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On the temperature dependence of the Hall constant in some 
heavy-fermion compounds: a qualitative theory 
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Institute for Low Temperature Physics and Engineering, Ukrainian Academy of Sciences, 
47 Lenin Avenue, 310164, Kharkov, Ukraine 
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Abslraet. The non-linear temperature dependencc of the Hall constant in heavy-femion 
compounds is explained on the basis 00 the selfconsisten1 temperature shift of the 
chemical potential within the two-band hybridization model without explicit reference to 
any magnetic (Kondo) inleraction. 

1. Introduction 

The objective of this work is a qualitative explanation of the anomalous temperature 
dependence of the Hall constant RH( T) in some heavy-fermion compounds ( H F a )  
[l, 21 (Egure 1). The consistent theory must explain such experimental facts as 

(i) the mainly positive sign of R H ( T )  in the whole temperature range, 
(ii) the maximum at a temperature T rr 10-100 K, 
(iii) the rapid decrease in R,(T) at higher temperatures and 
(iv) a possible sign change at the ascending (as in UN,) or descending (as in 

Ce,La,_,Cu,) branch of the RH(T)  curve and, in the latter case, the dependence 
of transition temperature T,,, on the concentration of the f element (table 1). 
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Figure 1. Temperature dependences of the Hall constant RH in HFCS: (U )  Ce&, UPb 
and UAlz [Z]; (b) Ce=La~-,Cus [XI. 
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Table 1. 'Ihe concentration dependence of the Hall comanl transition temperature in 
Ce,Lal-,Ctk (after [I]). 

TI r 

z (K) 621  so 6TITo C ( ~ l T o ) l ( S z / z o )  

0.80 E IO 65 E TO - - - 
0.61 2 40 -0.24 -0.38 158 
0.38 16 -0.53 -0.77 1.45 

In the present work we show that these demands are met by the two-band hy- 
bridization model of HFCS and that this model can be used to explain the anomalous 
temperature dependences of the thermodynamic and kinetic coefficients in these sys- 
tems [>SI. 

2. Formulation or model: validity of band description of HFCS 

The above-mentioned model considers two bare electron bands (s and f electrons) 
hybridized to form two new bands (lower and upper bands in figure Z(a)). The model 
Hamiltonian is 

F@'c 2. (4) The two-band hybridization model of HFC electronic StNCfUR: C. and rf ,  
dispersion laws in the bare bandy 6, width of lhe bare namw [I3 band; El, the bottom 
01 the upper hybridized band; E?. the top of the lower hybridized band; p(O), the 
position of the chemical potential at zem temperature. (b) The Brillouin zone filling at 
zem temperature: E, , ,  the energy of the critical orbit dividing the electron-like states 
and the hole-like rates in the lower band. 

Here eg and cf denote the dispersion law curves in the s and f bands, respectively, 
at): and a i?  are the electron creation operators in the s or f bands, respectively, 
and V is the'interband hybridization potential. 
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The typical bare width 6 of the f band is estimated to be of the order of 10-100 K 
(see, e.g., the review in [6]). We stress that an effective f band is considered, its origin 
being left beyond the scope of our paper. The hybridization potential V is asserted 
to be of the order of 0.1 eV [I. 

Aaording to [3], all the anomalous temperature dependences of HFCS are at- 
tributed to the density of states (DOS), the carrier group velocity and inverse mass 
tensor being the sharp functions of energy on the scale of 6 (see figure 2(a)). This 
statement needs an additional comment. Indeed, at first sight it seem almost evident 
that the only energy scale in theory is V e IO3 K, and the narrow region of width 
about 6 is simply absorbed hy it, but this is not the general situation. Let us analyse 
the hybridized dispersion law E(k)  (two possible solutions correspond to upper and 
lower hybridized bands): 

E ( k )  = c,(k) + V 2 / [ E ( k )  - 4 k ) I  (2) 

and the ensuing DOS function 

N ( E )  = (l/n2ii3)k2(E)dk/dE 

= N,o(E)Il+ V 2 / ( E - ~ ~ I 2 I / I 1  + [ ~ ~ ( E ) / U , ( E ) I V ~ / ( E - € ~ ) ~ } .  (3) 

Here ug and ur denote the group velocities in the bare s and f bands, respectively, 
and N s o ( E )  is the DOS in the bare s band. One can easily see that, when the 
inequality 

(.r/%)(v2/62) g 1 (4) 

holds, the density of states is peaked within the energy interval of the order of 6, and 
not V! 

The band theory of HFCs claims that at zero the chemical potential ~ ( 0 )  of HFCs 
lies within the bare f hand. Then p ( T )  acquires a significant temperature shift, mainly 
an almost h e a r  fall with the tangent dependent on its initial value p ( 0 )  [>SI. This 
shift provides the valuable variation in the charge-carrier parameters in the effective 
energy layer, kBT, and proves to he the main reason for the anomalous temperature 
dependences of various HFC characteristics. The possible dehybridization mechanism 
in the two-band model [8] would manifest itself at higher temperatures T 

Since pioneer theoretical papers on the HFCS it has been commonly accepted 
that we treat f electrons as being strongly Coulomb correlated. The corresponding 
Hamiltonian contains a Hubbard term with the repulsion constant U$ - e 2 / u  >> 6 
( U  is the interatomic distance). As a result, f electrons turned out to be strongly 
localized; they could be regarded as the local magnetic moments giving rise to the 
well known Kondo effect. 

Our model (l), on the contrary, considers f electrons as free particles, thus 
neglecting Coulomb splitting of the band states. Such a description is justified by a 
correct treatment of Debye screening in a system with a gigantic DOS. 

V .  

The trivial calculation in the freegas approximation yields 
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Here vD is the Debye radius, v g )  is one for bare s electrons, and IcL*) and N ( & ) ( p )  
are the Fermi momenta and DOSS for the upper and lower hybridized bands corre- 
spondingly. Because vg’ - a, the true estimate of the Coulomb potential is 
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where X = a/# 2 1. The quantity (6) can be easily made much less than 6 by a 
proper choice of bare band parameters. (The question of why the model parameters 
have particular numerical values is outside our phenomenological considerations.) 
Finally, the condition 6 > uQ is natural for a typical HFC having u,/uf 2 10’. 

3. Calculation of the Hall resistance 

The galvanomagnetic parameter y = lelHT/m*c, where 7 is the collision time and 
m* is the cyclotron mass, is small in the experiments considered. Indeed, y can 
be rewritten as the ratio y N (H/nlelc)/p < 10m4H (kOe), for the HFC resistivity 
p rr 10-4f i  cm and carrier density n > loz2 ~ m - ~  11, 21. At the magnetic fields 
actually applied in experiments, y < 1, and in the 7-approximation the solution to 
the kinetic equation is given by the Jones-Zener series over y [9] as follows: 

f(k) = f o ( c k  - p )  + (1 - fl + 6’ - . . . ) ( - r e E .  u afo/ac,). (7) 

Here fa(€ - p )  is the Fermi distribution function, and f2 stands for the operator 
( h  = 1) 

n = ( e T / c ) [ u  x H I .  d / a k .  

In the linear approximation over H, the Hall constant (in geometry 
j l lOs,HllOz)  is given by the expression [9] 

where v, = (&,/ak,) is the carrier group velocity, M$ = (av , /ak , )  is the 
inverse effective mass tensor and po(T)  is the zero-field resistivity. The integral is 
taken over all the bands. 

Consider the charge carriers in the model sketched in figure 2 At zero tempera- 
ture the Fermi level lies inside the bare narrow band. Then the lower hybridized 
band is almost filled and its conductivity is due to hole states in the corners of the 
Brillouin zone. The upper hybridized band conducts owing to the electron states To 
estimate R,(T) we regard the inverse mass tensor as the isotropic tensor 

Here mz(c) is the energy-dependent effective mass in the tower (-) or upper (+) 
band; -l/m:(El) N l/m;(E2) Y l / M , a n d  -1/m:(E1-6) N l/m;(E,f6) N 
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l / m ,  where m and M > m are the 'light' and 'heavy' effective masses of carriers. 
Utilizing (9) in equation (9, we get eventually 

(Here A,(€) is the area of the surface E(A) = E in the sth band.) 
The main temperature dependence comes from the interplay between the 

electron-phonon collision time T( T), which decreases rapidly with increasing 
temperature (e.g. T ( T )  - (~~/2T)/sinh~(w~/ZT) in the Einstein model of 
phonons with frequency wo), and of the zero-field HFC resistivity p o ( T ) ,  which in- 
creases at low T(  < T,,,, N 6) and then saturates or decreases [2]. 

At low temperatures the Hall constant would be small, since all the terms in (4) 
are small. Its sign is defined by p(0 ) ;  if p ( 0 )  lies in the region where m; < ImT 1, the 
electron state contribution to (IO) dominates. This is the case for UAI, (figure l(a)). 
At higher temperatures the hole contribution dominates in any case. The position of 
the R,(T) maximum is defined by the concurrence between the increasing scattering 
rate and the camer group velocity. 

The maximum temperature is estimated to be 

T,,, N s/ldi/dTI. (11) 

At T > T,,,, R,(T) decreases mainly owing to the scattering, and its sign can alter 
again because of the transition from the hole states to the elcctronic states occurring 
in the lower band at sufficiently low p(T)-value, say p < E,, (see figure 2(b)). At 
these energies the effective mass alters its sign: l/m:(c) D: E,, - c, and so the Hall 
constant does too. The crossover is possible at some reasonable temperature Tt, if 
initially the chemical potential does not lie too high. That is, p ( 0 )  is near the very 
bottom of the lower band, and the influence of the upper band can be neglected. The 
ascending branch of the R,(T) curve can be totally absent if p ( 0 )  is in the region 
where the U (p(T))/lm;(p(T))I-dependence is not yet toosharp to beat the rapid 
fall in the r t (T)-factor. This is the way that Ce,J.a,-,Cu, compounds behave. 

The estimate for the transition temperature is 

T,, - M O )  - Et,l/ldP/dTI. (12) 

It can be easily seen that, for a given concentration z of the f element, the 
R,-sign transition temperature Ttr(z) obeys the rule 

[ T t J X )  - TOl/TO - c(I - zo)/zo c - 1 (13) 

where zo is the f element concentration for which the sign alteration occurs at To. 
This rule seems to agree with the experimental data on Ce,La,-,Cu, [I] (see figure 1 
and table 1). For I = 1 or 0.89, the chemical potential at zero temperature lies too 
high to reach the transition point while, for z = 0.18, the f band does not reveal 
itself. 

Our model predicts the approximately universal connection of the relative shift 
of the peculiarity temperature for different HFC characteristics with the variation in 
~ ( 0 )  [SI: 

6T/T U a ( 6 p ) / a  (14) 
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where a y_ 1 depends on the material and the parameter measured. Then under 
a pressure P, both the characteristic temperatures T,,, and T,, for R, (if the 
transition occurs) will change approximately as 
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&TIT N i [ p ( 0 ) / 6 ] ~ P  (15) 

where IC f - ( l /V ) (BV/BP)  kbar-' is the compressibility. For p / 6  ? l o2  
the estimated shift would he 6T/T U 0.1 P (kbar). Similar pressure dependences of 
the p , ( T )  maximum temperature were reported for CeCu, [IO, 111 and UBe,, [12]t. 

More exact predictions allowing quantitative comparison with the experimental 
data need full-scale numerical calculations for a given HFC and will be published 
elsewhere. 
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