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We develop a generdethe ansatformalism for diagonalizing an integrable model of a magnetic
impurity of arbitrary spin coupled ferro- or antiferromagnetically to a chain of interacting electrons. The
method is applied to an open chain, with the exact solution revealing the existence of a “hidden” Kondo
effect driven by forward electron scattering off the impurity. We argue that the so-called “operator
reflection matrices” proposed in receRethe ansatstudies of related models emulate only forward
electron-impurity scattering, which may explain the absence of complete Kondo screening for certain
values of the impurity-electron coupling in these models. [S0031-9007(98)07209-3]

PACS numbers: 71.27.+a, 05.30.—d, 75.20.Hr

The study of magnetic impurities in one-dimensionalKondo screening—as predicted by Furusaki and Nagaosa
(1D) strongly correlated electron or spin systems has atfl]—for certain values of the ferromagnetic exchange cou-
tracted great interest in the last few years. The availabilityling in [6] raises some concern about this interpretation.
of nonperturbative methods in one dimension has allowed In this Letter, we revisit the problem via an alternative
for a detailed picture of the relevant physics, revealingoute, exploiting the quantum inverse scattering method
some rather unexpected features, such as the complg®ISM) [7] to study the algebraic structure of this class of
screening of an impurity spin for #rromagnetickondo  models. This allows us to explicitly exhibit the form of the
exchange [1]. Future possible experiments on magnetireflection matrix used in [6] and show that it contains only
impurities implanted in quantum wires or carbon nano-forward electron scattering (FS) off the magnetic impurity,
tubes, as well as analogies with related phenomena (x-rayith the backscattering against the (infinite wall) free edge
boundary effects, metal point-contact spectroscopies, etcPotential playing no essential role for the physics of the
provide additional impetus for studying this problem. impurity. This is different from a nonintegrable Kondo

The Bethe ansat¢BA) has played a particularly impor- impurity in a correlated host, where tdgnamicbackscat-
tant role in the study of magnetic impurities. As is well tering against the impurity crucially influences the proper-
known, the method has successfully been employed for thies of the system [1,8]. By a more general construction,
exact treatment of a Kondo impurity in a free electron hoswvalid for an integrable impurity spin ddrbitrary magni-
as well as for mixed-valence impurities (with hybridized tude coupled ferroer antiferromagnetically to an electron
impurity and host wave functions) [2]. The method hashost, we show that a Kondo effect is still operative also
also been used to study magnetic impurities in spin chainehen the impurity appears to be unscreened: The associ-
[3], and more recently icorrelatedelectron hosts [4]. In ated hidden Kondo screening becomes manifest only in the
most of this workperiodicboundary conditions (PC) were presence of an external magnetic field or at nonzero tem-
imposed on the electron (or spin) host. However, ther@eratures. Most importantly, our analysis shows that for-
exists an alternative approach, also exact, whagen ward electron-impurity scattering, without the assistance
boundary conditions (OC) are implemented within a BAof backward scattering off a free edge potential, can drive
framework [5]: A boundary potential at the edge of the sys-Kondo screening in a correlated electron host. For trans-
tem here plays the role of impurity scatterer. In a recenparency, we focus on the supersymmetrié¢ model of
series of very interesting papers, Wang and collaboratorsD correlated electrons with a sphimpurity. However,

[6] proposed several new BA solutions for magnetic im-the principal results of our analysis hold f@nyintegrable
purities in correlated hosts with OC. In their approach theslectron model with gapless low-lying excitations, and do
magnetic impurity is attached to the edge of the chain tonot depend on the specific form of the host Hamiltonian.
gether with an auxiliary boundary potential that preserves The key object in the QISM [7] is the two-particle scat-
integrability. The effect of the resulting composite edgetering matrix,X, ,(«), whereu is a spectral parametet,

on the electrons is coded in a “reflection matrix,” inter- labels a subspadg, of an auxiliary particle, and: labels
preted in [6] as simulating backscattering (BS) of electronghe Hilbert spac&,, of a particle at a site: on a 1D lattice

off an ordinary (nonintegrable) Kondo impurity in a corre- [7]. The necessary and sufficient condition for integrabil-
lated electron system. However, the absence of compleity is that the scattering matrix satisfies the Yang-Baxter
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equation (YBE)X,,(u — v) X () Xpm(v) = Xpm(v) X effect while the charge part provides the mixed-valence

Xum(u) X4 (u — v), implying that onlyforward scattering  behavior of an impurity [13].

(FS) is allowed. To maintain integrability in the pres- Specializing to the supersymmetric/ model [14]

ence of an impurity, located at a sitesay, the impurity- with a magnetic impurity, its Hamiltonian can be de-

host scattering matriR,, () also must satisfy a YBE: composed asH = Hyux + Himp + Hoouna- Here

Xap(u — U)Ran(u)Rbn(U) = Rbn(v)Ran(u)Xab(u - v). Hbulk = Kaﬁ ﬁ;ll(‘]}‘:,]f_ﬂ + HC) defines the bulk
To set the stage, let us first look at the simplest casgjamiltonian for a chain of length, with /¢ the genera-

of an impurity in a spin; chain [3]. The host as well as tors in the defining representation of the supersymmetric

the impurity scattering matrices here belong to the SU(2)aigebrasi(1]2), andK,p = TrJ*JP [11]. The impurity

symmetric rational solutions of the YBEX.,(u) =  Hamiltonian Hiy, (with the impurity coupled to sites
A(M) [MI + lCPam] (Am = 1}2 2, . ,N) and R,m(u) = andn + 1) has the form

Alu — ia)[(u — ia)] + icP,,], respectively. Herec _ 2

is a coupling constant (fixed by the YBE to be the sameg'[imp = colHus + Hsper = (@ + 255 + D) Hunsi
for host and impurity exchange)e| measures the shift — 2ia[Hs, + Hsp+1, Hyn+1]

of the impurity level from the Kondo resonance [4fv) + {H, s, Hs ni1)). (1)

with v = u,u — i« are normalization constants, aRg;
:/?/itﬁ r‘)/tjrrz;:?;;gg Zpigi? ; 0(2pﬁzz)c?;rgii)s%?g;%nSp;CGahd applies tanyimpurity model [with _SL(Z) or sl(n_lm)
SUQR) for j=m#n (j=n). Given Xum(u) and Ry, () symmetry] constructedﬁby QISM. ltis Dere realized by
and imposing PC, QISM constructs the Hamiltonian oft@kiNgHns = Kap(/;Js + h.c), whereJs are the gen-
the system as a logarithmic derivative (with respect to thérators for the spis-impurity, with ¢ = f[(S + 3)* —
spectral parameter) of theansfer matrix~pc(u) of the @°]”' being an effective impurity-host coupling constant
associated 2D statistical mechanics problemg(u) =  [f = 1 for an exchange impurity, whilg = (Mo |M +

Tr, nﬁl Xam()Ran(u — ia). Itis important to note that o)v/2S + 1 for a hybridization |_mpur|ty, withMo|M +

the position of the impurity matrix in this product has no @) the Clebsch-Gordan coefficients [4]]. The bound-
influence on the dynamics: The auxiliary particle simplyary Hamlltoman}[gound has a trivial structure for PC:
scatters off all spins on the chain consecutively, includingHbouna = KapJi'JL + H.c. The OC boundary Hamil-
the impurity. For the OC case, one introduces additionatonian, on the other hand, is obtained by making the re-
reflectionmatrices K, () [9] which describe the backscat- placement/),; — h;;, whereh; ; define theboundary
tering off the open boundary. In contrast to the host offieldsat the edges at = 1 andm = L [15]. This proce-
impurity scattering matrices, these arenumber matri- dure is directly applicable when the impurity is located in
ces. They satisfy the reflection equation (RE),(x —  the bulk. However, a similar construction can be used also
VK, () Xap(u + v)Kp(v) = Ky (v)Xap(u + v)K,(u) X for an impurityat the edge:We now putn = L, and re-
X.,(u — v), as required by integrability. Given the re- place the operator at the “phantom site” with index- 1
flection matrices, the analog of the transfer matrix for then Eq. (1) by the boundary field,. Note that by this pro-
OC, 7oc(u), is defined byroc(u) = Tr K, (u)T,(u) X  cedure the three-particle commutator and anticommutator
Ko()T; Y (—u), where T,(u) = [1% Xam(u)Ran(u — i) termsin (1) collapse to two-particle terms.

is the PC monodromy matrix. The recently proposed Inspection of Eq. (1) shows that the parametedeter-
operator reflection matrix for the spin model in [6] hasmines the coupling between impurity and host. For imagi-
the simple structureR (u)K ()R ~'(—u) with K(u) = I,  nary a, and for reala with |&| < S + 3, we have an
i.e., it is just the ordinary-number reflection matrix (x)  antiferromagnetic (AFM) coupling, while for real with

of a free boundary sandwiched between two FS impuritfa| > S + 5 we get a ferromagnetic (FM) coupling. A
matrices [6,10]. The auxiliary particle here scatters offreal a, however, corresponds to a non-Hermitian impu-
the impurity, reflects at the free edge, and then scatterdty Hamiltonian, making the ferromagnetic case unphysi-
off the impurity once more, but moving in the opposite cal unless one places the impurity at the edge wide®
direction. boundary field[4,10]. For this special choice;;, = 0,

The QISM for correlated PC [11] or OC [12] electron only the first term survives in Eq. (1Himp = coHys.
chains with an impurity works similar to the scheme above Thus, the FS impurity is here connected to the host by a
with one essential difference: electrons carry spimd  single link with coupling constanty, providing a simple
charge, and, hence, twaestedtransfer matrices have to and natural impurity Hamiltonian. Analogous to the spin-
be introduced. The first-level transfer matrix describeschain case, the reflection matrix including the impurity
the charge sector, while the second-level transfer matriis obtained by sandwiching the ordinarge edgereflec-
describes the spin sector. Because of the nesting, a matien matrix K (1) = I between two FS impurity matrices:
netic impurity inserted into a correlated electron chain has,; (u)IR..(—u) with R,z («) from [4]. This structure is
to carry both spirand charge degrees of freedom in order general and holds also for the models considered in [6] as
to preserve integrability. Its spin part drives the Kondois evident from inspection of the resulting BA equations.

's(he commutator-anticommutator structure in (1) is generic

2752



VOLUME 81, NUMBER 13 PHYSICAL REVIEW LETTERS 28 BPTEMBER1998

Its form implies that the backscattering from the free edgegets polarized by the field to produce affectiveimpu-

which is present in any open chain, decouples from theity spinS.; = § + @ However, the magnetic field also
scattering governed by the FS impurity matrices. As @xcites unbound electrons from the sea of Cooper pairs.
consequence, the position of the impurity on the chain isor a sufficiently weak field, these unbound electrons par-
immaterial to the physics when the interaction is AFM with tially screen the effective impurity spin, a process in com-
imaginarye. On the other hand, as we have just seen, foplete analogy with the ordinary Kondo effect with the
real o (including FM interaction) a real energy spectrumonly difference being that aeffective spinS.;x > S gets
requires the impurity to be attached to the edgdh zero  (partially) screened. As the field increases it eventually
boundary potential breaks up the impurity-screening cloud composite, leaving
Eigenfunctions and eigenvalues of the model are papehind the effective (unscreened) splg;. For § > %
rametrized by sets of quantum numbers, partitioned intghere is a crossover between low- and high-energy behav-
charge rapiditiesu;})~, (with N the number of electrons) jors of the magnetic impurity: For low fields one has an
andspin rapidities{v,};_, (with M the number of “down asymptotically free underscreened sginwhile for high
spins”). The rapidities are the solutions of the BA equadields the asymptotically free spin s+ 5. We can also
tions, which for the OC zero-boundary case take the fornsee the features of the hidden Kondo effect in the finite-
N M temperature properties. For example, in the Kondo regime
l_[ e25+a(vp) l_[ e1(vy * uj) = l_[ 1_[ ex(vp *+ vg) (with charge degrees of freedom suppressed) the effective
* =1 ==l spin is S for low temperatures]’ < Tk, andS + % for
. M high temperatured; > Tk, with Curie-like behavior and
e (u)) = l_[ Y (u;) l_[ ei(uj * vp), (2)  usual Kondo logarithmic corrections. The zero field resid-
- p=l ual entropy is given bys = In2S for imaginarye. The
specific heat has a Shottky peak7at- H and a Kondo
Mesonance &t « T for a weak magnetic field, with the
) , two peaks merging into one for larg€. This behavior is
impurity and Y= (x) = y/eas+1a(x)/€2:4(x) for an ex- typical for an “underscreened” magnetic impurity [2]. In
change impurity [4]]. These BA equations can be trans¢qnast completekondo screening is present for the case
formed into a form similar to the PC case by a changegys 4, exchange impurity witl§ = % or a hybridization

with e,(x) = 2x + ;n)/(2x — in). The functions con-
taining o describe spin and charge degrees of freedo
of the impurity [V« (x) = exs+1+«(x) for a hybridization

of variablesu; — —u;,j = —N,...,—1,0,v, = —v, - L i _ : ; T
o ' [Tornes 0 7h P impurity with § = 0. The impurity susceptibility is pro-
P Moy — 10 which gives the OC energie = ,iona) to7, !, with a specific heat linear iff at low

=1 (uj + 3)7". We also remove the roots correspond-gpergies, and one thus recovers a standard Fermi-liquid

ing tou; = v, = 0 (which label unphysical null states). ¢-anario generic for AFM impurity models.

Itis important to stress that the states which are present for \yo can illustrate the above e.g., by explicitly calculat-
OC but not PC determine the BS singularitiedependent ing the impurity magnetization;,, at half filling, using

of the FSimpurity terms. . . the BA equations (2). In fact, we find a universal expres-
The ground state of the supersymmetri¢ modelinan g, for Mimp, valid for the AFM as well as the FM case:
external field is obtained by filling up two Dirac seas for
1 _Inin(H/Tx) }

singlet Cooper-like pairs and unbound electrons, respec;  _ {1 .

tively [16]. The structure of the singlet-paired ground state™ ™" T 2In(H/Tx)  AINXH/Tx)

for zero magnetic field = 0 conspires with the magnetic 3)

impurity to produce a nonzenmixedimpurity valencen:

For H = 0 there are no unbound electrons, but scatterwhere for imaginarya the Kondo energy scale B¢ =

ing of Cooper pairs off the exchange (hybridization) impu-Ho exp(—|al) with Hy = /73/e, and where we have

rity makesn smoothly vary from zero for an empty band Subtracted the contributiod.age = [2In(H/Ho)| ™' —

to +1 (—1) for a half-filled band, a process common to InIn|\/H/H,|/4In*(H/H,) + ... from the free edges.

both FM and AFM impurity-host coupling. By an analy- For low fields, andS > % H < Tk, Seer = S with the

sis of the counting functions that define the number of BAupper sign in (3) defining/;,,,. On the other hand, for

states [17] one can show that the impurity magnetizatioriields which are large on the Kondo scale but still much

Minp in the limit of zero magnetic fieldan take either smaller than the spin saturation fieldy < H < 1,

the valueM;n, = S — 3 (as in the ordinary Kondo ef- Serr = S + 5 with Miy,, defined by the lower sign in

fect) orMin, = S. Inthe latter case the Kondo screening(3). For anS = 0 hybridization impurity or anS = %

is hidden, and becomes manifest only for nonzero fields oexchange impurity one obtain§.s « H/Tx for low

temperatures. This effect, which is generic to this class omagnetic fields, whil&.; = % for high fields [4].

theories, is particularly transparent in the present model. Let us now consider the FM case, or more generally,
To see how it comes about, let us first consider the casthe case of reak, with 2|a| = [2]a|] + {2|a|}, where

with AFM impurity-host coupling and imaginary. Here [x] ({x}) denotes the integer (fractional) part.af Equa-

the impurity “traps” a fraction of a Cooper pair which tion (3) still describes the impurity magnetization, with
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