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Screening effects in Kondo lattices with quenched disorder
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Abstract

We study the competition between the Kondo effect and frozen spin order in the Ising-like spin glass (SG) described

by a Kondo lattice (KL) model with quenched disorder. We show that the screening of both diagonal and off-diagonal

elements of Parisi matrix shows up at the time scale of the order of magnitude of inverse Kondo temperature. As a

result, the freezing temperature is strongly suppressed when Ising and Kondo interactions become comparable. We

present a Doniach-like diagram for disordered magnets. r 2002 Elsevier Science B.V. All rights reserved.

Keywords: Kondo lattice; Heavy fermions; Spin glass

The problem of competition between Kondo screen-

ing of localized spins by conduction electrons and

ordering of these spins due to Ruderman–Kittel–

Kasuya–Yosida (RKKY) interaction has a long history

in the theory of strongly correlated electrons [1]. The

Doniach diagram [1] typically describes the transition

between paramagnetic (PM) and antiferromagnetically

ordered (AFM) metallic states in heavy fermion

compounds. In this case there are two possibilities: the

compound has long-range magnetic order at low

temperatures when RKKY interaction IRKKY is suffi-

ciently large compared with Kondo interaction char-

acterized by the energy scale of Kondo temperature TK;
or the compound remains paramagnetic due to quench-

ing of magnetic moments of localized spins in the

opposite case. The arguments similar to those used by

Doniach can be attributed to disordered magnetic

systems, where competition arises between the Kondo

effect and spin glass transition due to bond RKKY

disorder [2]. As is pointed out in Ref. [3], the presence of

nonmagnetic impurities makes the RKKY exchange a

random interaction even in the case of regular arrange-

ment of magnetic moments. In this paper we consider

the mechanism of suppressing the SG transition due to

Kondo screening effects in disordered environment in

the domain of parameters IRKKYBTK:
The Hamiltonian of the KL model with quenched

disorder is determined by H ¼
P

ks ekc
w
kscksþ

J
P

j ðSjsj þ 1
4
NjnjÞ þ

P
jl IjlSjSl : Here nj ¼

P
s cwjscjs

and sj ¼
P

s
1
2
cwjstss0cjs0 ; where t are the Pauli matrices

and cjs ¼
P

k cks expðikRjÞ: We consider the Ising-like

infinite range spin–spin interaction which corresponds to

Sherrington–Kirkpatrick (SK) model [4]. Quenched

independent random variables Ijl are distributed in

accordance with PðIijÞBexpð�I2ij N=ð2I2ÞÞ: The spin S ¼
1
2 operators are represented as bilinear combinations of

semi-fermion operators Sz
j ¼ ð f w

jmfjm � f w
jkfjkÞ=2; Sþ

j ¼
f w
jmfjk; S�

j ¼ f w
jkfjm: These operators obey the constraint

Nj ¼
P

s f w
js fjs ¼ 1: According to Ref. [5], the constraint

is taken into account by introducing the imaginary

chemical potential �ipT=2 for semi-fermions without

changing the spin part of partition function Z;

/ZnSav ¼
YZ

dIijPðIijÞ
Y

Dfca
i;sf a

i;sg

exp A0½ca; f a
 �
Z b

0

dtHintðtÞ
� �

where A0 is the action for noninteracting fermions and

semi-fermions, and standard replica trick with a ¼
1;y; n is performed. To construct the Doniach-like

diagram describing the interplay between SG ordering

and Kondo screening, we calculate the free energy F in a
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replica symmetrical case [6]. To facilitate the calcula-

tions we introduce the Edwards–Anderson order para-

meter q ¼ limn-0 /Sa
i ð0ÞS

b
i ðtÞS; where aab and t-N:

Nevertheless, due to dynamics induced by inelastic

Kondo scattering, the model is not classical anymore,

and the second-order parameter *q ¼ limn-0 /Sa
i ð0Þ

Sa
i ðtÞS should be taken into account. The order

parameters q and *q are off-diagonal and diagonal

elements of Parisi matrix, respectively. As it is shown

in Ref. [6], the KL problem with quenched disorder can

be mapped onto effective one-cite Kondo problem

in effective replica-dependent magnetic field. As a result,

the free energy per unit cell in the limit n-0 is given

by

F ¼
I2

4T
½ *q2 � q2
 � T

Z G

x

ln C;

where
R G

x
f ðxÞ denotes

R
N

�N
dx=

ffiffiffiffiffiffi
2p

p
expð�x2=2Þf ðxÞ;

and new equations for the elements of Parisi matrix are

I2

2T2
*q ¼

Z G

x

@ ln C

@ *q
;

I2

2T2
q ¼ �

Z G

x

@ ln C

@q
;

C ¼
Z G

y

2 coshðhðy; xÞ=TÞ
1� JPð0; hðy; xÞÞ

;

where hðy; xÞ ¼ Iðx
ffiffiffi
q

p
þ y

ffiffiffiffiffiffiffiffiffiffiffi
*q � q

p
Þ is the replica-depen-

dent magnetic field and JPð0; hÞ ¼
J=eF lnðeF=maxfT ; hgÞ þOðh2=T2Þ: The results of nu-

merical solution of these equations are presented in

Fig. 1. The simple estimate in high temperature regime

T > TK reads *q ¼ 1� c=lnðT=TKÞ; and the freezing

temperature Tf satisfies the inequality ðTf=IÞ2 ¼ 1�
2c=lnðI=TKÞo1:We conclude that the Kondo-scattering

results in depression of the SG transition temperature

due to screening effects in the same way as magnetic

moments and one-site susceptibility in the one-cite

Kondo problem. The Kondo screening shows up at

large time scale tX1=TK and affects both diagonal and

off-diagonal elements of Parisi matrix. The freezing

temperature is strongly suppressed when the Ising and

Kondo interactions are of the same order of magnitude.
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Fig. 1. Doniach diagram for spin-glass transition.
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