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Local moments in an interacting environment
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We discuss how local moment physics is modified by the presence of interactions in the conduction sea.
Interactions in the conduction sea are shown to open up new symmetry channels for the exchange of spin with
localized moments. We illustrate this conclusion in the strong-coupling limit by carrying out a Schrieffer-Wolff
transformation for a local moment in an interacting electron sea, and show that these corrections become very
severe in the approach to a Mott transitip80163-182@08)01414-3

[. INTRODUCTION collective Kondo effect that destabilizes the Fermi liquid and
ultimately gives rise to composite pairing.
In recent times, the “quantum chemistry” approach has
proven one of the most effective ways to formulate minimal 1. MAGNETIC IMPURITY IN A NONINTERACTING
models of strongly correlated electron systems. The corre- ENVIRONMENT
sponding strategy of first solving the physics of a strong| . . . . .
inﬁeractigg atomg)c/)r cluster, andglater gugerimposing thegir):: The usual sta_rtlng pomt for studying a magf’e“c Impurity
tersite couplings has provided an underlying philosophy forS the Anderson impurity modeélWe shall examine how the

many models of interacting electron systelisand led to ][educd'ugn %f the Andersofn_ model to a Kondo r:nodel (;S af-
several new concepts, such as the “local momeéntfe ?Cte ytv\;a pt;esgncgrc]) |nt}§r?ctlops gn;]ongt e conduction
“upper” and “lower” Hubbard band€ and the “Zhang- electrons. We begin with a brief resurngthe situation in a

Rice singlet.”® noninteracting environment. The original Anderson model is

A key underlying assumption of the quantum chemistryVItten

approach is that the interacting environment that develops H=H +H +H 1)
; —To d»

around each local scattering center, atom or cluster, does not v
qualitatively change its scattering properties. This long-heldvhere
assumption may not hold in all densely interacting systems
and for this reason, deserves special scrutiny. We already _E +
know that this assumption fails in one dimension, where in- Ho= e €kC koCko 2
teractions in the bulk Luttinger liquid alter the scaling expo-
nents for forward and backward scattering, qualitativelydescribes a sea of conduction electrons,
changing the character of the scattering center. A weak po- T +
tential scatterer renormalizes into an infinitely strong block- Hy=Eqd'od,+Unging . (Ng,=d’,d,), (3
ade to transpoﬂ,while a one-channel Kondo develops prop-js the Hamiltonian for a localized state, with an on-site
erties reminiscent of a two-c'hanm'al Kondg effedt. _ Coulomb interaction of strengtd, and

Motivated by these considerations, this paper discusses
how an interacting environment can qualitatively modify the
scattering properties of a local moment in higher dimensions. H,=VY [®gcC,d,+H.c] (4)
In one dimension, forward and backward scattering are de- ko

lineated by their effects on spin-charge coupling: the formeescribes the hybridization between the continuum and the

preserves spin-charge decoupling, whereas the latter couplgscalized atomic orbital. The matrix element
spin and charge together. This accounts for their very differ-

ent scaling properties in the presence of interactions. In "

higher dimensions, spin exchange between a local moment V¢dk:j dxe"™ *V(x) ¢y(x) 5
and its environment can be similarly divided, and in keeping

with the lower dimensional analog, Coulomb interactionsis the overlap of the local orbital with the surrounding con-
tend to suppress those components of the spin scattering th@ction electron orbitals. An important point to note is that
couple to charge currents. Some aspects of these effects hatii@ local atomic orbital only hybridizes with single Wan-
been discussed by Schork and Fuld®ur paper serves to hier state with a particular local symmetry. For a transition
highlight a particular point, namely, that this effect gives risemetal systemgg, hasd symmetry, in a heavy fermion sys-
to new spin-exchange channels between the local mometgm this matrix element hassymmetry. The single-channel
and its environment. In the lattice, these new scattering charpature of the model becomes clear in a tight-binding repre-
nels qualitatively modify the interactions between mobilesentation, for ifCTj(,=EkCTk,,.ef'k‘xi creates an electron at
Kondo singlets. A forthcoming pap@will discuss how sec- ~ site j, then(bdk=21d>d(xj)e"k'xi is clearly the form factor
ond channel scattering in a Kondo lattice can give rise to @f a Wannier state of nearby atomic orbitals so thjé[,
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=Ej<lbd(xj)c;‘,, creates an electron at this state. In this basis . k+q
the hybridization can be written S I(k-k’ k’
t o K
H,=V> [d',¢g,+H.c]. (6) . ot
(o8

. . FIG. 1. Vertex correction to Kondo interaction.
A large Coulomb interactiok) suppresses charge fluctua-

tions on the impurity site, causing local-moment formation in

the “d orbita'-"_l In this situation, virtual charge fluctuations H=H,+H,+ >, Q) o_q o, (13
induce an antiferromagnetic interaction between the local q

moment and the surrounding conduction sea and the Ander- t ) ) )

son model can be further reduced by means of /hereéoy=2,C'y_qoCy is the conduction electron spin den-
Schrieffer-Wolff transformation that integrates out theseSIty & momentunm and|(q) defines the strength of spin-

fluctuations to yield an effective Kondo model spin in.teractions at this wave vector. To Ieadipg o@gf),
there is a vertex correction to the Kondo interaction, as
H=H,+H,, 7) shown in Fig. 1. Written out explicitly, this gives
where Ik =0+ Ixa(k—k)1 (k—k"), (14)
Hi=3S ¢"qoiy @  where
describes the residual antiferromagnetic interaction between ( )= f(e)
i — 14t = €k—q) — TU€k
the spin of_ the Iopal momen$s=3d'od(ny=1) and the Xd(Q)ZZE i ﬁk-q‘l’dk (15)
electron spin density and K €k~ €k—q
V2 V2 is the spin susceptibility of thd state to a magnetic field at
=107 E, + _—Ed) : (9)  wave vector. By expanding the Kondo coupling in terms of

a complete set of orthogonal Wannier stgtds, } with crys-
where E4 is taken to be negative. The two terms in this tal field symmetry\, Jk,kleAJACI)KkCD’;k,, we see that
expression are the perturbations to the energy resulting from

virtual charge fluctuationsl*+e =d? and d'=d%+e"

into thed? andd® configurations, respectively. Once again, JA:JCSdA‘FJE, Xa(K=K)I(k=k") D3 @y (16)
the local moment only interacts with a single Wannier or- kk
bital. now contains components in new symmetry chanietsd.

In momentum space the Kondo interaction can be written Tq follow how these effects grow with the strength of
interaction, we now repeat the analysis in the strong-
HIZE JeCheacy - S, (10) qoupling limit, carrying out a Schrieffer-.WoIff transforma—
kK tion in the presence of a strongly interacting environment. To
be specific, consider a two-dimensional, tight-binding model
of conduction electrons with a local moment located in the
center of a single square plaquet at the origiig. 2). If the

where

— *

Ik =IP P g (12) on-site Coulomb interaction between the electrons on the
involves a single Wannier state. In a site basis, the Konddfttice is much larger than the bandwidth, the motion of the
interaction becomes electrons is described by an infinité Hubbard modél

H|:E J|’|rCT|O'C|r'S (12) H0: 2 [tll'_Méll’]xlToxl’a'! (17)

’
(N Lo

where J; |, =J®4(x)Pg (x). The nonlocality of the ex-
change means that an electron at a neighboring orbital can
exchange spin with the local moment at the same time as
hopping to one of the other neighboring orbitals. These are
the processes that couple spin and charge fluctuations to-
gether.

lll. EFFECT OF INTERACTIONS IN THE ENVIRONMENT

Now let us discuss how the spin exchange between the
local moment and its environment is modified when the sur- FiG. 2. Magnetic moment in an interacting environment. Local-
rounding environment becomes interacting. Suppose we inzed electron at center of plaquet hybridizes in thg channel with
troduce a weak spin-spin interaction into the conduction seaearby atoms. The on-site interaction at each atomid.kitis taken
writing to be far larger than the electron bandwidth
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where X;,=¢;,(1—n;_,) is a Hubbard operatbrand t;;, Cjo—Cio(1—Nj_ ;) =Xj,. (29
= —t for nearest neighbors, but is zero otherwise. Suppose ] ]
that the localized state hasdasymmetry, so that We now examine the consequences of this replacement.
We may divide the Kondo interaction into a one-site and
H=H,+H,+Hgq, (18  two-site component, writing
where =AD&+ (1= 8,1)]. (29

These two terms are tHeoseanalog of forward and back-
ward scattering in one dimension. The site diagonal terms do
not involve charge fluctuations and these are unaffected by
and with the configuration shown in Fig. 2, it is tllg,  the presence of interactions. By contrast, processes where the
orbital of the local moment that hybridizes strongly with the electron exchanges spin and hops from site to site are sup-
nearby atoms. The value of tidg, Wannier state at the four pressed by the Coulomb interactions in the conduction sea:
nearest-neighbor sites labeled sequentially around the locghese processes are completely eliminated in the limit where

HU=VIZ [Dy(x)dI X, +H.c.], (19

moment(Fig. 2) is there is one electron per site.
L We may make a crude estimation of the effect of the
¢,\[Ri]=2(1,-1,1-1), (20) Hubbard operators by making a Gutzwiller approximation:

where ®(x)=0 for more distant neighbors. In the limit
where|Eg4| andU+E,4 are much larger than bothandV,
only virtual charge fluctuations take place at the localized
moment. We may integrate these fluctuations out by carryin
out a Schrieffer-Wolff transformatiotd —H* =e'SHe™ 'S,
where S is chosen to eliminate the hybridization ter

1L G=Db,

P aX el oo X
KoK= CGOCX (1 _y), (j#1),

(30)

%vherex is the concentration of electrons. This approximation
m yields the right physics fok~0 and in the limitx—1. It

i[S.Ho]=—H,. This yields follows that
* _ J
H*=Ho+H,, (21 H=2 Jischoty,  3=01-x+x8].
where ! (31
_ V2 T 2 t The first term inJ; |, describes spin exchange in the original
H= E_dAA - U+EdA Al (22 single channel. The second term is site diagonal and there-
fore involves a sum over new spin exchange channels. For
where this lattice there are four orthogonal Wannier states
®,, A=(1,4) that overlap with the nearest-neighbor at-
A= Dy(x)dX,, . (23  oms. The value of the Wannier state at the four sites labeled
[ sequentially around the local moment is then
Reordering the operators, we find that @, (R)=3[1,—i" (=1 — (=) (32)
Hi=3(S ¥Tqo¥y) —K(¥T W), (24 where we identifyd,=®4, with the primaryd channel\
T =1 and\=3 correspond t@ channels, whereas=3 de-
hereJ is given by Eq.(9), . ’ . .
W S gV y Ea(9) scribes the extendesl channel. If we expand, . in this
basis, writingd, ==, 1 J, |, @} (x) P\ (x1), we find that
Wao= 2 Po(X) X, (29
X x=0, Primarych
and 1- i =0, rimary ch.
~ VZ V2 J)\ INES y (33)
K= U+E, + E_d : (26) 7 A=1,2,3, Secondary ch.

For simplicity, we chose the symmetric case, where Eg4
=—E4 so K=0 and potential scattering vanishes. In this
case the interaction between the local moment and its env
ronment takes the form

so that interactions induce spin exchange in three new chan-
nels: twop and one extendesichannel, each with scattering
Smplitudedx/4. Schematically,

interactions
t d channe—— d,p,s channel.
H=> 35X eX/, (27)

L We may compactly represent the spin exchange by replacing
whereJ, |, =J/4 for all sites around the spin. We see that theJkk’ In EQ. (11) by
net effect of the strong interactions in the environment is to
tr§|roslace the conduction electron operators by Hubbard opera- kak,:xzos qu,)\kq,:k' (34)
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Remarkably, the strength of the scattering in the other chan- Impurity Lattice
nels is broadly comparable with that in the primary channel,

and in the extreme limit of one electron per site<(1), the .

amplitude to scatter becomes equal in each channel. In this Triplets ===~ [
special limit, all spin-hop processes have been suppressed, T
and the Kondo interaction becomes four individual Heisen-

berg spin couplings to each neighboring atom. This means I
that in the vicinity of a Mott transition, a local moment will
behave as a multichannel Kondo model. o>, B> o> B>
Singlets - mm——— -l -
IV. CHANNEL SYMMETRY AND IMPLICATIONS
FOR THE KONDO LATTICE
aHPIB> =0 (aHPIp> ~T,

Physical realizations of a Kondo lattice will always in-
volve electron interactions in the conduction sea. From the FIG. 3. Contrasting the strong-coupling limit of a single impu-
arguments we have just developed, we expect these interagty and lattice model with a weak second-channel coupling. In the
tions to induce a Kondo coupling in new symmetry channelsimpurity model, there is no matrix element &f® in the low-
Predominantly f-channel heavy fermion systems are ex-energy subspace. In the lattice, where channel number is not con-
pected to develop weaker spin-exchange couplings to thserved, the matrix element ¢® in the low-energy subspace is
d, p, ands channels. Likewiseg-channel transition metal finite, and gives rise to interactions among the mobile Zhang-Rice
systems will develop weaker Kondo coupling to fhends  singlets.
channels.

At first sight, these weaker secondary couplings might bavithout affecting the spin of the electron it is bound to. To
thought to be irrelevant, as they are for example, in a singléee this, note that H®®=J,S. Yoy, where ¢}
impurity model*?>=** For an impurity magnetic ion, the =N 2%,®,.c'. Orthogonality of the scattering channels
Kondo effect develops exclusively in the strongest screeninguarantees thatys, zp;g,}=0, i.e., ¥, has no overlap with
channel. However, Kondo impurity models have a speciathe hound electron in channel one. This means that when we
local symmetry that preserves the channel quantum numbgjroiectH(® into the low-energy subspace
of scattered electrons. By contrast, an electron traveling in a
Kondo lattice can change symmetry channels as it moves H®—(p|S p)- yhoy,=0, (37
from one spin site to another, so that channel quantum num-
ber is not conserved. This has a profound influence on thbecause there are no matrix elements of the spin opegator
Kondo lattice, for it means that the subspace of Kondo sinin the singlet subspace.
glets in one channel is no longer orthogonal to the subspace By contrast, in the lattice where channel conservation is
of Kondo singlets in other channels. Thus the developmenibst, H®) does act on the electrons bound into Kondo sin-
of Kondo effect in one channel no longer excludes the posglets, so that there are finite matrix elementsHéf) in the
sibility of a Kondo effect developing coherently in the other low-lying singlet subspace of channel onel.dfy and|g) are

channels. states in this low-lying subspace, this means
To illustrate this point we shall consider a two-channel
Kondo lattice in the strong-coupling limit, where the band- 0, impurity,
width is set to zero, so (a’|H(2)|,8>= (39)
0(J,), lattice.
H=HY+H®@),
This marks a qualitative difference between the impurity and
o lattice models. It means that we can no longer tacitly assume
HM = (3, /Ny) 2 Dy @y oty Sl TR, that in the lattice second-channel couplings are an irrelevant
Kk ] (g5  Pperturbation.

We now calculate the form of these additional terms in
where=, ®,,®%, =0 defines the orthogonality between the the lattice. We follow the method developed by Zhang and
channels and\ is the number of sites in the lattice. Rice for reducing a two-band model of the cuprate perovs-

Let us now contrast the effect 6f(?) in a single impurity ~ kites to a one-banttJ model® The Zhang-Rice reduction to
model, with its effect in a latticéFig. 3). Supposel;>J,, so  asingle band was carried out on a model with spin exchange
that the low-energy physics is determined by the projectiorin a single €,2_y2) channel. We now examine how this
of H into the space of Kondo singlets in channel one. Firstanalysis changes when a weak additional spin exchange
consider an impurity model. Fa?)=0, the ground state is channel is introduced. We first construct a set of orthogonal
a Kondo singlet formed between the local moment, and a#hang-Rice singlet operators for channel one. An electron in

electron in channel one, the Wannier state with the symmetry of channel one is cre-
ated at sitg by the operator
|¢)=3[y1,d] - ¢1,d]1]0), (36)
where ¢l ,=N; 'S4, c',, and we have represent&i pJTU:iE D ékRicl . (39
=d/(o/2)d;. Now H® flips the spin of the local moment N, E [P
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We can write bottH®) andH ) in this basis as follows: ~ ~
H®=3, 2 ®a(x) @3 ()X 10X,-S . (49
1,17,
H()\):J—)\z @Akéik,kaopkuSjei(k/_k)'RJ, (40) :
o=
ke The symmetry of this term is governed by the product of
form factors ®,,x®,, P7,, a function that has to contain
5 DED, nodes, because of the orthogonality of form factors
(th=|<ka|[— . 41)  (E®xP7=0). In the primary channel, the corresponding
| D 11| [P interaction term has an isotropic “extendsti symmetry.
Our ability to write H® in terms of the Wannier states of This term is numerically small and is generally neglected as
channel one is a direct consequence of the absence of cha@? irrelevent perturbation to the infinits (vave) onsite re-
nel conservation. pulsion between holes. The final form for the effective
The low-lying basis of Zhang-Rice singlets fét(Y) is  Hamiltonian is
constructed using the operator

where

J

1 _ t 2
T T d4f —pf gt H=t>, X/X;+—
by =5 [Py1dj =Py djy ], (42) &N

to create a “Zhang-Rice” singlet in channel one at gitén

the low-lying manifold of states, each site is either occupiedf’,vhere' we hﬁv‘? neglected all but the ne_a[)est-.neighbor coef-
by a Zhang-Rice singlet, or an isolatddspin. The vacuum ICieNts, so thati(j) represent nearest neigboasis a vector

corresponds to a singlet at every site linking nearest neigborg¢=—3®,(0)d,(a)J;. The second
term shows that spin-exchange processes in channel two sur-
¢ vive the projection into the subspace of singlets for channel
|¢>:H b |0), (43 one. For this reason, we can no longer expect singlet forma-
. tion in one channel to preempt a Kondo effect in the second,
and a general state is formed by acting on this state with theveaker channel.
Hubbard operato)(;rc,: \/Ed;rabj as follows: One of the interesting possibilities that this presents us
with, is the possibility that Kondo spin exchange in the sec-
ond channel can generate pairing. If we consider a pair of
Zhang-Rice holes, then the matrix elements between the two

o _ states produced bi(® is given by
Within this manifold of states an electron can only be added

by the creation of a Zhang-Rice singlet. For stdtes,|3)
that lie in the low-lying subspacgjo;}), (KT, —KL[H@ KT, — K’ [yor =3, D D%, . (50)

(alpf,|B)=(al\20b]d; _,|B)=(aloX;_,|B), (45
. In the original Zhang-Rice problem, the primary spin-
SO0 we may carry out the projection into the low-energy S“b'exchange channel ha._,2 symmetry. The projected form

. T .
SHFE?)C? 33]/ replacing;,— oX;_,. The projected form for  acior for the primaryd,z_,2 spin-exchange channefis
is then

> (@) 3 (a)XTj 40K o S,

Sj,a,a

ioh=I1 Xigl @) (44

j.oj

HO—A S By B a)Xh0X-S . (46) ®yy={1+ L[cogky) +cogk,) ]} ¥2 (51)
S
On the sites wheré=j or |'=j, we can use the identity We expect there to also be spin-exchange terms of strength
(§-o)X;=— %Xj , to obtain J,~(618)J4, whered is the doping, in the and extended
channelg?® Of these, the most interesting component is that
HO) = E i xF X with extendeds symmetry, for in this cas®,, has the prod-
= I
i

uct symmetrys®d,2_2=d,2_,2, which has even parity and
] can support singlet pairing. A careful calculation gives
N ~ ~
L2 PO @Y (XN 0X S, (47)

Sl I #]

®, =[cogk,)—cogk,) /(2D ). 52
Wheretj)\l=Ns_12kt)\(k)eik'Ri| and 2k [ E( y) E( x)] ( 1k) ( )
t, (k)= —3JAEI~))\(0)Rq:EI~))\k]_ (48) SinceJ,/J;~(x/8), this is a small, but significant perturba-

_ ) ) i tion to the model. Were it to lead to a genuine pair instabil-
The first term in Eq(47) describes the motion of the Zhang- ity the microscopic description of the state that forms would
Rice holes. In generakp, is a function with nodes, so involve the coherent presence of Zhang-Rice singlets of two
®,(0) vanishes, antl(?) contributes solely to an anisotropic distinct symmetries. This is a topic we shall return to in a
interaction among the holes. forthcoming papet?
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V. CONCLUSION teractions within the the low-energy subspace of Kondo sin-

glets. The possible consequences of these new couplings will

This paper has examined the effect of interactions aroun e analyzed in a subsequent paper.

a local moment. Conventional wisdom assumes that a loca
ized moment scatters electrons in a symmetry chann_el of the ACKNOWLEDGMENTS
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