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Motivated by the global phase diagram of antiferromagrie&vy fermion metals, we study the Kondo effect
from the perspective of a nonlinear sigma model in the onesdsional Kondo-Heisenberg model away from
half-filling. We focus on the effects of the instanton confagions of the sigma-model field and the associated
Berry phase. Guided by the results derived using bosonizatiethods, we demonstrate that the Kondo singlet
formation is accompanied by an emergent Berry phase. Thiy Bhase also captures the competition between
the Kondo singlet formation and spin Peierls correlatioRelated effects are likely to be realized in Kondo
lattice systems in higher dimensions.

Introduction: Antiferromagnetic heavy fermion metals rep- consider the case of AF spin-2 Kondo-Heisenberg model in
resent a prototype case study for quantum criticaiﬂy [1].one dimension. We use the QMM basis to study the effect
Considerable theoretical work has emphasized the Kondmf topological spin excitations, with important guidanaep
breakdown local quantum criticalitﬂ [El 3]. Compared with vided by the results derived from bosonization method. We
the spin-density-wave picturE| [@—6], which is based on theshow that, when the conduction electron moves in the topo-
Landau notion of order-parameter fluctuations, the Konddogically nontrivial instanton configurations of thefields, a
breakdown introduces new low-energy degrees of freedonBerry phase term with . = 7 arises. The emergent Berry
The characteristic properties includeg, a jump between phase shifts thé term of the spin chain from to 0[mod 2],
large and small Fermi surfaces$ I[__JV 8]. which in turn gives rise to a spin gap that is characteristic

Recently, experiments in YbRBI, that is either doped [16-18] of the Kondo-screened state of the one-dimensional
[Igi ] or pressurize(m_l] have revealed a rich phase diaKondO'Heisenberg lattice. Our results apply to both the in-
gram. Under sufficient positive or negative (chemical) pressulating case at half-filling, where they are consistentiwit
sure, the Kondo-breakdown point can be separated from thiéie result of Tsvelik[[19], as well as the metallic case away
antiferromangetic (AF) transition. These results havaitiee ~ from half-filling. As we discuss at the end of the paper, our
terpreted in terms of a g|oba| phase diagram, which was pLﬂeSUItS bring out considerable new inSightS into the Kondo-
forward several years ago and more extensively discussed réreakdown phenomena.

cently ].

The global phase diagram emphasizes the interplay b
tween two effects. One is the Kondo screening and its brea
down, and the other the fluctuations in the quantum mag-
netism of local moments alone. The relevant zero-temperatu
phases can be either AF or paramagnetic, and can have “large” H= 5S¢ ¢ he 4+ J o 7
or “small” Fermi surfaces [12—14]. The large and small Fermi Z naCitla + R+ KZ L

_ Kondo-Heisenberg model and Q&M mapping:We study
E_he following one dimensional Hamiltonian

surfaces respectively correspond to the cases with Kondo o '

screening and destruction. These results promise to take th +Ju Zﬂ' “ Tt (1)
study of heavy fermion phase diagram to an entirely new di- i

rection [i].

A promising approach to the global phase diagram starts
from the AF state, using a quantum non-linear sigma modelhere the fermion spins and spin-half local moments are re-
(QNLoM) representation [13, 15]. In dimensions higher thanspectively described by; = 1cf oasc; 5, andr;. The
one, the Kondo coupling turns out to be exactly marginal inkondo (Jx) and nearest neighborf;) exchange couplings
the renormalization group (RG) sense, and this shows a stare both antiferromagnetic, andis the fermion hopping
ble AF phase with Kondo destruction. Such a phase serves asrength. We will work in the regimédx < Jg,t, where
a basis to describe different types of phase transition®but we can use a continuum approximation for the spin chain.
the AF statelﬂﬂ3]. The low-energy physics in the ordered-or the latter, we first consider the semiclassical @NL
state involves only the smooth space-time configurations ofnapping[2D], followed by the bosonization metHod[21, 22].
the sigma model fiela, for which the spin Berry phase van-
ishes. In order to access the Kondo-screened or otherwise In the semiclassical approximation we take, =
paramag.netic phases, to_pologically non-trivial co_nfig'urg (—=1)iSn,(1 — %)1/2 + aL;, where the unit vector field
of then field will also be important; for such configurations, y; is the staggered magnetization, abdis a canting field
the spin Berry phase is non-zero. that satisfies the constraint - L, = 0. After integrating out

To gain insight into the effect of the Berry phase on theL; we obtain the effective actiof.;; = S[n] + Sy + Sk.
zero-temperature phases of Kondo lattice systems, here vighe three terms respectively describe the @NLfor the lo-



cal moments, the free electrons, and the Kondo interactions Within the Abelian bosonization, the collective charge and
s ) , 1 o spin fluctuations of the electrons are respectively desdrity
S =~ /d z[(01m)” + = (dom)"] +i6Wn] (2)  the bosonic fields., ¢, and their corresponding dual fields
0., 6s. The spin fluctuations of the local moments are de-

Sy = /d%@s [v000 + vy101 s (3)  scribed by the bosonic field, and its dual),. The kinetic
energy of the fermions are described in terms of Gaussian ac-
Sy = /d%{/\be”’”ﬂﬂe”k”ﬂsaw ‘n tions involvingy,, ¢s, andy,, andSx becomes
+idpProoy - (n x 8on)} +... (4 Ok /d% [/\b cos((2kp +m)rj + V2mpe)(cos V2o
In Eq.[2,ps = JuS%a, ¢ = 2JySa respectively denote the —CoS V2T + 2008 V210 ) + Ap 0 psOuipr

spin stiffness and spin-wave velocity. The topologicahter
10W n] corresponds to the Berry’s phase due to the instanton
configurations oh, with § = 275, and the Pontryagin index
Wn] = L [ d*xn-(9,nxdon) counts the winding number wherep.. = ¢, + ¢, andf_ = 6, — 0. o

of the instantons. In the semiclassical approximation ¢iméy Away from the half filling, the low energy physics is con-
Berry’s phase term retains the information about the qaedti  trolléd by the forward scattering term that is marginalliere
value of the spin. Based on this mapping, Haldane conjetture/ant [18]. (Thecos \/%9—. cos v/2mp_ coupling is irrelevant

that half-integer spin chains characterizedtby: = are gap- and can be ignored.) Since the_forward scattering opgrators
less, and in contrast the integer spin chains Wita 27 are 40 not couple the charge and spin sectors, the charge field re-
gappedL_2|0]. In Eq€]B,4; is the Fermi velocityjcr is the ~ Mains a free field and leads t(_) th_e meta_llllc b_ehawor in the
Fermi momentum, and the anticommuting gamma matrice§har9? sector. Howevgr the spin fields still satisfy one ef th
arevo = 1,71 = 72 andys = ivoy1 = —ns, with 7’s being following locking conditions:

Pauli matrices. These Pauli matrices operate on the feimion
spinoryt = (RT, L), whereR and L are the right and left Vo, = 2mm, V2n0- = (2ng + L (7)
moving fields, and) = . V2o, = (2ny + L)m, V2r6_ = 2nom, (8)

The two terms in Ed.]4 with coupling constanisand A ) , ) ,
respectively correspond to the back scattering and for\NarWh,'Ch signals the Kondo singlet formation and an emgrgent
scattering interactions between the fermions and local mozP'" 9ap |L_1]7]__1|8ﬂ3] As a result of th? Kondo singlet
ments; both arec Jx. The ellipsis indicates a four-fermion formation theie is a gapless Charge density wave mode at
interaction term, obtained after integrating dut that is not ~ Wavevector2ky, = 2kp + 7, described by(N™ - N*)
important for our purpose. The back scattering term degsrib “©® ((2kp +m)r; +V2mpe). _ _ .
the coupling of the staggered magnetization densitiesef th 1€ above can be compared with the insulating system at
electrons and spin chain, and the forward scattering term dé"alf filling, where the .back scattering and forward scangri
scribes the coupling of the uniform magnetization densitie operators are respectively relevant and marginally “,"m?'
At half-filling, the product of the exponential phase fastey ~ €rators- Consequenﬂﬂ]@lB], the low energy physicsvs go
unity due to the commensurability of the conduction elewsro €Med bTy thes back scattering term, a potential energy of the
and spin chain, and the back scattering term contributes as];?rm N7 - N*, whereN,, are the staggered magnetization
relevant operator. Away from half-filling, the product it ensities. This form implies that the spin fields will lockan

latory in space, which makes the back scattering term irrele® configuration such thav™ - N* = —1. Combining the

vant and the low energy physics is governed by the forwar@nergy minimum criterion W'th the fact thads v/27p_ and )
scattering term. cos v/2mH_ can not have simultaneous vacuum expectation

Bosonization results: Before proceeding with the calcu- Values, we find two possibilities for the charge and spin §eld
lations within the QNIM approach, we will use bosoniza- Either with Eq.[) and/2mp. = 2ngm, or with Eq. [8) and
tion method to gain insight into the Kondo singlet formation ¥ 27%e = (2ns + 1)m. The nonzerdcos v27y.) causes a
[17,[18] and the emergent Berry phase. We show that thgharge gap, leading to acharge msulat(_)r b_ehawor._ In time sp
abelian-bosonization description of the Kondo-singletest ~SEctor. the above reveals an important insight, which aspea
when transformed in terms of a non-abelian bosonizatioff©t t0 have been appreciated before: the locking conditions
method, already suggests an emergent Berry phase for the spin bosons in the half-filled insulating case andyawa

In thé bosonization approach the spin chain is 'first defrom-half-filled metallic cases are identical. This insighill
scribed in terms of fermion® with frozen charge fluctua- be important in guiding our subsequent analysis of the Berry

tions, and the Kondo interaction term is expressed as phase effect in the QNEM representation.
To anticipate the QN&M analysis, we now demon-

Sk = /dQI[/\bEe*i%Fw%Uw eIV g strate the relation between the Kondo singlet formation and
B B topological Berry phase using the non-Abelian bosonimatio
+Aryo0) - Uypo ). (5) methodL_ZtLIEZ]. The spin sector for the electrons and local

+AfcosV2mh_(cos V2mp_ + cosV2mpi)|, (6)
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moments are described by tl§é/(2) matrix fieldsi/; » and  component ofN, parallel ton has2k}. charge oscillation

the correspondingUs (2)-WZW actions (at half-filling due to commensurabili§k . charge mode re-
mains gapped).
- e d2xTT[3#uST COUs 1)+ Twz[Us -] Recognizing thalN; contains the combination of left and
' 167 ’ ' right moving fields, we anticipate that a spin dependent chi-
- [% | transformation will be needed to describe the approgria
Twalthsr] = —— [ de | dPweas,Tril _o.u, . ral transforma ; . PP
wzlts.r] 247r/0 5/ TeapyTrits s ’ fermionic basis. In the following section we demonstrasg th

Ul asU, U 0U..] (9) both at and away from hglf-filling the emergent Berry's phase
’ ' can be calculated by using a non-Abelian chiral rotation and

whereI'y 7 is the topological Wess-Zumino term. For the the associated chiral anomam[@—%]. In Ref. 26 the non-
electrons and local moments the space-time coordinates afdelian chiral rotation technique has been applied to ¢ateu
respectively described by - z0,21). The topological WZ the Berry phase at half-filling in the absence of the forward
term is crucial to maintaining the gapless behavior of thescattering term. However the relation between the emergent
Us . fields. The matrix fields can be decomposedfas =  Berry phase and Kondo singlet formation has not been ad-
Ug,s,r + iU, - o, Withud , - +u? =1, whereug,,,and dressed. We consider this relationship and, in additieryst
u, . respectively describe singlet spin-Peierls and staggereihe forward scattering term to address the metallic casg awa
magnetization correlations. The relationship among the no from half-filling.

Abelian and Abelian bosonization fields are described by We perform a spin-dependent chiral rotatioh —
. ‘ exp(ign - ov5)x. The staggered magnetization transforms
Up,s £ iug s = eizm¢3, Uy,s £iug s = +jeTivV2ros into
(10) o o 1
Ye ket gy = —x[o —n(l —cos2¢)n - o
The locking conditions of the Abelian fields, EJS[{7,8)nsa 2 2 -
late intod, = =+Ui. Using the propertyl'y ;U] = +ivs sin 2¢nje” =TIy (11)

—T'wz[U], we find that the Kondo-singlet formation is ac-

companied by the cancellation between the WZ terms of théfter taking a dot product witm, we find that only forp =

spin chain and the electrons. This leaves an effective matri=7/4, N - n demonstrates pure charge density oscillations
sigma model without the topological term, which is known toWith 2k7. wavevector. Thereforé = 7/4 is the required

be gapped. If the Peierls type singlet correlatignis sup- ~ chiral rotation angle, which removes the spin dependence of
pressed, the WZW action reduces to a @MW, and the Wz  the back scattering term and converts it iikg exp(—imr; —

term transforms into a topologicél= = Berry phase for the 2ikr7;75)X75Xx- Therefore at half-filling, the back scattering
QNLoM. Therefore we anticipate that the Kondo singlet for- term becomesi, xvsx, and causes a charge gap. One can
mation within a sigma model approach will be associated witrfIS0 perform a successiv&1) chiral rotationexp(—i%7s)x,

an emergen = & Berry phase from the electronic part of the t0 transformix~s x into a ordinary mass tertk, x x. However
action. this is not necessary for the physics in the spin-sector.

QNLoM at half-filling : After gaining insight into the Since the functional measure is not invariant under chiral
Kondo-singlet formation via bosnization analysis, we ttan rotation, we need to find the Jacobian of the transformation
the QNLoM approach. At half-filling the problem can be which leads to the chiral anomaly terms. After an explicit
solved in an elegant manner due to Tsvelik[19]. Introducingcalculation detailed in the supplementary materials [20,
the non-Abelian bosonization fiedd, for the conduction elec-  find the Jacobian
trons, the relevant back scattering term can be expressed as
4\pus-n cos v 2myp.. The energy minimizationis achieved for 7 (¢ — Z) — exp [_ inWn] + /d%{%(@ln)g

m

us = n,V2rp. = (2n+ )7 orus, = —n, V21, = 2nm. 4
The conditionsuy, = #+n imply ug s = 0, and the WZ term (1—2X¢)2 B2 12
becomestimW [n] which cancels thé = 7 Berry phase term + A7 (Gom) (12)

of the spin chain. Consequently we obtain charge and spin
gaps. However this approach does not account for the forffhe Jacobian consists an emergént = Berry phase term,
ward scattering terms and can not be applied to the metalliand two additional terms which renormalize the spin stéfe
case away from half filling, where a new treatment is requiredand spin wave velocity of the QNtM. The emergent Berry
Berry’s phase from non-Abelian chiral anomalyWe now  phase cancels the existingBerry phase of the spin chain,
analyze the Kondo effect and emergent Berry phase in thand renders the sigma model field gapped. As a result of the
QNLoM representation at arbitrary filling. Based on the 7/4 chiral rotation, the spin sector of thefermions also be-
bosonization results, we see that Kondo singlet formatson icomes gapped. This can be demonstrated by considering the
accompanied by th2k}, charge density wave oscillation de- bosonization of thg fermions. In the non-abelian bosoniza-
scribed by(N; - N.). Therefore in the sigma model approach tion formulation, the spin sector of the fermion does not
we need to find an appropriate fermionic basis such that theontain the topological WZW term, and the matrix sigma
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model becomes gapped. The fermionic action transforms intdered region the consideration of the instantons becontes re
] , vant, and the associated Berry phase is critical in deténgin

Sy = /d%)’([%ﬁ“ + 1%750 - 9,m + ﬁ%a -(n x 9,n) the nature_o_f the emergent valence bond solid phaise[28, 29].
2 2 Therefore it is conceivable that Berry phase effects rdlade

—UmHZRE)T Vg |y what we have considered here will be importantin dimensions
(13) higher than one.
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