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Abstract

We show that a local measurement which decoheres the Kondo center in a Kondo system, suppresses the Abrikosov—Suhl
resonance and destroys the Kondo effect. This happens due to elimination of the entanglement between the Kondo center and
the conduction electrons, and differs essentially from smearing of the resonance by dissipation. Considering decoherence by a
spin bath, we predict that the Kondo effect disappears when the Kondo temperature becomes smaller than the coupling with a
bath. Suppression of the Kondo effect can be detected in experiments on “quantum corrals” or quantum dots doped by impurities
with internal degrees of freedom.
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The Kondo effect discovered originally as a mecha- sualization of this resonance for magnetic impurities
nism to explain the resistivity minimum in dilute mag- [7,8] and for the orbital Kondo effect on atomically
netic alloys [1] is one of most interesting many-body clean metal surfaces [9]. The AS resonance is a conse-
phenomena in condensed matter physics. It plays aquence of the strong quantum correlations between the
crucial role for heavy fermion physics [2], for metal- Kondo center (localized magnetic moment, or other
lic glasses and systems with orbitally degenerate ions entity with internal degrees of freedom) and the con-
[3], for quantum dots [4,5], for quantum tunneling in  duction electrons. These two subsystems form an en-
metals [6], etc. The key feature of the Kondo effectis tangled (singlet, for spin systems) state analogous to
the formation of the Abrikosov—Suhl (AS) resonance the state of the Einstein—Podolsky—Rosen spin pair
near the Fermi level. The STM technique allowed vi- [10]. Such states are often fragile. If a quantum mea-

surement is performed, which uniquely determines the
state of one of the subsystems (or both), then the quan-
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by an environment, which can act as a measurementis obtained, and the impurity becomes completely “de-
apparatus [10,11]. tached” from the Fermi sea. It is, at least intuitively,

In this Letter we show that a measurement which clear that the Kondo effect is destroyed completely
decoheres the Kondo system, and destroys correlationafter such a measurement. However, in real experi-
between the Kondo center and the conduction elec- ments, it is difficult to measure the flavor state. We
trons, suppresses the AS resonance and thus leads tghow that by measuring only the impurity charge (de-
destruction of the Kondo effect. We demonstrate that termining only the number of -electronsp s =0 or
this phenomenon differs from the suppression of the n; = 1), almost the same result can be achieved. The
Kondo effect by dissipation (resulting, e.g., from ex- Kondo effect becomes strongly suppressed, and the
ternal radiation) [12]; namely, in the former case, the amplitude of the AS resonance diminishes exponen-
spectral weight of the AS resonance is reduced, while tially in V2N . Therefore, experimental check of the
in the latter case, the resonance broadens. effect predicted here becomes feasible.

A physical origin of the quantum degrees of free- The infiniteU Anderson model is exactly solv-
dom leading to the Kondo effect can be different. able in the limit Ny — oo, assuming thatV — 0
Kondo centers with fluctuating charge state such as and V2N, = const. This approximation is realistic,
mixed valence ions provides a nice example. For Ce and has been successfully applied to description of
ions fluctuating between &e (no f-electrons) and  the electron spectra of cerium compounds [13]. The
Ce*t (one f-electron), keeping in mind a large de- ground state wave functid@o) can be presented [13]

generacy of the ground state term f@¢t configu- as a superpositiop) = A(|0) + |1)), where

ration (V = 2j + 1 = 6) an exactly solvable model

of the Kondo effect basing on an infinifé- limit 10) = 1_[ CZVIVEIC),

turns out to be very efficient [2,13]. We proceed with vik<kp

the infiniteU degenerate Anderson model with the

Hamiltonian ° EEDMLE — > acf)ewl0), @)

k<kp \/N_f v,k<kp

H=pP Z['Ekczuckv + foquV]P + Hi, @) where|vag is the vacuum statey = /1 — (ny) is the
kv normalization factor{n ) is the average occupation

Hi=P Z[V(C;va + fvTCkV)]p’ ©) of the f-level,ar = V\/Ns/(Eo + e — €y), and Eg
o is the ground state energy counted from the energy of

) ] the “Fermi sea” stat{):
wherecy,, f, are the Fermi operators for conduction

and localizedf -electrons, correspondingly, ande s
are their bare energies counted from the Fermi level,
V is the hybridization parameter,=1,2,..., N is
the “flavor” index andP is the projection operatorinto  The Green’s function of thef electronsG(E) =
the space witlh y = fjfv < 2. (fol f,;F)E has a pole at the energy* = ¢ — Ep

The essence of the Kondo effect, as described by with the residueZ = 1 — (ns) which corresponds
this model, is the fluctuation of the charge of the im- to the Abrikosov—Suhl resonance; the eneigy =
purity and the flavor of the electron localized on the pV2N;(1 — (ns))/(ns) (p is the density of states
impurity. Fluctuations of both these degrees of free- for conduction electrons) plays the role of the Kondo
dom are important. FoN; = 1, the flavor fluctua-  temperature provided thaf « 1; in that regimeZ
tions are impossible, and the Kondo effect is absent is exponentially small inV2N, (for more details,
(so-called Fano—Anderson model). Similarly, for fixed see, e.g., [2,13]). It is well known [14] that the AS
impurity charge staten(; = const= 1), the amplitude resonance results in the Fano (anti)resonance in the
of the AS resonance is zero, the Kondo temperature conduction electron spectrum because of the identity
is zero, etc. If both degrees of freedom are measured 5
(and, as a result of the measurement, become fixed),((Ckv’cT/ ), = Sk VENsG(E) '
the maximum possible information about the impurity KvIE ™ E — e~ (E —e&)(E — €g)

1

k<k1~‘

(4)

®)



M.l. Katsnelson et al. / Physics Letters A 318 (2003) 445451 447

It is the Fano antiresonance that is observed in the It has the same polE* as the Green'’s function before
STM experiments [7,8]. the measurement, but the residuélis- (I’lf))z instead

The state (3) describes quantum correlations be- of 1 — (n). Thus, the amplitude of the Abrikosov—
tween the f-electrons and the conduction electrons. Suhl resonance, and, consequently, the Fano antires-
These two subsystems can be considered as an “EPRonance in the conduction electron spectra, diminish
pair” [10], where the state of the conduction electrons drastically after the measurement. Only a small frac-
is determined by the state of tifeelectrons (and vice  tion of the spectral weight, of order CE*/,OVZNf
versa). One of the most impressive features of such (which is of order of 104 for typical Kondo sys-
states is that the decohering action applied to one sub-tems), survives. That is, the measurement strongly
system immediately affects the state of the other sub- suppresses the Abrikosov—-Suhl resonance, and prac-
system, which has not been directly subjected to deco- tically destroys the Kondo effect. Experimentally, this
herence. We demonstrate below that in our case, sucheffect can be checked with the “quantum corral” setup
an influence, e.g., the measurement of the number of [8], by putting, e.g., a cerium atom on the metallic sur-
the f-electrons: ¢, leads to an immediate change of face in the focus of an elliptic “quantum coral”. Due to
the state of the conduction electrons, and suppressesdnteraction with thef -electrons of Ce, the spectrum of
the Kondo effect. This effect is similar to the situa- conduction electrons exhibits the Fano (anti)resonance
tions explored recently for Anderson localization [15], which can be observed by an STM tip placed at the
in the Bose—Einstein condensate [16], and for an anti- other focus of the elliptic corral. The charge state of
ferromagnet[17]. However, the case of Kondo systems the Ce atom can be measured, e.g. by a point con-
may be more easily studied in real experiments (see tact, placed near the atom (as has been analyzed in
the discussion below). Ref. [19]), or by rf single-electron transistor. Such

Let us assume that the decohering influence of the a measurement can be performed very fast, and, as
apparatus is so effective that it can be described as athe experiment-based estimates show, the picosecond-
von Neumann's measurement [18]. This means that time measurement can be achieved [20]. In order to
the initial density matrixo; = |¥g)(¥p| is instantly simulate the von Neumann’s measurement (which is

transformed into the final one, = A2(|0)(0] + an ideal instantaneous process), the measurement time
|1)(1]). The Green’s function of th¢-electrons after  should be much smaller thaky/ Tx (typically, tens
the measurement is of picoseconds). Immediately after the measurement

of the Ce atom, the amplitude of the Fano resonance

) r itE T T should drop drastically.
Gr(E)=—i /dte oA L+ L A O], It might be more feasible to employ the Kondo ef-
0 fect in quantum dots [4,5], where the bath of environ-

) ©) mental degrees of freedom decoheres the central spin.
and can be evaluated as in Ref. [13]. One has 10 |t js also important, since the AS resonance is recov-

introduce the functions exp-iH1)|¢) where |¢) = ered during the characteristic time of orderigfl’x
|0), k). £,710), write the equations of motion for them,  after the single measurement; in contrast, for a Kondo
taking into account only the leading terms iy system continuously decohered by the bath, the re-

and make the Laplace transformation. As a reSUlt, the covery process is prevented_ The bath works in essen-
Green'’s function after the measurement becomes (in tjally the same manner as a measuring device. Indeed,

the limit of largeN¢): as the results above show, the spectral weight of the
5 Abrikosov—Suhl resonance is determined by the non-
Gs(E)= A zero value of the non-diagonal element of the density
E—er+T(ef —E) matrix (0| p|1) = (0|¥p)(¥o|1) # O (see Eq. (3)). The
=G(E) interaction)’ between the dot and the bath reduces the
VaN _1 value of(0|p|1) [10,11], since the bath entangles with
x [14_ Z f } ) the quantum dot, and destroys the quantum correla-
forst (Eo+ex —€) (ex — E) tions between the dot and the conduction electrons.

@) When 'V is strong enough to mak&®|p|1) negligi-
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ble, we havepy = a1|0)(0| + a2|1)(1] and, as shown  spin degrees of freedom [2] we consider a qualitatively
above, the Kondo effect is destroyed. The measure- similar Hamiltonian

ment of the spin of the quantum dot represents com-

plete measurement of the Kondo center (i.e., complete

information about the Kondo center state is obtained). H = J$,S,+ S Z Ajl; + Hp. (8)
However, as we just saw above, a complete and an in- i=1

complete measurement have practically the same ef-

fect in reducing the resonance. Here,S; is the spin of the quantum dof{ = 1/2),

Destruction of the Kondo effect by a decohering S, represents the collective spin of the conduction
action of an external microwave field has been con- electrons §> = 1/2), | ; are the environmental spins
sidered in Ref. [12]. However, the external radiation (I; = 1/2), andA; are the coupling constants of the
works similar to increasing temperature, smearing the spin of the dot; with the bath spins. The Hamiltonian
Kondo effect, and represents an effect of dissipation. Hp governs the chaotic dynamics of the bath.

In contrast to dissipation, the decoherence caused by The Hamiltonian (8), although being extremely
the measurement leads to the pure decrease of the amsimplified in comparison with a realistic Kondo sys-
plitude of the resonance (by a factorot= 1 — (n¢)), tem, is suitable for qualitative description of the ba-
without any smearing. The difference between deco- sic physics of the decoherence process. The essence
herence and dissipation is one of the most important of the Kondo effect is formation of a singlet ground
points in the modern theory of decoherence [10,11]. state with an energy gain of order & in compari-
Decoherence is a loss of subtle phase relation betweenson with the energy of the Fermi sea [1]. The lowest
different states of the system, and is not necessarily triplet state of the Kondo system corresponds to the
associated with the flow of energy between the system non-interacting situation, when the conduction elec-
and the bath, as exemplified, e.g., by Ref. [11]. In con- trons just avoid the scattering center, and the energy
trast, when the flow of energy between the system and of the lowest triplet state is just the Fermi sea energy.
the bath is present, both dissipation and decoherenceThus, the energy separation between the lowest singlet
take place. and lowest triplet states, qualitatively described @s

Here, we consider decoherence by a spin bath [21], Eq. (8), is of order offx. The most important differ-
which allows a clear demonstration of the dissipa- ence between a real Kondo system and the model (8)
tionless suppression of the Kondo effect. Such a bath is that the Kondo system has continua of the singlet
can be implemented in experiments by doping GaAs states and triplet states. However, most of the states
with manganese (so that the magnetic moments of belonging to these continua are notimportant provided
Mn ions form the bath), iron or chromium impuri- thatallA; are much smaller than the bandwidth of the
ties. The interaction between the spins of impurities conduction electrons. In this case, the interaction be-
is weak but not negligible: it determines the chaotic tween the Kondo system and the bath is close to adia-
(or close to chaotic) dynamics of the bath, and our batic, and only the low-lying singlet and triplet states
simulations show that this is a qualitatively impor- are important.
tant detail. Chaotic baths exhibit similar behavior for Thus, we use the Hamiltonian (8) for qualitative
a wide range of parameters, while the results obtained analysis of the decoherence process of a Kondo system
for non-chaotic baths often depend on the specific de- by a spin bath, with/ = E* ~ Tx. The entanglement
tails (initial conditions, form of the bath Hamiltonian, betweers; andS; can be described using the reduced
etc.) especially in the region of small We will dis- density matrixo = Try ;) W, whereW is the density
cuss this in detail elsewhere. matrix of the whole system (the two central spins

Rigorous treatment of this problemis very difficult, S;2 plus the all the bath spins), and the trace is
but qualitative features of decoherence of a Kondo taken over the bath spins {}. The entangled singlet
system can be studied by representing the spin statestate of the quantum dot and the conduction electrons
of the subsystem of conduction electrons by a single (where the Kondo effect is maximal) corresponds to
collective spin J2. Instead of the complete s—d the non-diagonal elememtz = (1) |p| 1) = —1/2.
exchange Hamiltonian describing the Kondo effect for The decay of entanglement betwe&p and S; is
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characterized by a decrease of the absolute value ofrepresents the “pointer state” [11] which is robust with
p12- Whenpi, vanishes, the Kondo effect disappears. respect to decoherence.

We study this process by direct nhumerical solu- The equilibrium value ofp12 is determined by a
tion [22] of the compound “system-plus-bath” time- competition between the exchange constaand the
dependent Schrédinger equation with the Hamiltonian strength of the system-bath interaction. Qualitative
(8). Initially, the system and the bath are in an uncor- analysis suggests that the relevant quantity character-
related product state. The initial state of the Kondo izing the system—bath coupling is the mean-square ex-
system is the singlet. The initial state of the bath is @ changeh = /3", A2, so the final value op1 is de-
random superposition of all basis states, which corre- s
sponds to low-temperature experiments when the tem
peratureJ 3> T > A;. The chaotic dynamics of the
bath has been simulated by using the fornHgf sug-
gested in [23]; the level statistics has been verified to
agree with the Wigner—Dyson distribution. The num-
ber of the bath spins has been varied froh:= 6 to
N =13, and different sets of ; have been used. The
results of a sample run are shown in Fig. 1(a). Deco-
herence dynamics of the Kondo system and the decay
of the elemenpy, are clearly seen.

The simulations illustrate the dynamics of the
measurement process, which starts from the singlet
state of the Kondo system. For the quantum dot with
magnetic impurities, this dynamics is not relevant
(since the initial product state is not realistic), but the
final quasi-equilibrium state is absolutely meaningful,
giving the correct value op1. This value, as well
as general features of the system’s evolution, is stable
with respect to considerable changes in the parameter
of Hp, number of spins, values of, or variation of
the initial conditions. Thus, the final state of the system

termined by the ratid /5. Our results show that this is
“correct (see Fig. 1(b)): the results obtained with differ-
ent number of the bath sping, different sets ofA ;,
and different values af, fall close to a universal curve
p12(J/b). The scatter is moderate, stemming from the
finite value of N and fluctuations present in the final
state (Fig. 1(a)).

The suppression of the Kondo effect as a function
of J/b is gradual, and the center of the transition
corresponds td/ /b =~ 0.3. For typical quantum dots
[5], J ~ Tx ~ 0.4 K, and Ay ~ I/n wheren ~ 10’
is the total number of the lattice sites inside the dot
and/ ~ 1 eV is the exchange of the impurity spin
with the electron of the dot (the factoya originates
from the normalization of the wave function of the
electron in the quantum dot). Thug,~ /n; I/n
wheren; is the number of impurities in the dot. At
large concentrations = n; /n ~ 0.01, Mn impurities
in GaAs order ferromagnetically [24], and no longer
Sorm a spin bath, but for other ions, such as Fe
[25], the critical concentration is larger, and~
0.01 is acceptable. Therefore, in realistic systems

0.50 0.000 FN
0'25. -0.125 @ @
0.00 |
_ 0250 &y
-0.25 ’ I
. o el Pz
050 050l4 %
1 1 50 100 1 _0'500 _III 1 1 |I||||l 1 1 |I||||l 1 11
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Time (a) J/b  (b)

Fig. 1. Decoherence dynamics of the Kondo system by a spin bath. (a) Temporal evolution of the different elements of the density matrix
diagonal elements corresponding to the states, [11), |1 1), and|| ) (four upper curves), and the non-diagonal elemant(lowest curve).

The inset shows initial decreasegmy. (b) Dependence of the final value @f vs. the ratio/ /b; the results for differentv (from 6 to 13) and

Aj; are indicated by different symbols. Different results are close to the same universal curve.
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b ~ 0.1-03 K, and the ratioTx/b ~ 0.3 is, in Research and Development Activity (ARDA) under

principle, achievable, so that an experimental check of Army Research Office (ARO) contract number 421-

our predictions is possible. The experiment is rather 25-01.

straightforward: several Fe- or Cr-doped samples with

different impurity concentration should be prepared,
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