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Magneto-transport properties of heavy-fermion systems 

Chun Chen, Zheng-Zhong Li and Wdng Xu 
Department of Physiq Nanjing University, Nanjing 21ooo8, People’s Republic of China 

w i v e d  28 July 1992 

AwrneL Starling h m  the twoconduction-band Anderson lattice model, the magneto- 
mnsport properties of heavyfermion systems are studied in the slave-boson mean- 
field theory. The midual magnetoresistivities induced ty diiierenl kinds of impurity 
are calculated, and lhe experimentally detected p i t i v e  maximum smcture in lhe 
msidual magnetoresistance of heayfermion y t e m s  is reproduced. The Vansition of 
fielddependent nsistivity h m  non-monotonic lo monotonic behaviour with increasing 
temperature cm be explained ~ t u m l l y  by including the charge fluctuation effecL me 
influences of applied presure are also investigated. 

1. Introduction 

Of all the properties that have been revealed in the heavy-fermion (HF) compounds, 
the anomalous magnetoresistance ( M R )  is probably one of the most interesting and 
puzzling questions. It is found tha& for most w compounds which have non-magnetic 
order and non-superconducting ground states, the hm changes sign from negative 
to positive when the temperature decreases, and a positive maximum in a certain 
magnetic field h,  has been confirmed at very low temperatures [1-7]. Applied 
pressure also changes the magneto-transport properties of HF systems dramatically 
[4,5J. All these anomalies should be related to the normal ground-state properties. 

In recent years, much theoretical attention has been attracted by the anomalous 
low-temperature magnetO-t~~IISport properties, because the correct description of the 
normal ground state of HF systems must contain a reasonable interpretation of these 
anomalies. Until now, there have been many kinds of viewpoint about the origin of 
the novel MR. Sumiyama et al [Z] studied the UanspOR properties in both single-crystal 
CeCu, and alloy Ce,-,La,Cu, systems; they found that a positive m could only exist 
in the dense case at very low temperatures, and they explained it as a sign that the 
material was entering the coherent state. Kawakami and Okiji [SI proposed that a 
positive hm is p r o d u d  by a gap-like structure in the density of states (Dos) of quasi- 
particles as a result of coherent scattering behveen conduction and f electrons. Since 
only the charge fluctuation term was considered in [SI, they failed to reproduce the 
experimental result of the positive residual m. Ohkawa [9] first ascribed the positive 
residual hm of HF systems to local disorder of ligands around f ions, and some of 
the experimental results have been explained by him, but in Ohkawa’s formalism, the 
correlation between different f sites is ignored. Therefore, the slave-boson formalism 
is a more appropriate approach. Recently, interesting experiments have focused on 
the influence of applied pressure on the hm of w systems [4,q. It is believed 
that these results provide an effective way to probe the microscopic origin of the 
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anomalous hm in HF compounds, and a theoretical study of the pressure effect is 
needed. The aim of this paper is to study the magneto-transport properties of the 
HF compounds on the basis of a two-conduction-band Anderson lattice model, where 
the inter-site correlation has been included. We attempt to provide a reasonable 
explanation for the anomalous MR of HF systems, including the effects of pressure and 
thermal fluctuation at finite temperatures. Our results show that there is a significant 
magnetic field dependence of the residual resistivity produced by the disorder of 
conduction-f-electron mixing and the appearance of Kondo holes. The transition 
from non-monotonic to monotonic behaviour of the MR with increasing temperature 
as well as the effects of pressure are also explained. The rest of this paper is organized 
as follows. The influence of the magnetic field on the normal ground state of HF 
systems is studied in section 2 The variation in residual resistiviq caused by disorder 
in the magnetic field is calculated in section 3. In section 4, we discuss the field- 
dependent resistivity of HF co-mpounds at finite temperatures. The effect of pressure 
on MR is studied in section 5. Finally, in section 6 we present the conclusions. 

2. ‘Ihe normal ground state of m systems in a magnetic field 

In the study of the normal ground state of HF systems, the U = CO Anderson lattice 
model is referred to as a good starting point [lo]. In order to obtain a metallic 
ground state, more than two conduction bands should be considered, as proposed by 
Ohkawa [ll]. In the present article, we assume that there are lwo conduction bands 
mixed with f electrons in the system. If we make use of the slave-boson technique 
introduced by Barnes [12] and Coleman [13], the twoconduction-band Anderson 
lattice Hamiltonian can be written as [14] 

H =  ~ e i k C ? k r C i k r  + ~ E O f ~ f l ~  -b v ~ ~ ~ c ~ ~ f l r b :  + f : c i l r b , )  
i=1,2 kr 17 i fr 

with a constraint reflecting the strong on-site f-f correlation given by 

f:,frr + b:b, = 1 (2)  
7 

where r = fl is the spin index, c i k r ( f l r )  is the annihilation operator of the ith 
conduction band (localized) electron in the Bloch (wannier) representation. For 
simplicity, we introduce two conduction bands with the same dispersion eir,  and 
assume that the two conduction bands are expressed as 

E I , Z k  = ‘U 0) 
with the mnstant DOS of the unperturbed conduction electrons given by 

We suppose that the effect of the applied magnetic field is to add a Zeeman term in 
the energies of both the conduction and the f electrons without changing the mixing 
strength V: 

‘ i k r  = ‘ i k  + TgcfiBB (5) 

= EO + rgfpBB (6) 
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where the orbital effect of the magnetic field is neglected. Fbr simplicity, we set 
g, = g, = g and define a reduced magnetic field h g p B B ,  then equations (5) and 
(6) can be rewritten as = cik t rh and Eu, = E, t rh, respectively. In the 
mean-field approximation, both b and b+ can be replaced by a c-number r. Including 
the constraint (Z), we obtain the following effective Hamiltonian from equation (I): 

= x E i k r C $ T c i L r  t Efrf$flr + rvcc ( c A T f l r  + fLciI*) 
i k r  f r  i l  7 

+ NX(7-2 - 1) 0 

El, = E", f X. (8) 

where N is the number of lattice sites and 

X is the Lagrange multiplier. r and the mean-field parameter X are determined by 
the minimum condition of free energy, which can be expressed as 

2x7. + vx(f:,cil, f Ct,f l , ,  = 0. 

z ( G f t v )  + C ( 4 r C i l r )  = 3 .  (11) 

(10) 
ir 

In our model, we assume that there are in total three electrons per site (i.e. the 
half-filled case), and the chemical potential p k then determined by 

7 ir 

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

where 

rV rV Elr 
and the mrresponding Green function (GF) is 

.[' 12v2 

where 

G,(lc ,~)  = [ ~ - E , ( k ) l - * =  ( l /AT) 

1 w - E,,)(w - E%.) - rZVz rz V 2  rV(U - %k,) 
(U - E,,)(w - e l k r )  - r2VZ rV(w - elk,) 

rV(W - % k r )  rv(W - e lk , )  - €ZkT) 

(14) 

(15) A ,  = (U - E f r ) ( w  - elkr)(u - eZkr) - 2r2Vz(w - ekr). 

From equations (7), (9)-(11), we can determine the variation in the mean-field 
parameters ~ ( h ) ,  E,(h) and chemical potential p(h) With the magnetic field [ lq .  
It is also easy to obtain the Kondo temperature in zero magnetic field as in [14]: 

TKO = 1 . 1 3 ~ ~ e x p ( - D I E , 1 / 2 V 2 ) .  (16) 
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3. Residual magnetoresistivity 

In a perfect lattice, there should be M residual resistivity but, in a realistic metal, there 
must be some impurities and defects which have little influence on the thermodynamic 
properties but have a large effect on the transport properties. Therefore, one must 
include the effect of disorder due m the impurities. 

We consider now a situation where there are cIN impurities distributed randomly 
on the atomic sites of conduction bands in an HF compound, where cl is the 
concentration of impurities. These impurities will change the cell volume of the 
impuriiy sites. From experiments it is Bund that the characteristic temperature 
TK of HF systems changes dramatically under an applied pressure 116,171. So it 
is widely believed that the conduction-felectron mixing strength is sensitive to the 
variation in cell volume, and the change in conduction-f-electron mixing strength 
may be signscant even though the cell-volume change due to the impurity is small. 
Comparatively, the energy shift of both conduction and f electrons induced by the 
small cell-volume change can be neglected. For simplicity, we m u m e  that the changes 
in the conduction-felectron miXing strength in all the impurity sites have the same 
value AV. Therefore, the disorder Hamiltonian induced by impurities in conduction 
bands can be written as 

with 

A H = (  0 0 0 0 ric) 
r A V  r A V  0 

where + is the set of the impuriiy sites. 
In the dilute limit of the coherent-potential approximation (CPA) when cl Q 1, 

the correlation of impurities is negligible, and the effect of the impurity scattering 
can be represented by an effective medium as [IS] 

where 

From equations (17)-(20), we obtain the solution of the effective medium as 

c,, = e,, = E,, = e, = Frr/B 

Clf = C,, = C,, = C,, = [ l / (rAV) - Flr - F,,]/B 
C f f  = (h+ Fl, + 4 1  + F,)/B 

(21) 
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where 

B = [ l / ( r A v ) - F I , - F 2 , I 2 - F , , ( F ~ ~ + F ~ z + F u + F , ) .  (22) 

The effective Hamiltonian including the effect of impurity scattering is 

and the corresponding GF reads 

G 7 ( / c , w )  = [w - E,(k) - x , ( w ) ] - 1 .  (24) 
I 

Since the electrical conduction of HF systems arises mainly from conduction band 
electrons, the conductivity in the single-site-cpa can be expressed as [I91 

m e' u(T) = 

x [{h [ell, ( k , w +  i ~ + ) l ) ' +  {tm fGx7 ( k , w  t io+)] 12] (U) 

where f ( w )  is the Fermi-Dirac function. At zero temperature, the residual resistivity 
is determined by the relaxation time of conduction electrons on the Fermi surface, 
and equation (25) becomes 

In the ddute impurity limit, equation (26) can be simplified as 
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F e n  L "he rsidual m induoed by diEeRm 
parameten mnduclionf mking rtrmgth disorder 
AV, where pU, cle2/3&m2. 

F@re 2 Kondo-hole-induced midual MR, where 
p d  I c~e~/3nnm'.  

Figure 1 gives the numerical result of po( h) with different values of the disorder 
parameter AV. We fmd that in a zero magnetic field the residual resistivity produced 
by the disorder of conduction-f-electron mixing strength Q very small. In the presence 
of an external magnetic field, the residual resistivity increases dramatically, resulting 
in a large positive magnetoresistivity, and a maximum of magnetoresistivity emerges 
at non-zero magnetic field. 

Besides the impurities in the conduction band, there is another kind of impurity, 
which is often called a Kondo hole. It is caused by substitution of non-f ions (La 
like) for f ions (Ce like), and it is equivalent to introducing an infinite potential in 
an f-electron energy level of impurity sites. Using the single-site CPA, Xu and Li [ZO] 
have studied alloy systems with this kind of substitution. They found a simple result 
for the effective medium 1201: 

where cK is the concentration of Kondo holes, and 

1 
Q(w) = - [w - E(k) - E(w)]-'. * ,  (34) 

In the dilute h i t ,  the Bom approximation is valid, and equation (33) can be 
rewritten as 

C,,(w) = -CK/F , f (W)  (35) 

where F,,(w) is the f-electron GF of the perfect lattice as shown in equation (20). 
Substituting equation (35) into equation (24), we may obtain the field dependence 
of the residual resistivity due to the effect of Kondo holes. The numerical result is 
sketched in figure 2 We fiod that the residual resistivity induced by Kondo holes 
decreases with increasing applied magnetic field, which is consistent With Ohkawa's 
[9] result. 
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In 
the dilute limit, there is no correlation between these two sorts of disorder. From 
Matthiwen's rule, we have 

In actual compounds, these two ldnds of impurity should exist together. 

P d h )  = P d h )  + PUK(h). (36) 
The variation in Ap/p I [&(A) - pO(0)]/p,,(O) under zero applied pressure 

is shown later in figure 4 with A V  = -0.2, q/cK = 5. We find that a positive 
maximum of the residual h a  exists in a magnetic field h,  and also a crossover of 
the residual MR from positive to negative in h, [21]; these have been obselved in 
experiments on CeCu,, CeAI,, CeRu,Si,, etc [1,?-7J. 

4. Field dependence d the resistivity of HF compounds at finite temperatures 

In the low-temperature region, the resistivity of HF systems has the form p ( T )  = 
po + A F ,  where pu is the residual resistivity, and the Tz-term reflects the Fermi 
liquid behaviour. Ir has been proved in the 1/N, expansion that the Tz-term results 
from charge fluctuations, and the coefficient A is proportional to N(p)'  [IO], where 
N ( p )  represents the DOS of quasi-particles on the Fermi surface. Therefore, the 
field-dependent resistivity at finite temperatures takes the form 

h) =  PO(^) + A(h)Tz (37) 

A ( h )  = v W . ,  h)' (38) 

with 

where q is a suitable " a n t  In the present model, the DOS near the Fermi surface 
can be obtained as 

In [U] we have shown that N ( p , h )  decreases with increasing h because the quasi- 
particle bands with different spin orientations are split by the magnetic field. This is 
the so-called suppression effect of the magnetic field on the HF state, which leads to 
a reduction in A ( h )  with increasing applied field (see figure 5 below). Hence, 
the charge fluctuations always contribute a monotonically decreasing T2-term to 
the field-dependent resistivity p ( T , h )  in the Fermi liquid regime On the other 
hand, pu(h)  in equation (37) represents the total residual resistivity induced by two 
kinds of impurity which shows a non-monotonic field dependence as discussed in 
section 3. The numerical results of equation (37) are given in figure 3, where the 
relations between the resistivity of HF systems and the magnetic field at different 
temperatures are presented. As the temperature increases from zero to a finite 
value, the resistivity culyes change continuously from non-monotonic behaviour with 
a maximum at h = h, > 0 to monotonic decreasing behaviour with h, = 0. 
Therefore, the experimentally observed 'non-monotonic to monotonic' transition [I] 
of the field-dependent resistivity with increasing temperature is reproduced in our 
theory. We ascribe this transition to the competition between the impurity effect and 
charge fluctuations. 
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5. The intluence of applied pressure 

It is widely accepted that the applied pressure will increase the conduction-f-electron 
mixing strength dramatically because of the diminishing cell volume in the HF systems. 
Experimentally, an anomalously large electronic Griineisen constant r of the order 
of 100 has been discovered [22], and r can be defined as 

r = -a ( ln~ , ) /a ( lnq  = ( I / T , ~ ) ( ~ T , / ~ P )  (40) 

where n is the compressibility. 

h/D (10') 

2 0.0 

-0.5 90 i, 
-0 5 -1.0 ~:t!!!S 0.0 0.5 h/D (lo-') 1.0 1.59 .P c" 

Fwm 3 Fielddependent reristivity of HF Figom 4. ' h e  wriation in A p f p  z [pg(h, P )  - 
systems at different temperatures. where p a  = po(O,O)]/po(O,O) with magnetic field h and 
cge2/3dmZ. applied pressure P. 

On the basis of this relation, we may discuss the effect of pressure. We assume 
that the applied pressure can change only the conduction-f-electron mixing strength 
V (  P )  while E,, and E,, remain unchanged. From equation (a), we obtain the relation 
between the Kondo temperature TK and applied pressure P as 

T ~ / T ~  = exp(KrP) .  (41) 

On substitution of equation (41) into equation (16), it is easy to obtain the 
conduction-f-electron mixing strength V (  P) under an applied pressure P 

V(P) = v(o) {I  - [ ~ V ( O ) ~ ~ ~ / / ~ I ~ I I P } - ' ' ~  (42) 

where V(0) is the conduction-f-electron mixing strength under zero applied pressure, 
and r and K can be determined from experimental data. By self-consistent 
calculation of equations (9)-(11) with equation (42), we may obtain the magnetic 
field and pressure dependence of the slave-boson mean-field parameters r (h ,  P), 
E,(h,P) and p(h ,P) ,  from which the influence of the pressure on the MR 
is obtained. In figure 4, we present the residual magnetoresistivity A p / p  E 
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[p , (h,  P) - p~(O,O)]/pu(O,O) of HF systems under different applied pressures where 
we have taken n = 2.16~ lom3 K bar-' 1161 and r = 100 [22]. Figure 4 shows that the 
residual MR is suppressed in a small field but enhanced in a relatively large field, and 
thus the values of h, and hX are increased by the applied pressure. These results are 
in good agreement with experiments [4,.5l. Furthermore, the experimentally revealed 
quasi-invariance of the residual resistivity p, with pressure [SI is also found in our 
calculation. 

Figure 5 shows the wriation in the TZaeficient  A with magnetic field and 
pressure. In the absence of applied pressure, A ( h )  decreases rapidly with increasing 
magnetic field which is consistent with the experimental data given by Amato et a1 
[3]. The results in figure 5 also show that A ( P )  decreases with increasing applied 
pressure in the weak-field region and then increases with the further increases in 
pressure when the magnetic field becomes strong enough. We think that this may be 
a new phenomenon due to the combined effect of the magnetic field and pressure. 

6. Conclusions 

On the basis of the twoconduction-band Anderson lattice model, we have studied 
the low-temperature magneto-transport properties of HF systems. We find that the 
impurity-induced disorder of the conduction-felectron mixing strength may produce 
a positive residual MR with a maximum structure which is obselved in experiments, 
whereas the residual resistivity induced by Kondo hole scattering decreases with 
increasing magnetic field and only a negative residual MR can be obtained from 
Kondo hole impurities. At finite temperature, charge fluctuations cause a Tz-term 
in the field-dependent resistivity, which also contributes a negative MR owing to the 
suppression of HF effects by the magnetic field. So the positive MR can exist only at 
extremely low temperatures, and there should be a continuous transition from a non- 
monotonic to a monotonic field-dependent resistivity with increasing temperature. 
Using the experimentally determined Griineisen constant and compressibilify, the 
influence of pressure is also investigated. The maximum point h,  and zero point 
h, of the residual MR are found to increase under increasing applied pressure. All 
the above results are in qualitative agreement with experiments, which indicates that 
present theory provides a reasonable description of the m of HF compounds. 
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