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The thermodynamic (heat capacity C, magnetic susceptibility y) and kinetic (resistivity p,
thermoelectric power S, thermal conductivity x, quantum absorption) properties of Kondo
systems with heavy fermions in a magnetic field are investigated for the Cogblin-Schrieffer model
inthe 1/N expansion. The field dependences of C(H) and y (H) in the temperature range
corresponding to a coherent state of the Kondo lattice agree with the experimental data.
Qualitative agreement between the calculated kinetic properties under coherent conditions and
the experimental data is obtained if account is taken of carrier scattering by normal impurities and
Kondo bosons. The expressions obtained for C(H, T), Y(H, T),p(H,T),S(H,T)and y(H, T)
confirm the anomalously strong dependence of the Kondo-lattice properties on the temperature
and on the magnetic field strength in the coherent state, and the presence of a single energy scale

T, of the order of the Kondo temperature.

INTRODUCTION

Research into systems with heavy fermions and vari-
able valency have recently attracted much attention by both
experimenters and theoreticians (see the reviews, Refs. 1—
5). This interest is due to a number of anomalies in the prop-
erties of these substances, such as thermodynamic (heat ca-
pacity C), kinetic (resistivity p, thermoelectric power S,
thermal conductivity »), magnetic (susceptibility y), and
others. The main cause of the onset of these properties is the
Kondo effect, i.e., the interaction of conduction electrons
with localized 4f (or 5/) electrons. When the Kondo-impu-
rity density is low, the scattering of the conduction electrons
by each impurity can be regarded as independent. The prop-
erties of such systems have by now already been investigated
in detail. If the Kondo-impurity density is high enough, the
scattering processes can no longer be regarded as indepen-
dent, and account must be taken of coherent-scattering ef-
fects. Of greatest interest are substances in which rare-earth
atoms with localized 4f (or 5f) electrons form a regular lat-
tice. The low-temperature properties of such systems are de-
termined by the onset of a coherent Kondo state character-
ized by the appearance of fermions with anomalously large
effective masses on the Fermi surface. The properties of sub-
stances with heavy fermions differ greatly in many respects
from those of substances with low Kondo-impurity density,
and are more similar to the properties of normal metals, but
with an anomalously low effective Fermi energy [&% ~ Ty
(the Kondo temperature) ]. Owing to the anomalously low
value of €}, the thermodynamic and kinetic properties of
heavy-fermion systems have anomalously strong depen-
dences on the temperature T and on the magnetic field H.

We consider in the present paper, in the framework of
the 1/N expansion for the Cogblin-Schrieffer model (i.e.,
without allowance for the valency change), the effect of the
magnetic field on the thermodynamic and kinetic properties
of Kondo lattices in the region of the coherent state, i.e., at
T« Tx. The thermodynamic properties of a Kondo lattice in
a magnetic field are dealt with in the coherent regime in Sec.
1. Section 2 is devoted to carrier scattering due to interaction
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between conduction electrons and localized felectrons. The
magnetoresistance of a Kondo lattice, with allowance for
carrier scattering by normal impurities and by Kondo bo-
sons, is considered in Sec. 3. The thermoelectric power, the
thermal conductivity, and the quantum absorption in a
Kondo lattice are investigated in Secs. 4-6. Some numerical
estimates permitting comparison of our results with experi-
mental data are given in the conclusion.

1. THE MODEL. THERMODYNAMIC PROPERTIES

We shall investigate the properties of compounds with
heavy fermions in the Kondo limit, where it is is assumed
that the f level is deep enough in the band (i.e., the tempera-
ture dependence and the valency fluctuations of the fatoms
can be neglected), while the Hubbard-repulsion energy of
the felectrons is high enough. In this case, using a canonical
transformation,® the Anderson Hamiltonian with direct di-
rect hybridization (¥) of the c and felectrons is transformed
into the effective Cogblin—-Schrieffer Hamiltonian® with an
exchange-interaction constant J = V?/E, where E, is the
position of the f level relative to the Fermi level.

The Hamiltonian of the Cogblin-Schrieffer lattice
model is

H= Zekckm"ckm - —I!]-V-I- 2 Z Com* famfam'Cam’, (1
km

mm'’ -2

where ¢, and c,,, are the creation and annihilation opera-
tors of the conduction electrons on site @, with component m
of the angular momentumy; f }, andf,,, are the creation and
annihilation operators of the localized f electrons. We as-
sume total degeneracy N = 2j + 1> 1, which justifies the 1/
N expansion.® The number of felectrons on each N-fold de-
generate level is fixed and equal to

Z{fam+fam=qu . (2)

The main idea that allows us to investigate the properties of a
system with Hamiltonian (1) is that the Hubbard-Stratono-
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vich transformation can be used to eliminate the four-fer-
mion term of (1). This transformation introduces Bose
fields into the theory. For the model (1) they are sometimes
called Kondo bosons,” while for models with variable va-
lency their analogs are called “slave bosons.”

To study the properties of the model (1) we use the 1/N
expansion method developed for the case of one fimpurity
and generalized for the case of a Kondo lattice.>’~'° The
partition function Z is represented by the functional integral

B
Z= j.DHc‘cf'fM exp {— jth’(r) } (3)

wherec*, , Coms ¥, s fom are Grassmann variables, while 4,
and 7, are real Bose variables. The Lagrangian of the system
in a magnetic field is

Z(1)= Z [cum” (0 textgusHm—p) Cum
km
+fim" (ai+gHBHm_lJ—)fkm]

1
+ Z ['m raz+ (cmm.jmm‘f‘h. C.) ra+i7\4a (fam‘fmm—qo) ] [}

(4)

where p is the chemical potential.

The Bose variable 7, (7) appears when the Hubbard-
Stratonovich transformation is applied to the four-fermion
term in Hamiltonian (1). Integration with respect to the
auxiliary variable A, (7) ensures satisfaction of the condi-
tion (2) on each site of the Kondo lattice.

The partition function (3) for N> 1 is calculated by the
saddle-point method with integration over the variables 7,
and A,. At the saddle point we have

ra(T)=r0~ i)‘-ﬁ(r)=807 (5)

where £, determines the effective position of the f level while
7, has the meaning of the effective hybridization parameter
of the ¢ and felectrons.

Using the canonical transformation

Ckm = Z UyxAvkm, fkm = Z Uyk@vkm,

v=1,2 v
Uik =Usk=C0S Ok, Usk=—V,x=SiN otx, ctg 2au={(go—ex)/2ry,
(6)

the Lagrangian (4) can be diagonalized in the mean-field
approximation; it takes the form

90 (T) = Zavl:m (01+Evkm—u) avkm+N 2 [roz/ |J| —quoli
vmk -2 (7)
where

Evn="/:[e0FexF ((e0—ex)?+4rs*) "] +gusHm (8)

corresponds to two hybridized bands (the subscripts v = 1
and v =2 label respectively a plus and minus sign). The
band structure is shown schematically in Fig. 1.
The energies E,,,, can be represented, using (6), in the
convenient form
Eim=¢t,—roclg axtgusfim, Esxn=¢gytrtgaxtgusHm.
9)
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FIG. 1. Renormalized band structure of Kondo lattice in a coherent state.

The thermodynamic properties of the system in a mag-
netic field are determined by the dependences of the param-
eters £, and 7, on 7' and H, which should be determined by a
self-consistent solution of the equations

1. (9Evkm

— E m) =10,

N~ e, f(Ewm) =40

1. aEvkm 2ro
2 Eem) = — =2 (10)
N ar, f(Boim) 17

vkm

i Z f(Evkm) =n1=qo+ncq

N vkm
where f(e) = [exp{(¢ —u)/T} + 117", and Nn, is the
number of ¢ electrons per Kondo-lattice site. We assume
hereafter that the total number of ¢ and f electrons
(n, = g, + n.) per orbital in each lattice site is less than
unity. In this case, at zero temperature, the chemical poten-
tial i is located in the lower band E,, (see Fig. 1). The
contribution of the upper band at sufficiently low tempera-
tures (T« T ) can therefore be neglected when considering
both the thermodynamic and the kinetic properties. To solve
the system (10) we assume that the nonrenormalized elec-
tron band ¢, is isotropic (&, = k?/2my), and the density of
states near the Fermi surface does not depend on the energy
(v(€) =v,). According to (9), the density of states in the
lower renormalized band E,, in a zero magnetic field is
equal in these approximations to

v (E)= Z 6(E—E“‘)=vo(1‘ +
k

Iy ) _ Vo
(eo—E)? C0s® Qlx(m) |

(11)

Analysis of the system (10) shows that a coherent state
with 7,#0 takes place at a temperature lower than T,
which is determined from the first two equations of (10) as
ro— 0:

eo(T)—u=TIn[ (1—q0)/q.].

fle)—f(es(T)) _ 1
Jaw S5~

where D is the half-width of the initial band. There is no
known solution of this equation for arbitrary g,. In the case
go=1/2 and v,|J | €1 we obtain for T

T,(zoc—:iexp(—i/volfl), (12)
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where a=2e€ /7 and C is the Euler constant.

At low temperatures 7< T the dependence of the pa-
rameters &, 7y, 4, and of the renormalized density of states
v* on the Fermi level on T takes at H = 0 form

&0 (T)=2,(0) [1+(n*/6) (T/T0)?], &=es—M,
ro(T) =ro(0) [1—(n*/12) (T/T)*]

w(T) = (0)+ (2/6) (gu/ne) (T/To)* T, o
v (1) =v* (0) [1— (x¥/2) (T/T0)7],
where
To=20(0) = (nolve) exp(~1/vel ).
ro(O)—(q;OT°)', w(0)= ﬁ—%ro, v'(0)=vo+g;—o>vo.
(14)

It should be noted that the value of T, given by (14) agrees
with the Kondo temperature only accurate to a numerical
factor [see Eq. (12)]. This numerical factor depends on g,
and on the form of the function v(¢).

According to Eq. (9), the effective mass m* on the Fer-
mi surface in the hybridized band E |, becomesat H = T'=0
much larger than m,:

m‘/mo=COS_zau=qo/'VoTo>> 1.

A magnetic field has an anomalously strong influence
on the parameters of the renormalized bands, and for =0
we obtain

&0 (H)=e0(0) [1+"ef (j+1) (gua/T0)*],
ro(H)=ro(0) [1—"/12j (j+1) (gmsH/T0)* 1, (15)
p(H)=p(0)+"/en’j (j+1) (gusH/To)* (go/nc) To.

The cause of the anomalously strong dependence on T'and H
is that T, for the known Kondo systems is of the order of
several degrees or even of fractions of a degree.

Let us examine the effect of weak magnetic fields on the
heat capacity C and on the magnetic susceptibility y of a
Kondo lattice:

C= ——Z, [ aEv (B) (E+gustim— W

rmginst Yy | abv () L0

m

E' =E+gip Hm

(16)

(17)

E'=E+gugHm

As T—0 we obtain for the linear heat-capacity coefficient

Y(H) = C(H)/T and for the susceptibility, according to
(16) and (17),
nZ
Y(H)=?Ev'(u—gueﬂm), (18)
x(H>=g2uazZmZV‘(u—guaHm). (19)

m

In the lowest order in H, using (11) and (15), we obtain
Y (H)=y(0)[1+'/:j (j+1) (gusH[T)*], (20)
% (H)=x(0) [1+'/10(4/*+4j—3) (gusH/T,)*], (21)

where
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7(0) ="/a*Nv* (0),
7(0)="/sg*ws" (j+1) (2j+1)v*(0).

An increase of ¥(H) in a magnetic field was obtained
also in another model in Ref. 11. That result agreed with the
experimental data for y(H) in CeCu,Si, (Ref. 12). An in-
crease of y (H) in a magnetic field was observed, for exam-
ple, in UPt; (Ref. 13) and CeCu,Si, (Ref. 14).

If the magnetic field is increased the coherent state be-
gins to break down, and for strong enough H>H_ the param-
eter r, vanishes, corresponding to a transition to the incoher-
ent Kondo-effect regime. The quantity H., generally
speaking, is a function of temperature and can be obtained in
principle from the condition that the system (10) be solv-
able. It is simplest to obtain H, for T = 0:

[(1 n.) (1—q.) 1
<= 1\ N eqo 1—q,

T,. (22)

One can expect the experimentally observed change of the
field dependences of ¥ (H) and y (H), from an increase with
increase of H to a decrease, is due to a transition from a
coherent regime (H < H_) to an incoherent one (H>H,).

2.ELECTRON SCATTERING

To explain the kinetic properties of Kondo lattices in
the coherent-state region, we investigate the effect of a mag-
netic field on the scattering of electrons by Kondo bosons.

We assume that the effect of the magnetic field on the
electron scattering near the Fermi surface is determined
mainly by the splitting, in the magnetic field, of the N-fold
degenerate hybridized band E,,,,. We neglect the effect of
the magnetic field on the character of the electron motion
near the Fermi surface. This approximation is justified be-
cause the magnetic field alters in the main the character of
the motion of the conduction electrons (c-electrons), where-
as the wave function of the electrons near the Fermi surface
is composed mainly of f~electron wave functions, as follows
from the canonical transformation (6), since cos’a,,

= my/m* €1 on the Fermi surface.

Let us examine the fluctuations of the fields » and A
about their mean-field values:

o (7) =rotFo(t) =rotbi(T),

i}\.u('l.') =€o+ixa (T)=Go+ibzq(T). (23)
Substituting (23) in (4) and using the transformations (6),
we can represent the Lagrangian (4) in the form

2 (1)=Zs(1)+Z (1), (24)
where . ,(7) is given by Eq. (7) and

EICED YD B

r=12 q

a(0) (X D0 (e K)o () n ()~ ) |,

v

(25)

where
=2/|7|, g:=0, di=—Nr,/|J|, d.=iq.N, (26)
C*( k, K')=uwvatuuvu, C;*(k, k) =ivuvu. (27)
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Here y and v take on the values 1 and 2, while the functions
u,, and v,, are defined by Eq. (6). To eliminate the diver-
gences in the renormalization of the electron and boson
Green’s functions, we assume in the course of the calcula-
tions that g, 0 and let g, go to zero in the final expressions.
We find first of all the renormalized Green’s function b, (7)
of the boson field with allowance for the interaction with the
electrons, in the leading order in the parameter 1/N:

D, (q, iwn) =<b,q(i0n) by, —q(—i @,)?, (28)

wherew, = 27nT is the boson Matsubara frequency. In the
leading order O(1/N) the value of D is determined by the
sum of the diagrams shown in Fig. 2, where the double (sin-
gle) wavy line corresponds to the renormalized (unrenor-
malized) Green’s function of the boson field:

A A
_D -Dﬂ
ARANTAA _—_MM-{./\I\O\'\-
+NONOVV\+“-

Each of the diagrams for Din this figure is of order O(1/N).
The summation yields the expression

FIG. 2.

_ 1 .~ =

D(q7 i(z)n) = W[HO_H (qy i(l),,) ]—" (29)
where

~ g 0

II, = R 30)

(% 0) (

ML (@00 =~ 3 2, D ¢ (k keka)
kK w om

x Cr'w'(k+q1 k) [f(Eukm)

'—f(Evk-Hlm) ] [i&)n+Enkm_Evk+qm] _‘- (31 )

Note that an investigation of the poles of the Green’s
function D can yield the spectrum of the Bose excitations. '

The renormalized Green’s function of the electron is
determined, in the leading order in 1/, by the sum of dia-
grams shown in Fig. 3, where the solid double (single) line
corresponds to the renormalized (nonrenormalized)
Green’s function of the electron:

9, N
+ TN TN,

FIG. 3.

Since we are considering the case n, < 1, scattering transi-
tions of electrons from the lower band to the empty upper
band can be neglected at low temperatures (7< Ty ). The
mass correction to the electron Green’s function in the lower
band takes in this case, in accordance with Fig. 3, the form

Sun(l, 10) =T 3y I, (k, kq) .o (g, ) N
on q (32)

X [im+imn_Eimk+q+p’] ~'Dr (q1 ion),
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where (w = 2w (n 4+ 1/2)T is the fermion Matsubara fre-
quency.

The electron reciprocal lifetime in the lower band num-
bered m, with energy E, is determined by the imaginary part
of the analytic contamination, in frequency, of the function
3 (Kk, iw) to the real axis:

T ! (E)=—'/.Im Z(E). (33)

Since f)~ 1/N, we have also £~1/N, and consequently
77 '~1/N. Cumbersome calculations, which we omit here,
yield for electrons scattered by Kondo bosons near the Fer-
mi surface

T g (E—u)“rn“Tz[ gusHm
m_‘ Ey=—— -
e ( ) 8N n, T, =2 T,
a(geetm)’y 3 5 +1)( el ) e
T, T,

In this expression the last term is connected with the field
dependence of the parameter r,(H) and ¢,(H) [see (15)].
At H = 0 the result (34) agrees with the result of Ref. 16.

3.MAGNETORESISTANCE

For systems with independent Kondo impurities (low
density of rare-earth atoms), a negative magnetoresistance
is observed':'*'* and is due to the suppression of the Kondo
effect by the magnetic field and to the corresponding de-
crease of the reciprocal lifetime 7' of the conduction elec-
trons. The situation is reversed for Kondo lattices in the
coherent state (i.e., in the 7'< Tk region). At temperatures
T < Ty experiment yields a positive magnetoresistance.'>'*
A transition from negative to positive magnetoresistance
when the temperature was lowered was observed in a num-
ber of compounds, for example in CeAl;.'* At T< Ty the
resistivity p depends on T and H as follows:

p(H)=p+A(H)T. (35)

The residual resistivity p, for systems with heavy fermions is
of the same order as in a normal metal (p,~'
= &®Nvy%,7,/6) for scattering by impurities.'”'8 It can be
shown that, notwithstanding the strong temperature and
field dependences of the density of states [see Egs. (11),
(13), and (15) ], the resistivity due to scattering by impuri-
ties does not depend on 7 or H. In a zero magnetic field, the
presence of the term A7 % in p (H = 0) is due to scattering by
Kondo bosons.”'®'® Turning on a magnetic field increases
the coefficient 4, as observed in experiment for various
Kondo systems such as CeCu,Si,, CeAl;, UBe,; (Ref. 14)
and UPt; (Ref. 13).

Within the framework of standard kinetics, we intro-
duce for the calculation of various kinetic coefficients the
following quantities:

0f (Em)

DB ) i) o B,

Lm(n)= % S dEv* (E) V2 (E) (_

(36)
where E,, = E + gu z Hm, the density of states v*(E) is de-
fined in (11), and the electron velocity v*(E) in the renor-

malized band is of the form
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’)Eikm
ok

~ (s

Eykm=E My

ro? ~
vi(E)= —_E>cos a(E). (37)

€0
In the calculation of the kinetic coefficients at low tempera-
tures it is necessary to take into account, besides scattering
by Kondo bosons, also scattering by normal impurities. Re-
garding these impurities as pointlike, we easily obtain for the
reciprocal relaxation time the known result'”'®:

T,-,:;,,,.(E)='cof‘ cos* o (E—gusHm), (38)

where 7, ' is the reciprocal lifetime in the normal metal for
scattering by pointlike impurities. The total lifetime con-
tained in (36) is given by

T (E) =Timpm (E) +1om (E). (39)

Using (36), we can represent the conductance in the
form

WAL (40)

Assuming that 7., >75 !, at low temperatures, we obtain
for the coefficient 4 (H) in expression (35) for the resistance

A(H)=A(0)[1+"/5j (j-+1) (guaH/T,)?], (41)
(&) A 1
4= 4N2( n,) ke T’ (42)

where #ik - is the momentum on the Fermi surface. Expres-
sion (42) agrees with the results of Refs. 7, 16, and 19. Here
and henceforth we put g,<n,; this does not change qualita-
tively the character of the dependences of the coefficients on
H, but simplifies the expressions substantially.

Note that for ordinary electron—electron collisions Eq.
(42) contains in place of T, the Fermi energy £,.> T, As
seen from (41), in the low-temperature coherent state com-
pounds with heavy fermions have an anomalously large posi-
tive magnetoresistance. The experimentally observed'*'*
A(H) dependence is in good qualitative agreement with
(41).

4. THERMOELECTRIC POWER

We consider the behavior of the thermoelectric power
as a function of temperature and magnetic field in the region
of the coherent state (7€ Ty ). Using the coefficients (36),
we can express the thermoelectric power S in the form

S=~%(;L£")/;LS’. (43)

Assume that at the very lowest temperatures the carriers are
scattered mainly by normal impurities (7, >75 '). Using

(38) and (43) we obtain then
Sf"'P(T7 H)=Sf"lP(T1 O) [1+‘/2](]+1) (gp'EH/TO)zlv (44)

Simp(T,0)= — ———. (45)

Thus, in the impurity scattering region, the thermoelec-
tric power of a Kondo lattice has a negative sign (just as for a
normal metal, in which the carriers are electrons) and an
anomalously large value. The reason for the large thermo-
electric power is that (45) contains the ratio T /&, and not

1030 Sov. Phys. JETP 69 (5), November 1989

T /e as in a normal metal. As seen from (44), turning on a
magnetic field leads to the appearance of anomalously large
positive field corrections.

The situation is entirely different when scattering by
Kondo bosons predominates. Using (34) and (43) we get

Sa(T, Hy=Ss(T, 0)[1-"/ej (i+1) (gusH/Ts)*],  (46)
ks 2*(21—n*) T (47)

=2
5:(7,0) le] =n*+3 T,

In this case the thermoelectric power is positive and is de-
creased by turning on the magnetic field.

Analysis of expression (43) at 7~ ' = 75 ' + 7,,,, shows
that the thermoelectric power should reverse sign at a tem-
perature

T, 4Nn,\ "
To=—0 | 220 (48)
° (m)"’( o )

Since the parameter u7, can be very large, depending on the
purity of the sample (recall that 7, is the time of electron
relaxation on normal impurities in a nonrenormalized
band), we can expect to get T, € T;,~ Tx. At temperatures
T < T the thermoelectric power is negative and is given by
(44). For T> T the thermoelectric power is positive and
takes the form (46). A qualitative plot of the thermoelectric
power versus temperature is shown in Fig. 4. Note that the
characteristic value of the temperature 7’5 at which the ther-
moelectric power reverses sign (this corresponds to a transi-
tion from one scattering mechanism to another) can differ
substantially from the temperature T, at which scattering by
Kondo bosons makes the resistivity of the same order as the
residual resistivity. Estimates show that

Tp/Ts~ (nu/qo) II’- (49)

This value can be much larger than unity in the model con-
sidered. Thus, the experimental observation of a positive
magnetoresistance, which agrees with our result (41) for the
principal mechanism of scattering by normal impurities, and
the positive thermoelectric power observed in a number of
experiments'*' in the same temperature interval, do not
contradict the results (44) and (47). We found no experi-
mental data on the thermoelectric power at the very lowest
temperatures, where a negative thermoelectric power could
be expected.

Ts T

FIG. 4. Qualitative dependence of the thermoelectric power of a Kondo
lattice in a coherent state (7°<€ T ). The reversal of the sign of the thermo-
electric power at the point T is due to enhancement of the carrier scatter-
ing by Kondo bosons. Note that, nevertheless, the main contribution to
the resistivity in the very same temperature region is made by scattering
on normal impurities.
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5. THERMAL CONDUCTIVITY

Using the coefficients (36), the electron contribution to
the thermal conductivity », and the Lorentz number .# can
be written in the form

AT ) (Ba) /L 5] o

" 9=x'/noT. (51)

In this temperature region, where the carriers are scattered
mainly by normal impurities, we can obtain by using (38),
(50), and (51)

Kimp(Ty H) =Tg£mp/90, (52)

where p, is the residual resistivity defined in Sec. 3, and
% imp 15 the Lorentz number, which takes in our case the
form

sz’m,=sz’o[1——’§ f,";(T—To)z(iJrf(ﬁD(g—‘;?)z)]’

(53)
Lo="snkz*/e. (54)

With increase of temperature, carrier scattering by Kondo

bosons becomes significant. In the temperature interval in
which the principal mechanism is scattering by bosons, we
can obtain by using (34), (50), and (51), in the lowest order
in the temperature,

'KB(T, H)=T-<ZB/PB, (55)
21—x?
gs=go—m~2.690- (56)

It is seen from (52) that at the very lowest temperatures, the
thermal conductivity in scattering by normal impurities is
proportional to the temperature. As the temperature rises
and the role of scattering by bosons increases, the character
of the temperature dependence should change. Since pg
o T2, in the region where scattering by bosons predominates
the thermal conductivity is inversely proportional to the
temperature. A qualitative plot of the electron contribution
to the thermal conductivity of a Kondo lattice in the tem-
perature region corresponding to the coherent state is shown
. inFig. 5(a). This plot agrees with experiment.' 3 Figure 5(b)
shows the qualitative temperature dependence of the quanti-

x I L/, //’_'

a T b 7

FIG. 5. Schematic temperature dependences: a—of the thermal conduc-
tivity (in the impurity-scattering region x « T, and when the role of the
kondo bosons increases the dependence is reversed, x o T~ '); b—of the
value of .¥/.%, (in the region of impurity scattering the value . = x/
oT is less than the Lorentz number ., = mk,?/3¢%, as against .¥°/
¥ ,=~2.6in the region of scattering by Kondo bosons).
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ty .£/.%L,. At the very lowest temperatures we have .7/
%< 1 (impurity scattering). As the temperature rises and
the role of the Kondo bosons increases, the ratio .2/.%,
becomes large than unity and reaches /.7 ;=2.6 at
T < T,. This character of the Lorentz-ratio temperature de-
pendence agrees with the experimental observation. '

6.QUANTUM ABSORPTION

The onset of two hybridized bands at T < T should
lead to the onset of quantum absorption due to interband
electron transitions. Absorption of electromagnetic waves
(without allowance for processes in which phonons partici-
pate) sets in at frequencies

0= 0,=2ro=2T[ (m"/m,)—1]". (57)

The considered quantum electronic transitions between two
hybridized bands leads to an additional contribution to the
optical conductivity. Calculation of this contribution at
T =0 yields

N
o (0) = ne*Nn, ( ®

20) (0 —wrt) . (58)
4m, ‘o

Asseen from (58), the contribution of direct electronic tran-
sitions between hybridized bands to the optical conductivity
of Kondo lattices has a characteristic threshold at the fre-
quency @ = w,. This threshold singularity “shuts off”” when
account is taken both of the finite lifetime of the electrons
and of the temperature. Notice must also be taken of the
strong dependence of the contribution (58) on the magnetic
field, which follows from the dependence of r, on H [see Eq.
(15)].

In addition to the direct interband transitions consid-
ered above, other indirect electron transitions with partici-
pation of phonons are present and contribute additionally to
the optical conductivity, starting with energies 7w on the
order of the difference between the bottom E,, of the upper
band and the Fermi level, i.e., on the order of the energy
AE = (r}/u) + &g, which equalsat 7= 0to Tyn,/n., as fol-
lows from Eqs. (8) and (14). The contribution of indirect
transitions should also depend strongly on 7T and H.

CONCLUSION

Our results show that the dependence on the thermody-
namic and kinetic coefficients of the Kondo lattices in the
coherent-state region on the magnetic field contains the
same single energy parameter T, = g,(m,/m*)/v, as in the
case of a zero magnetic field. Recall that in a normal metal
such an energy parameter is the Fermi energy €,.> T, The
parameter T, for UPt; lies in the interval 20-30 K according
to Ref. 2 and 27-48 K according to Ref. 13. The experimen-
tal data of Ref. 13 for UPt, yield estimates

a="/10(4j*+4j—3) (gus/To)?,
b=""/5j (j+1) (gus/To)?,

for the coefficients of H ? expression (21) for the susceptibil-
ity y and expression (41) for the resistivity p. According to
Ref.13,a = 1.35%x 10> T ~2and b = 3.08 X 10~ T 2. Sub-
stituting in (59) the valuesg = 2.6 (Ref. 13) andj = 5/2, we
obtain for T, = 30 K the values a = 1.24 107> 7~? and
b = 12.4% 1072 T —2. Thus, the coefficient a obtained on the

(59)

V. |. Belitskirand A. V. Gol'tsev 1031



basis of (21) and (59) agrees well with the observed y (H)
dependence, whereas the coefficient b, calculated from (41)
and (59), deviates from the experimental value by approxi-
mately 4 times.

In conclusion, we note once more that a comparison of
the theoretical results with experiment shows that the use of
the 1/N expansion (even in lowest-order perturbation theo-
ry) leads to a correct qualitative and a satisfactory quantita-
tive description of various anomalous properties of com-
pounds with heavy fermions. We have considered, in a
unified approach, the thermodynamic (C,y) and kinetic
(p,S,x) properties of such compounds. The possible use of
the 1/N expansion, however, is not restricted to the proper-
ties considered above. It is possible to investigate similarly
other phenomena, such as ultrasound absorption, the Hall
effect, and others.

Heavy-fermion compounds undergoing a magnetic or
superconducting phase transitions at low temperatures are
extensively investigated at present. Our results have a bear-
ing on this rather large class of compounds, where such tran-
sitions are not observed or occur at a temperature lower than
that of the transition to a coherent Kondo state.
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