)*+|w|1[m(q,»)]
spin self-energy57), into Eq.(3), we arrive at the following

result for the momentum-dependent dynamical spin suscep- 4
tibility at T=0: +ui1:[1 dqif dwiﬁ(Z qi)é(Z w; |[m]*
1 4., (75)
x(0,0,T=0)= (69) '

Iq_|Q+A0(_i(x)/A)a'

whereA is defined right after Eq50). We emphasize once
again that the local susceptibility, given in E&6), is uni-
versal. On the other hand, the exponaris not universal, as
discussed after Eq58). It should also be noted that, for
~0, Eq.(69) is expected to be valid only if the total spin is
not conserved; in heavy fermions, this is the case as a result x8(q,w)~ —,
of the strong spin-orbit couplings. In the conserved case, it (0-Q)~iw

would be important to keep track of the momentum-,qre the finear-in-frequency dependence comes from Lan-
depen.dgnce of the spin seli-energy fo.r snegll . . dau dampingdecay into particle-hole pairsAll the nonlin-
At+f|n|te temperatures, the self-consistent solution still has, 5, couplings are irrelevant, so the corresponding relaxation
y=0". From Eq.(42), we have rate is superlinear, leading to a violation of/T
1 7lAB scaling?1'26'54"r’.5(This. is very different from QCP’s in insu-
Xiod 7)= ppStp—a (700 lators in two dimension¥*"where the dynamic exponent is
usually z=1 and the corresponding*-theory is below its
yielding upper critical dimensioi.

The effective dimensionality isleg=d+z. Ford=2 or
d=3, dg; equals or exceeds the upper critical dimension of
4, so the critical point is Gaussian. Tiie=0 dynamical spin
susceptibility assumes the mean-fiéRPPA) form

(76)
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It should be noted that for two-dimensional magnetic fluc-statics and dynamics opens the door for local fluctuations to
tuations, the locali.e., g-average@l dynamical spin suscep- have low energies, provided that their fluctuationgimagi-
tibility associated withy®(q,w) is, in fact, singular: nary) time are slow.

We are now in a position to address the robustness of the
G _ G 1 locally critical point. In the microscopic analysis, we as-
Xiodl @)= | dax (q,w)~lnm. (77 sumed that the spin self-energy and the electron self-energy
are independent of the wave vectgrandk. Allowing a k
Within the SDW descriptioiEq. (75)], the nonlinear terms  dependence in the conduction-electron self-energy will not
couple only the long-wavelength modes, so this singufar  affect our analysis, since we are away from half-filling and
is inconsequential. However, when local degrees of freedorthe conduction-electron density of states is expected to re-
play a central role from the outset—as is the case for thenain finite. We now argue that allowinggadependence in
local moments in heavy fermions—this singularity can causehe spin self-energy leaves the locally critical point intact,
important nonlinear effects in the dynamics of the local ob-provided thata<<1 (as is the case observed in CeCyAu,
jects. The preceding sections amount to a microscopic analynd YbRBSi,). Consider first the contribution to the spin

sis of these nonlinear effects. self-energy from the nonlinear couplings withi, . The
effective dimensiondgs=d+z=2+ 2/« still exceeds 4, so
B. Ginzburg-Landau action for the locally critical point all the nonlinear couplings withi,, must be irrelevant in

We now address the important question of whether th the RG sense. The dependence of the spin self-energy will

o T 0 . N%hen be at mostq— Q)?. Consider next the contribution to
locally critical point is internally consistent beyond the mi- ; : .
the spin self-energy frond,,,. Since the spin modes are

Croscopic(EDMFT) approximations. The defining feature of coupled to the local modes, the corresponding contribution

a locally critical point is the coexistence of local and long- cannot have a sinaular dependence. either. As a result. the
wavelength critical modes. The long-wavelength modes, as_ .. gu'ar dep ’ ' ’
patial anomalous dimension takes the valuey=0, and

usual, capture the divergence of the correlation length i he zero-temperature, zero-frequency spin susceptibility for
space. They reflect the fact that there is a broken symmetr ~Q goes as? ' q Yy sP P y

in the antiferromagnetic metal, and the order parameter cor?
responding to this broken symmetry vanishes continuously
as the critical point is approached from the ordered side. The
local critical modes are additional critical modes. They arise
from a subtle “ordering” on the paramagnetic metal side,
which also disappears continuously as the critical point i
approached from the paramagnetic side. The “ordering” is

associated with the formation of Kondo singlets, a proces% we _emsha&ze :I}:at the Iopa:llyf' Clr('jt'tchal pomt ltsthnon-
which yields Kondo resonances and makes the local mo- aussian because e appropriate fie eonotqust the

2 ) . 3
ments part of the electron fluid. It is reflected in the forma-uzual‘ﬁEthior);’ tﬁutﬂ!nstead ?as trllf form glvertl n Ea8)
tion of a “large” Fermi surface, which encloses a volume above. Each of the three parts makingjgp contains non-

that counts both the number of conduction electrons and the'€3f cou4pllngs which flow under the RG transformation.
number of local moment¥. The strength of these Kondo ©Ww (the ¢ theory contains nonllngar couplings p.urely.be-
resonances is captured by a quasiparticle resijugssoci- tv_veer;_ Iong-yv?vsjleng? mod4es. ”S|rr1]ce the ef{gctlve d”.“e”'
ated with the states on such a large Fermi surface. Unlike th¥Onality satisfiesleq=d+z>4, all these couplings are ir-

SDW case, at the locally critical poidtgoes to zero over the {elev:a?t,t qnd the}:.w'" C%”;E{E’g':e to the i,pm re:jaggﬂon rate a
entire large Fermi surface. erm that is superlinear im. owever,S),c andSy,x con-

The GL action, then, has to be the sum of three parts tain nonlinegr couplings involving thg local modes._Somg of
these couplings are relevant, and will generate a linedr-in-
Siep=S[M(A~Q,®) ]+ Siget Simix - (78  contribution to the spin relaxation rate. The total relaxation
rate will be dominated by this second type of contribution,

Here,S,, is the same as in Eq75), S, describes the cou- and will be linear inT, giving rise tow/T scaling in the
plings among the local critical modes alone, ahig, takes  dynamical spin susceptibility. Our microscopic theory pro-
into account the coupling between the local and spatiallywides a specific prescription for determining this relaxation

extended degrees of freedom. rate, as well as the universal scaling functions.

The notion that local fluctuations are part of the quantum We close this subsection with a brief comment on the
critical theory is at first sight surprising, especially viewed general validity of the EDMFT analysis of quantum critical
from what is known about classicdfinite-temperature  behavior in metals. We have seen that, for the EDMFT re-
phase transitions. The universality class of a classical criticasults to be valid, it is cruciél that the critical point has a
point is entirely determined by statit$(Real-time dynamics mean-field exponent for spatial fluctuations, ig=0. (The
are considered only after the statics have determined the uriemporal fluctuations are allowed to have an anomalous ex-
versality class?) Static fluctuations can be energetically fa- ponent) This requires the nonlinear couplings among the
vorable only if they occur at long distances. The universalitylong-wavelength modes to be irrelevant, a condition that is
class of a QCP, by contrast, depends on statics and dynamioslatively easy to satisfy at @=0 transition in a metallic
(quantum fluctuationson an equal footing. The mixing of system. The results presented above serve as a concrete ex-

1
x(q)~ RO (79

The corresponding local susceptibility remains singular.
herefore, the local criticality is robust.
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ample where the spatial fluctuations are Gaussian but théesirable that neutron scattering be carried out at a QCP
temporal fluctuations are non-Gaussian. For critical pointsvhere the magnetic fluctuations are genuinely three-
where »#0, by contrast, the EDMFT is not expected to dimensional. In this regard, we note that a violationagfl
describe the correct critical properties. For instance, at finitescaling has been reporteh Ce, _,La,Ru,Si,.

temperature transition@vhere  is in general nonzejpthe It also follows from EQ.(80) that the static and uniform
EDMFT vyields a first-order transitiot:®°-% However, spin susceptibility,y=M/H, has a modified Curie-Weiss
guantum critical dynamics—including those at finite form

temperatures—are controlled by the QCPTat0, and are

correctly captured by EDMFT calculations. _
X(D=grg7e 82
VIl. COMPARISON WITH EXPERIMENTS where @=1,_o— 1o and B~AoA ™~ *(27)exgay(1/2)].

- - 16,17 ot -
We now compare our conclusions with existing experi-Eduation (82) fits well the magnetization data in

ments in heavy-fermion metals, and also make several preC-eClé*XAuX' e o . .
dictions that can be tested in the future There are indications that the modified Curie-Weiss sus-

ceptibility describes several other heavy-fermion metals near
a QCF One such material is YbRB,,®" which exhibits
thermodynamic and transport properties very similar to those
of CeCy_,Au,, and has a layered structure that suggests
Our theoretical result for the dynamical spin susceptibilitythe possibility of(quasij two-dimensional magnetic fluctua-

A. Inelastic neutron scattering, magnetization, and NMR
relaxation rate

near a locally critical pointEq. (74)] can be rewritten tions. These characteristics make YBRh a promising can-
1 didate for local criticality. However, inelastic neutron scatter-
ing has yet to be performed in this system.

The local susceptibility given in Ed71) leads to a non-

. Korringa NMR spin-lattice relaxation rate
where A=Ay(27/A)*, and f(q)=14—1q vanishes at the 9 P

peak wave vectord= Q) but is finite at other wave vectors. 1
Equation(80) implies that the dynamical spin susceptibility T—~const. (83

at the peak wave vector satisfies @Al scaling t i )
(We have assumed that the hyperfine constant is not strongly

g dependent. This prediction might be tested using NMR
P — (81 measurements on the Cu sites in CgG\u, or the Si sites
AT M(w/T) in YbRh,Si,.

where the scaling functiooM(w/T) is given in Eq.(73).
Equation (81) is consistent with the inelastic neutron-
scattering result§!” on CeCy_,Au, at the critical concen-
tration x,~0.1, where it is found that the exponent On the paramagnetic side of a magnetic ordering QCP, the
~0.75. (/T scaling was reportéd earlier in UCy_,Pd,  coherence energy scalEj,) is finite. This signaf¥ the for-

for x=1 and 1.5. This system, however, seems to contairmation of heavy quasiparticles, whose Fermi surface is
strong disorder, the effects of which remain a subject of‘large” in the sense that its volume counts both the conduc-
debate**5%45§ The scaling function used to fit the experi- tion electrons and the local moments. In the case of an SDW
ments is (Fiw/aT)?, which behaves very similarly to Eq. transition,Ej; . remains finite through the QCP, and the Fermi
(73). The neutron-scattering resdftd” at generic wave vec- surface remains large on the antiferromagnetic $aeept
tors have also been fitted to the form of EgO), with the  for the folding of the Fermi surface due to a broken transla-
same exponent~0.75. tional symmetry. By contrastE;;. vanishes at a locally criti-

In our theory, the locally critical picture arises if the mag- cal point, and the Fermi surface is “small” on the antiferro-
netic fluctuations are two dimensional. Within experimentalmagnetic sid&® i.e., its volume and topology are such that
resolution, f(q) goes to zero along lines in the three- the single-electron excitations come entirely from the con-
dimensional Brillouin zone, implying that the magnetic fluc- duction electrons. Thus, the topology of the Fermi surface
tuations in the quantum critical regime are two dimensionadifferentiates the antiferromagnetic metal phase on the or-
in real space in the frequency and temperature ranges theered side of the locally critical transition from its counter-
have been studied to daf&!®*It should be noted, however, part for an SDW transition. Experimental probes of the
that the magnetic ordering far>x. is three dimensional. To Fermi surface, such as de Haas—van Alphen measurements,
properly address the finit€-magnetic ordering transition, it both inside the antiferromagnetic metal phase and close to
will be necessary to incorporate tigmal) RKKY coupling  the QCP, may be used to distinguish between the two types
in the third dimensiof?® Whether dimensional crossover of quantum phase transition.
eventually takes place at lower temperatures in the quantum As a consequence of the large change in the Fermi-surface
critical regime is a question that should be addressed in furolume across a locally critical point, the Hall coefficient at
ture experiments. We hope that our work will provide azero temperature is expected to undergo a large jump at the
stimulus for this kind of(challenging experiment. It is also QCP. This provides another potential test of the locally criti-

xX(Q o, T)=

B. Fermi surface properties, Hall coefficient,
and other transport properties
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The change of the Fermi-surface volume is also expected
to be manifested in the behavior of the residual resistivity as APPENDIX A: DERIVATION OF THE RG EQUATIONS
a function of the tuning parameter. This is best studied by
using pressure or a magnetic field as the tuning parameter. In this appendix, we present the derivation of the RG
(By contrast, tuning by chemical doping would also induce aequations(34), following a procedure outlined in Ref. 39.
significant change in the amount of disordéfle note that Consider first the pseudelectron self-energy. There are
the residual resistivity does seem to show dramatic changdwo contributions, as specified by Fig. 4. The contribuiian
across the pressure-driven QCP in Ce@u (Ref. 7)) and  is given by
the field-driven QCP in YbRJSi, (Ref. 72.

S@(ian=—2 25 5 3 S Glliw)Gpiwn)

2
K
2
8B pp’ lo1 1oy

XGP(p'iwit+iv,—iog). (A1)

VIll. CONCLUSIONS AND OUTLOOK

In this paper, we have identified a new class of quantum
critical point in Kondo lattice systems. We have carried outHere the factor of 3 comes from summation over the three
an EDMFT analysis of the Kondo lattice model and foundspin components. Carrying through the summation ougr
that, when the magnetic fluctuations are two dimensional, andiw,, settingi wi=w+ X\, and using the fact that— o,
locally critical point arises. Here, critical local modes coexistwe have
with the long-wavelength fluctuations of the order parameter.
We have also argued that the locally critical point is robust 3
beyond our microscopic calculations. 3@ (w+\)= gJﬁZ
Our results explain the salient features of the experiments p.p’
in several heavy-fermion systems. In particular, we have 3 D
made comparisons with the existing experiments in =- g(NoJK)2 2DIn2+wIn—+0(w)|,
CeCy_,Au, and YbRBSI,. We have also made a number
of predictions concerning the NMR relaxation rate, the (A2)

Fermi-surface volume, and the Hall coefficient. . . .
The crucial ingredient of local criticality is the presence where D |s_tlhe half band_W|dth, and the_Ferm| factbe)
=(ef“+1) 1. Note that in the second line we have Jet

of spatially local critical modes. This contrasts with the stan-— 0 si here | he RG .
dard critical theory, in which the only low-energy modes are™ éirsr:ir;;ﬁyour purpose here Is to construct the RG equations.

long-wavelength fluctuations of the order parameter. For

heavy fermions, the emergence of such critical local fluctua-

tions can ultimately be traced to the fact that, as a result of 3 O(jg)=—

the microscopic Coulomb blockade, local moments are “pre-

formed” at intermediate energiés.At an SDW transition, (A3)

the local moments disappear at sufficiently low energies; | ) ) b

their quenching by the conduction-electron spins leaves onI;}—O linear order in -y, we can sety=1 in G, and the

electronlike excitationsKondo resonanceésAt a locally ~ corresponding spectral function is

critical point, on the other hand, vestiges of the local mo-

ments persist to asymptotically low energies. Such local-

moment physics is neglected in the SDW treatment of mag-

netic quantum critical points. (A4)
For Mott-Hubbard systems, the microscopic Coulomb

blockade is responsible for the formation of the Mott insula-We then have

tor. One is therefore led to speculate that low-energy local

modes may well play a key role in metals near a Mott tran-

sition. This issue is becoming increasingly important due to

the observations ofnearly quantum critical behavior in

transition-metal oxide&’ as well as the apparent scaling be-

havior in high-temperature superconductotg®

f(ep)[1—f(ep)]

w+ €p— €pr

2

Bl W
|9

% > Gliw)Gh(piw—iw).

lwq

1
Agle)=— ;|m§ GY(p,e+i0%)=KZe for|el<A.

1+ nB(E)

w— €

3
SO(w+N)= Zng deAy(€)

At w In%+ O(w)|, (A5)

3 2
:—Z(Kog)
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where the Bose factong(e)=(e’—1) 1. The constant
parts can be absorbed in a shift of The o In w parts are
retained in Eq(25), where we have replaced the cutoffs by
the running cutoffw.

We now turn to the corrections to the Kondo coupling, as
given in Fig. 5. We set the external frequencies of the con-

1 1+ng(e)
ng)(wH\)Z—ZgZJKf deAG)ﬁz‘

1 , A
=~ 7 Jk(Kog)?In—. (A12)

duction electrons to 0, and those for the psefiddectrons
to iw;. The contribution from Fig. &) is

I'®(w+N)=

EEG(puwo

le
XGf(iwf+iwl)|iwf:w+)\
1 fle) 1 D
— 732 752 —
ZJKNOJ d6w+€ ZJKNOInw’
(A6)

where, in the second equalitand at similar places in the

equations to follow we take\ —c. The contribution from
Fig. 5b) is

rgb>(w+>\)—

2 EG(p“ﬂl)

le

XGf(iwf_iw1)|iwf:w+)\

1 1-f 1 D
:_E\]iNof d6 w_(:) 2 ﬁ Oln_
(A7)
The contribution from Fig. &) is
3
T i) =— 2= 2 xolio—iw)[GXiwy)]?,
8B foq
(A8)

Finally, we consider the corrections to the coupling con-
stantg. We set the external frequency for thlepropagator to
0, and that for each pseudeelectron propagator tows .
Then

wherey.(i w) is the bare local conduction-electron suscepti-From Eg.(33), we have

bility, which has a spectral function

1 .
AXcz;Xg(eHo*):Nge. (A9)
The result is
1 1+ng(e
rg°>(w+x)=—§aﬁj deA, (e)(—B()f)
1, ., D

The contribution from Fig. &) is

F(d)(lwf)— |a)1)[G (iwg)]%

(A1)

4,6’ foy

Using Eq.(A4), we have

gJ K
rgn(wm:_@; Xeli0i=i0)[C(i01) iy, wir
1
1 ) D
=~ g9(NoJi)“In— (A13)
and
TP (0+))= 43.2 Golior—iwn)[Giiw) in -
71
L Ko9)2l P Al4
_Zg( 09) n;. ( )
Settingw=W’ in Eqg. (32) leads to
3 , 3w
Zf:1+ g(NO‘]K) +Z(Kog) InW,
1
2y=14|NoJk— g (N 0Jk)? ——(K 09)%|In—,
(A15)
1 ’ 1 ) W
Zgzl— §(NO‘]K) +Z(Kog) |HW
’ 1 2 2 w
J=Jk+ Ik NO\]K_E(NOJK) —(Ko9) InW’
(A16)
’ [1(N Ji )2+ (Kog)?|l W
=g—g|= n—.
9 =995 (Nok 09 W

APPENDIX B: DETERMINATION OF THE SEPARATRIX
IN THE Jg-g PLANE FROM THE RG FLOW

Our starting point is the RG equatiof34), which yield
the RG flow shown in Fig. 7. We imagine approaching the
separatrix from the local-moment side. The separatrix is
identified when the initial parameters are such thglk no
longer flows to zero but instead is renormalized to its fixed-
point value/(1—vy)/2.

Consider the separatrix near the origin. Provided that we
work either on the local-moment side or on the separatrix
itself, (NgJk)? is at most of the order of (£ y)? during the
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entire flow and can safely be ignored inside the brackets on

dx 1 a—bx+2ivabx
the right-hand sides of both flow equatiof®}). (This is not f = In for ab<0,
the case on the Kondo sidaWith this approximation, and \/;(a+ bx) iJab a+bx
the shorthand notation (B13
a=NgJk, b=(Kq9)?% (B1) and recognizing that, for parameters near the origiss (1
) o —v)/(2bg)<1, we obtain the following asymptotic form in
the RG equations simplify to the limit | —1,>1/(1— 7):
da 1
- a@=h), (B2) A(l—)~ ——In(4cy) —2e~ (10012 (B14)
Veo
@=2b 1—7_b (B3) Combining Eqgs(B7), (B9), (B11), and (B14), we arrive at
dl 2 ' the asymptotic solution foa:
These equations have an unstable fixed point at aO\/c_oe‘("'O)(l‘Wz
| —o0)~ Bl
R A - B
a*=b = (B4) B+ 0 Oe*(|*|o)(1*7)/2
a*
Solving Eq.(B3) yields where
b= 2[14_(0 —1)e” (7ld@=77~1 (B5) ch)
2 0 ’ B=1—- ryln(4co). (316)
Here . ) .
It is now clear that wherB is positive,a(l=%)=0. In
1—y other words, the system falls in the local-moment regime. On
Co= 2by (B6)  the other handa(l=x)=a* whenB=0, i.e., when
andbg andl, (as well asay, zy, andy, used beloware the agln(4cy)=1—1. (B17)

initial values of the corresponding parameters.

We can now proceed to solve E@2). Let us write the original variables, through Eg1) and (B6), this be-

a=zy, (87)  comes Eq(36). _ _
_ _ o For completeness, we also write down the equation for the
where the factoe is defined as satisfying separatrix when the conditiory>1 is not satisfied. In this
dz case,a(l) still has the asymptotic form specified by Eq.
e bz (BY) (B15), but Eqg.(B16) is replaced by
dl
When combined with EqB5), Eq.(B8) can be easily solved aO\/C_O
10 ae ined with E¢BS), Eq. (BS) ty solv B=1-————In[2co— 1+ 2/Co(Co— 1)1,
g (1= y)Veo—1
Coe*(lflo)(l*y) 1/2 (B18)
27201 (cg— e @7 - (B9 and Eq.(B17) is modified accordingly. It is straightforward
o ] ) ] to check that the choiceaf,by) = (a*,b*) satisfies the con-
The other factory, satisfies the differential equation dition B=0. In other words, the unstable fixed point is part
of the separatrix, as it should be.
dy
EIZYZ, (B10)
APPENDIX C: SPIN-SPIN CORRELATION FUNCTION
which, when combined with EqB9), leads to AT THE CRITICAL POINT:  (1—7y) EXPANSION
ag -1 Here we calculate the spin-spin correlation function
y=Yo| 1= 7= VCAD) | (B1Y)

1 1
Xod )= 5(T,S" (7S (0)) = lim 5e#%,  (CD)

where o
el-lo0-n  dX whereY is calculated in the pseudo-fermion representation
Al)= —_—— (B12)
1 AN+ Co—1 o
Using* x(7)=5(TAf (Dflf (0). (C2)
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It turns out to be convenient to calculatein terms of

Gi(n)=e M (f()-1)O(n)+f(N)O(-7]. (C3

The contributions tgy are given in Fig. 8. Note that any

diagram containing more than one isolafeglectron bubble
vanishes once the limit —« is taken. Figure &) yields

~ 1
X (7)== 5GnG(— 7). (eZ)]
In the following, we will restrict 6<7<g. Then
~ (@ 1 \
x(r)=5e P, (CH

The contribution from Fig. &) is

~(b) 9° (¥ k b b b
X (T):gfo dTlfo d7Gy( 11+ 72) G (71) Gt (72)
XG?(_Tl_T)G?(_Tz‘f‘ 7), (Co)

and those from Figs.(8) and 8d) sum to

~ 392 (8 B
XC(7r)=— ?JO drlfo dTZGSs( T— T — TZ)G?( T1)

X G{(79)GY(7— 1= 72) GP(— 7).

(C7)

Anticipating thatg? is of order 1-y, to linear order in 1
— vy we can use EqA4), which corresponds to

1 1 ) 7l B 2
b . - —logr—_w?2| "7
GW)—f deAy(€) BZ@” Tor e O(sin(rrrl,fa’))
(C8)
over the range
1 ond ! co
|7-|>K an |ﬂ—T|>K. (C9Y

We then have

— 92 B—T T

X(b)(T)I——efﬂ}‘f drlf dTZGZ(Tl'F )
8 0 0

SirI(WT/,B))

1
— _ A B\ 2
= 4e (Ko9) In( 13

(C10

where the factorA appears due to the fact that E{8) is
valid only in the range specified by EGC9). Similarly,

~ (cd) 39" (" T b
X (T)ZTG OdTl . d7mGy(T— 71— 72)

Sin(ﬂ'T/B))

3
— _ _a B\ 2
=€ (Kog) In( i3

(C1y
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APPENDIX D: LONG-RANGED ONE-DIMENSIONAL
SPHERICAL MODEL WITH A LOGARITHMIC
CORRECTION TO ITS RANGE

Consider a spherical model, defined on a chaiMdites,
with a reduced Hamiltonian

1
HSp:_z; Uijsisj' (Dl)

Here,s; is a scalar variable constrained by the condition

M
;15?=M,

with M being taken to infinity at the end of the calculation.
The couplingv;; represents a long-ranged interaction whose
Fourier transforrrv(p)EEjvi,-e"pRiJ is, for smallp, either

(D2)

v(p)=v—uv4|p[* withO0<x<1 (D3)

or

U1
v(P)=v— s D4
in either casey andv, are positive constants.

The long-range interaction corresponding to H23) has
the form

v(r)~ i (D5)
The solution to this problem is knowr.An unstable fixed
point separates a paramagnetic state from an ordered state.
The spin-spin correlation function at the critical point be-

haves as

. 1
cri r)~ , D6
KO~ (D6)
while that on the paramagnetic side varies as
xPRr) ~ (D7)

|r|1+x'

Equation (D7) implies that on the paramagnetic side, the
exponent of the spin-spin correlation function saturates the
bound set by Griffiths’ theorefif. The result is also consis-
tent with those for the paramagnetic side of any generic one-
dimensional classical spin models with power-law long-
ranged interaction& -8

We now consider the problem with a long-range interac-
tion specified by Eq(D4). In real spacey(r) has a 1|
dependence with a logarithmic correction. We expect that, at
the critical point, the spin-spin correlation function should
have a pure power-law decay without any logarithmic cor-
rection. In the following, we show that this is indeed the
case. Standard manipulatidii* leads to the following form
for the free-energy:
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1 vy Note that the integral on the left hand side is infrared con-
FIM=X\o— —f dpln()\o T ENE (D8)  vergent, establishing the existence of a phase transition. The
P correlation function at the critical point is given by
where the Lagrange multipliex, introduced to enforce the

constraint(D2) is determined by minimizingr: i 1 1
x"(p)~ —In—. (D11
U1 |p|
=1. D9
Zf No— v+v1/In(1/|p|) 09 In real space, this corresponds to

The critical point occurs when the solution is such thgt 1
=v, corresponding to Y~ = (D12)

r]

%f d pm =1. (D10)  without any logarithmic correction, which is what we set out
U1 to establish.
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