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ABSTRACT

Starting from two-conduction-band Anderson lattice model, the magneto-transport prop-

erties of heavy fermion systems are studied in the slave boson mean field theory. The residual

magnetorcsistivity induced by different kinds of impurities is calculated, and the experimentally

detected positive maximum structure in the residua! magnetoitsistance of heavy fermon systems

is reproduced. The transition of field-dependent resistivity from nonmonotonic to monotonic be-

havior with increasing temperature can be explained naturally by including the charge fluctuation

effect. The influence of applied pressure is also investigated.
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1. Introduction

Among all the properties that have been revealed in the

heavy fermion (HF) compounds, the anomalous magnetoresistance

(MR) is probably one of the most interesting and puzzling

questions. It is found that for most HP compounds which have

non-magnetic order and non-superconducting ground states, the

MR changes sign from negative to positive when the

temperature decreases, and a positive maximum in certain

magnetic field h has been confirmed at very low temperature

[1-7], Applied pressure also changes magneto-transport

properties of HF systems dramatically [4-5]. All these

anomalies should be related to the normal ground state

properties.

In recent years, much theoretical attention has been

attracted on the anomalous low temperature magneto-transport

properties, because the correct description of the normal

ground state of HF systems must contain a reasonable

interpretation to these anomalies. Until now, there are many

kinds of viewpoints about the origin of the novel MR.

A.Sumiyama et al. [2] studied the transport properties in

both single crystal CeCu and alloy Ce La Cu systems, they

found that positive MR could only exist in densed case at

very low temperature, and they refered it as a sign of

entering into the coherent state. N.Kawakami and A.Okiji [8]

proposed that the positive MR is produced by the gap-like

structure in the density of states (DOS) of quasiparticles as

a result of coherent scattering between c and f electrons.
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Since only the charge fluctuation term Mas considered in

Ref.[8], they failed to reproduce the experimental result of

the positive residual MR. F.J.Ohkawa first ascribed the

positive residual MR of HF systems to local disorder of

ligands around f ions (9], and some of the experimental

results are explained by him. But in Ohkawa's formalism, the

correlation between different f sites is ignored, and also a

special symmetry assumption, n =1 , was used. However, even in

strong correlation limit, one should have nf^l due to the c-f

mixing effect. Therefore, the slave boson formalism is a more

appropriate approach. Recently, experimental interesting has

been focused on the influence of applied pressure on MR of HF

systems [4,5]. It is believed that these results provide an

effective way to probe the microscopic origin of the

anomalous MR in HF compounds, and the theoretical study of

the pressure effect is needed. The aim of this paper is to

study the magneto-transport properties of the HF compounds by

using the slave boson technique on the basis of

two-conduction-band Anderson lattice model, where the

inter-site correlation has been included. We attempt to

provide a reasonable explanation to the anomalous MR of HF

systems, including the effects of pressure and thermal

fluctuation at finite temperature. Our results show that

there is a significant magnetic field dependence of the

residual resistivity produced by the disorder of c-f mixing

and the appearance of Rondo holes. The transition from

nonmonotonic to monotonic behavior of MR with the increasing

temperature as well as the effects of pressure are also

explained. The rest of this paper is organized as follows:

The influence of nagnetic field on the normal ground state of

HF systems is recapitulated in See.2. The variation of

residual resistivity caused by disorders in magnetic field is

calculated in Sec.3. In Sec.4, we discuss the field-dependent

resistivity of HF compounds at finite temperature. The effect

of pressure on MR is studied in Sec 5. Finally, in Sec.6 we

present the conclusions.

2. The Normal Ground State of HF Systems in Magnetic Field

In the study of the normal ground state of HF systems,

the 11=°° Anderson lattice model is refered to as a good

starting point [10]. In order to give a metallic ground

state, more than two conduction bands should be considered as

proposed by Ohkawa [11]. In the present article, we assume

there are two conduction bands mixed with f-electrons in the

system. Making use of the slave boson technique introduced by

Barnes [12] and Coleman [13], the two-conduction-band

Anderson lattice Hamiltonian can be written as [14]

+ r,te,irb. ' ( 1 )

with a constraint reflecting the strong on-site f-f

correlation
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where t=±l is the spin index, c
i k T ( ^lt ' * s t n e

annihilation operator of the ith conduction band (localized)

electron in Bloch (Wannier) representation. For simplicity,

we introduce two conduction bands with the same dispersion

£ i , and assume that the two conduction bands are expressed

as

e - c ± c
1,2k k 0

(31

with the constant DOS of the unperturbed c electrons
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We suppose that the effect of applied magnetic field is to

add a Zeeniiin terra in both c and f electrons' energies without

changing the mixing strength V

t = £ + TC u B (5)

E O T = Eo
(6)

where the orbital effect of magnetic field is neglected. For

simplicity, ua set gc=gf=gj and define a reduced magnetic

field hag^BBi then equations (5) and (6) can be rewritten as

£ =£ +Th and E =E +rh, respectively. In the mean-field
i kT i k OX O

approxiniution, both b and b can be replaced by a c-number r.

Including the constraint (2), we get the effective

Hamiltonian from Eq.(l)

(7)

where H is the number of lattice sites, and

E,x * Eor + X (8)

X is the Lagrange multiplier. The mean-field parameter X and

r are determined by the minimum condition of the free energy,

which can be expressed as:

I <f ; tf l T> • r> - 1

= 0

(9)

(10)

from Eq.(9), we have the f-electron number per-site

"r
=J)<fitfiT> -i1 d u e l o c" f mixing which differs from Kef. [9].

In our model, we assume that there are totally three

electrons per-site (i.e. the half filled case), and the

chemical potential /i is then determined by;

t<t*xtlx> • s t <c ; l t c i l T > = 3 t i n

The Hamiltonian (7) can be also written in matrix form

fkr] ET{k) + NX(r -1) (12)

where

I " " TT
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(13)
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and the corresponding Green's function(GF) is :

)-rV r V

rV 1 kt
)-rZVZ

-rV(«-e.

(14)

where

From Eqs.(9), (10) and (11), we can determine the

variation of the HF parameters r<h), Ef(h) and chemical

potential fi(h) with the magnetic field [15]. It is also easy

to get the Kondo temperature in zero magnetic field as in

Ref.[14]

' [-D I Eo | /V
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3. Residual Magnetoresistivity

In a perfect lattice, there should be no residual

resistivity. But in a realistic metal, there oust be some

impurities and defects which have little influence on

thermodynamic properties but have great effect on transport

properties. Eq.(1 ) can only describe the situation of a

perfect KF lattice, and now we must include the effect of

disorder due to the impurities.

He consider now a situation that there are c N

impurities distributed randomly on the atomic sites of

conduction bands in a HF compounds, where c is the

concentration of impurities. These impurities will change

cell-volume of the impurity sites. From experiments it is

found that the characteristic temperature T of HF systems

changes dramatically under the applied pressure [16,17], So

that it is widely believed the c-f mixing strength is

sensitive to the variation of cell-volume, and the change of

c-f mixing strength may be significant even though the

cell-volume change due to the impurity is small.

Comparatively, the energy shift of both c and f electrons

induced by the small cell-volume change can be neglected. For

simplicity, we assume that the changes of the c-f mixing

strength in all impurity sites have the same value AV.

Therefore, the disorder Hamiltonian induced by impurities in

conduction bands can be written as

c^

L f

(17)

with

AH =

0 0 rfiV

0 0 riV

rfiV rAV 0

118)



where f is the collection of impurity sites.

In the dilute limit of the coherent potential

approximation (CPA| when c « 1, the correlation of impurities

are neij 1ectable, and the effect of the impurity scattering

can be represented by an effective medium as [18]

£ E
21 22

(19!

when-

F(w)« (20)

ith 1̂  - 1/N (k,w)

From Eqs.(17)-(20), we get the solution of the effective

medium us

=s: = E
1 l^

F . ,

B

E -i; =1: =i =
ii 2r n 12

where

B= (22)
rAV r i t V 2 r ' ' I T " n ' * 12 ' * 21' " 22'

The effective Hamiltonian including the effect of impurity

scattering is

L f.

(23)

and the corresponding GF reads

GT(klu)=[«-Er(k)-ET(u)]'
1 {24)

Since electrical conduction of HF systems comes mainly

from conduction band electrons, the conductivity in the

single-site CPA can be expressed in the Kubo-Greenwood

formula as [19]

°CT)= z
kt3nftin

>]') (25)

where f(«) is the Fermi-Dirac function. At zero temperature,

the residual resistivity is determined by the relaxation time

of c electrons on the Fermi surface, and Eq.(25) becomes

(26)

In the dilute impurity limit, Eq.(26) can be simplified

( 2 7 )

where

10
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with

rV ) (,i-

-rh

(29)

(30 1

(31 )

(32)

Fig.1 gives the numerical result of P0<h) with different

values of disorder parameter AV. We find that in zero

magnetic field, the residual resistivity produced by disorder

of c-f mixing strength is very small. In the presence of

external magnetic field, the residual resistivity increase

dramatically, resulting in a large positive

magnetoresistivity, and a maximum of magnetoresistivity

emerges £it non-zero magnetic field.

besides the impurity in conduction band, there is

another kind of impurity, which is often called Kondo hole.

It is caused by substitution of non-f ions (La like) for

f-ions (Ce like), arid it is equivalent to introduce an

infinite potential in f electron energy level of impurity

sites. Kron single-site CPA, W.Xu and Z.Z.Li have studied the

allov systems due to this kind of substitution. They found a

11
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simple result of the effective medium [20]

I(u|=-c

0

0

0

0

0

0

0

0

where c is the concentration of Kondo hole, and

-Tj- I [u,-E(k)-S:(u)] (34)

t

In the dilute limit, Born approximation is valid, and

Eq.(33) can be rewritten as

(35)

where Fffl
u) is the f electron GF of the perfect lattice as

shown in Eq.(20). Substituting Eq.(35) into Eq.(24), we may

obtain the field dependence of residual resistivity due to

the effect of Kondo holes, The numerical result is sketched

in Fig,2. We find that the residual resistivity induced by

Kondo holes decreases with applied magnetic field, which is

consistent with Ohkawa's result [9].

In actual compounds, these two kinds of impurities

should exist togather. In the dilute limit, there is no

correlation between these two sorts of disorders. From the

Matthiessen's rule, we have

Po(h)=Pol(h)+POK(h) ( 36|

The variation of Ap/p»[pQ( h)-pQ( 0 ) ] /PQ( 0 ) under zero

applied pressure is shown in Fig.4 with AV=-0.2, c /c =5. We

12



find that there are a positive maximum of the residual MR

exist in magnetic field hM and a crossover of residual MR

from positive to negative in h [21], which have been

observed in experiments of CeCuc, CeAl3,

etc.[1,3-7].

•I. Fit-ld-dependence of Resistivity of Heavy Fermion

Compounds at Finite Temperature

In the low temperature region, the resistivity of HF

systems has the form p(T) =p(j + AT'
;, where pQ is the residual

resistivity, and the T term reflects the Fermi liquid

behavior. It has befit proved in the 1 /N expansion that the

T term results from charge fluctuations, and the coefficient

A is proportional to N((J) [10], where N (M} represents the

DOS of quusi-jJcirticles on Fermi surface. Therefore, the

f iuld-dependeiit resistivity at finite temperature takes the

f o r m :

p(T,h)=Polh)+A(h)T' (37)

with

A(h) = TJ N(M,h)2 (38 I

where f) is a suitable constant. In the present model, the DOS

near Fermi surface can be obtained as:

(rV> (39)

In Hef.115] we have shown that N((J,h) decreases with the

13

increasing of h because the quasi-particle bands with

different spin orientations are splitted by magnetic field.

This is the so called suppression effect of magnetic field

on heavy fermion state, which leads to the reduction of A(h)

with applied field (see Fig.5 below). Hence, the charge

fluctuations always contribute a monotonically decreasing

T -term to the field-dependent resistivity P(T,h) in the

Fermi liquid regime. On the other hand, the p (h) in Eq.(37)

represents the total residual resistivity induced by two

kinds of impurities which shows nonmonotonic field-dependence

as discussed in Sec.3. The numerical results of Eq.(37) is

sketched in Fig.3, where the relations between resistivity of

HF systems and magnetic field at different temperatures are

presented. As the temperature increases from zero to finite

value, the resistivity curves change continuously from

nonmonotonic behavior with a maximum at h=h >0 to the

monotonic decreasing behavior with h =0. Therefore, the

experimentally observed "norimonotonic-monotonic" transition

[1] of the field-dependent resistivity with increasing

temperature is reproduced in our theory. We ascribe this

transition to thi competition between impurity effect and

charge fluctuations.

5. The Influence of Applied Pressure

It is widely accepted that the upiiliod pressure will

increase the c-f mixing strength dramatically because of the

14
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diminishing cell-volume in the HF systems. Experimentally, an

anomalously large electronic Gruneisen constant T of the

order of 100 has been discovered [221, and F can be defined

(40)

where x is the compressibility.

Based on this relation, we may discuss the effect of

pressure. We assume that the applied pressure can only change

the c-f mixing strength V(P) while Eo and £0 remain

unchanged. From Eq.(40), we obtain the relation between the

Kondo temperature T and applied pressure F as

<41>

Substituting Eq.(41) into Eq.(16), it is easy to get the c-f

mixing strength V(P) under applied pressure P

rx -t/a
v<p) = v(0) 1

D\Eo
(42)

where V(0) is the c-f mixing strength under zero applied

pressure, F and x can determined from experimental data. By

the self-consistent calculation of Eqs. (9), (10) and (11)

with Eq.(42), we may get the magnetic field and

pressure-dependence of slave boson mean field parameter

r(h,P), Ef(h,P) and M(h,P), from which the influence of

pressure on MR is obtained. In Fig.4, we present the residual

magnetoresistivity 6p/P"tP0(h,P)-po( 0, 0)/po( 0 ,0 ) of heavy

ferraion systems under different applied pressures where we

15

have taken x =2.16X10"3Kbar'T 116] and T=100 [22]. Fig.4

shows that the residual MR is suppressed in small field but

enhanced in relatively large field, and thus the values of h

and h is increased by the applied pressure. These results

are in good agreement with with experiments [4,5].

Furthermore, the experimentally revealed quasi-invariance of

the residual resistivity p with pressure (5] is also found

in our calculation.

Fig.5 shows the variation of T -coefficient A with

magnetic field and pressure. In the absence of applied

pressure, A(h) decrease rapidly with magnetic field which is

consistent with the experimental data given by A.Amato et al.

[3]. The results in Fig.5 also shows that A(P) decreases with

the applied pressure in weak field region and becomes

increasing with the pressure while the magnetic field is

strong enough. We think this may be a new phenomenon due to

the combining effect of magnetic field arid pressure.

6 . Conclusions

Based on the two-conduction-band Anderson lattice model,

we have studied the low temperature magneto-transport

properties of HF systems. We find that the impurity induced

disorder of c-f mixing strength may produce positive residual

MR with a maximum structure which is observed in experiments.

Whereas the residual resistivity induced by the Kondo hole

scattering decreases with increasing magnetic field, and only

negative residual MR can be obtained from Kondo hole

16



impurities. At finite temperature, charge fluctuations bring

a T -term to the field-de.pendent resistivity, which also

contributes a negative MR due to the suppression of heavy

femiion effects by the magnetic field. So that the positive

MR can only exist at extremely low temperature, and there

should be u continuous transition from nonmonotonic to

nionotoiiic field-dependent resistivity with the increasing of

temperature, Using the experimentally determined Gruneisen

constant, mid compressibility , the influence of pressure is

also inves'Ligated. The maximum point hM und zero point h of

the t'L-siduitl iiiiitjnetoresistance are found to be increased

under the applied pressure. All the above results are in

qualitative agreement with experiments, which indicates that

present theory provides a reasonable description of the

istaiice of HF compounds.
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Figure Captions

Fig.l. The disorder of c-f mixing strength induced residual
2

MR with different parameter AV, where p
u

Fig. 2. Hondo hole induced residual MR, where p •

Fig. 3. field-dependent resistivity of heavy fermion systems

•>

C ti

at different temperature, where p = r

Fig.4. The variation of Ap/p«[P0( h ,P )-pQ( 0 , 0 ) }/po< 0 , 0 ) with

magnetic field h and applied pressure P

Fig.5. The variation of the T coefficient of resistivity

with magnetic field and applied pressure
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