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Abstract

: Phonon response function for the heavy fermion (HF) systems for fimite wave vector ¢ and temperature T s calculated The election-

phonon interaction 1n the Peniodic Anderson Model (PAM) for the normal state 1s considered  An analytical analysis s carned out for small ¢ and n

the innt of Jow temperature The calculated phonon self-energy 1s studied for vanous model parameters of the system The observed behaviour s found
10 agree well with the general features obtained experimentally for some heavy fermion (HF) systems
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1. Introduction 2. Formalism

In recent years, a lot of interest has been developed on heavy
fermion (HF) systems. These are the intermetallic compounds
with partially filled f~bands of rarc carths like Ce, Yb and actinides
Iike U. These form a highly correlated clectron system at low
temperature and show many interesting anomalies of electronic
and lattice properties | 1-3].

There are several mecasurements [2] which suggest the
existence of strong electron-phonon interaction in heavy fermion
(HF) systems. The most prominent cffect of thesc arc the
softening of elastic constant, temperature dependence of the
thermal expansion, strong softening of phonons below the
Kondo temperature. To understand this microscopically, we
consider two different mechanisms of electron-phonon
couplings through the Periodic Anderson Model (PAM) [4] i.e.
the usual interaction between the phonons with the electrons in
the f-bands as well as the interaction arising from that of the
hybridisation band. Our aim in this paper, is to calculate the
influence of fand conduction electrons mixing and f-clcctrons
alone on phonon self-energy. Thereforc, to account these effects,
the present analysis explores how the phonons get modificd
through the self-energy and the spectral density function which
in turn involve response functions corresponding to the
conduction electrons, f-electrons and the f-d mixing densitics.

We consider the model system with the Hanultonian
H=H,+l,+H,, (h

which consists of three terms (1) the electronic Hamiltonian 4,
(ii) the Hamiltonian for the phonons H _and (i) the electron-
phonon interaction term Hl,_l,. The exphcent form of these are
given by

H, =& Clo Cia +Eo 0 fio fio + Y0 2 UiaCig + Cla i)
Lo (X4 bo

+U 12 %n,{, nlo. 24
I, = quqb‘;bq. (2b)
He~—,| = quo[/;(‘])(fkio(,‘a C‘.G + C:+(].O .fk,ﬂ')

+/(q) f:u,.n fL,n‘][bq + qu]' (20)

The notations used in the above expression arc same as
described in our earlier paper [S].

Since we are interested in the calculation of phonon response
functions, it is nccessary to evaluate the phonon Green function
|6]) defined as
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D, (1=1")=<< A (1) A (1) >>
=—il?(t—t')<[Aq(l):A(,'(f')]_>- ©)

. _ _pt
where A, =b, +b and B =b, -b', C)]

are respectively the g-th Fouricr component of the displacement
and momentum of the 10ons. The Fouricr transformed Green
funcion D,.(w), were cvaluated to express the phonon self-
cnergy which is given by

w0’ - tuf, —4nw, X, (@ =0, ®)
where
Xy (@)= [(=q) (=g T (9¢" @)+ fi(=¢) f(=¢") T2 (4¢’ @)

+(=q) (=Y (qq" @)+ [,(=q) f,(=¢"V 4(qq’ @),  (©)

where I'"/s(i = | to4) represent the electron response functions.
These electron responsc functions arc higher order Green
functions of the electron operators and arc evaluated from the
equations of motion of Green functions using only the electronic
part of thc Hamiltoman H,, given by eq. (2a).

3. Evaluation

In view of our interest, we have cvaluated eqs. (5) and (6) for
small-g and T limit. In doing so. we expand €, _, and the Fermi
function m;_, upto the order lincar in g as

€ty =E —qvg, (Ta)

m_, =m —qvp 6(€, ~€f), (Tb)
where v, =d€;_, /dkl ., and

(e, ~ep)=amy_, 19E,_,. ()

Similarly, the temperaturc dependent term which appears in the
analytical expression is (tanh (y, / 28)—1anh (y, /20)) (here
0 = kT ). This is the term which links the different time correlation
functions to their corresponding Green functions. The
cxpansion of this in the limit of small temperature is given by

tanh (y, / 20) - tanh (v, / 26)

=~2 exp((e, ~ Ey)/26) sinh (&, - E,)> +472 120 . ®)

where y ) =1/2(6, + E) 2 1/2 (g, ~Ep)2 +4y2 . (9)

When these are substituted in eq. (5), the renormalised
phonon dispersion takes the form

(w/w,)? =1+4r/0,) 1 (©,q.7),

where
X(0,.9N=x(©.q9=0,T)+x(w,q.T =0)+ x(w,4,T). (11)

(10)

After parametrising the different quantities of eq. (11) in the
following way, the eq. (10) can be put in a compact form as given
below

(@/w,)? =1-4g(, +1,+ 1), (12)
where
I, =4A(B+0), (13a)
1, = [ dx F exp (=bx) sinh (bD)/ (DE), (13b)
Iy = [dx (J + H) exp (=bx) sinh (bD) [ E , (13¢)
A =dkc—yf +d) /1 (()f —=d)? =c* +4), (14a)
B=Q2r!(yf-d)-1), (14b)
C=ric+yf-d Iy f-d(c=yf+d), (14
D=((x-d)*+4)"°, (14d)
E=((x—d) +4-¢%), (14¢)
F=(x-d)’ +2r(x=d)+r?) cxp (~bd), (141)
G=(c—x+d)/(x—d+0), (14g)
H = (kG +2rkG(2(x —d) + )/ (x =d)?), (14h)
1=2k(x—d)(v—d-1)+ c(x—d —¢))
J((a=d)Y(x—d~¢)), (14i)

and the different dimensionless parameters are

r=f@)) /(@) g=NEN[@ 1w, d=Eyl7,.
yf=eplygc=0lyy k=qvplyy,. x=€.17,. (15

4. Results and discussion

The different dimensional parameters that are involved in the
numerical calculations are : r = f,(q)/ f,(g) the ratio of
coupling strength of phonons with electrons in the f-band and
the hybridisation band ; g, the effective coupling parameter and
d, the position of the {-level. yf, x, ¢, k relate to the Fermi energy.
cnergy of the conduction band, phonon energy and wave vector
respectively. The values of these parameters more or less
influence and play a dominant role in determining the physical
characteristics of the HF systems. The results of the numerical
calculations are presented in three figures. Figure 1 shows the
variation of renormaliscd phonon energy @ with b (the inversc
of temperature) for ¢ = 0 and for different values of d=-5,-2,0,
2. It is found that the degree of phonon softening decreases as
J-level is moved towards the Fermi level. But for positive values
of d there is hardly any softening. Figure 2 shows the variation
of @ with g for T=0 and for the same values of d. It is found that
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the softening is poorer compared to the variation @ with that of
remperature shown in Figure 1. Moreover, there is phonon
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Figure 1. Plot of @(=w/w,) versus Temperature b for ¢ = 0, r = 0.01,
£ =001 and for diffcrent values of d = - 50, -20, 0 and 20
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Figure 2. Plot of @(=w/w,) versus g for zero temperaturc and for
different values of d = - 50, - 2.0, 0.

hardening when the d value is positive. Finally the Figure 3
shows the variation of @ for finite values of g and T. Thus to
Study this effect, the plot is made for @ versus g for different
values of T'i.e. for different b values 0, 0.1, 0.2, 0.3 and for samc
values of r and g with d = - 2.0. It is observed that as the

temperature is decreased, the phonon softening becomes faster.
Moreover, on comparing this plot with the two plots described
above, it shows that both ¢ and T have finite contributions to
the phonon spectrum. The other two parameters r and g also
influence the phonon softening. The study of their influence on
phonon softening for different values of thesc will be published
elscwhere.
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Figure 3. Plot of @(=w/wy) versus ¢ for different values of temperature
b=0,0100203withr =01, g=001,d=-20

5. Conclusion

An attempt has been made to explain the influence of different
system parameters on the electron-phonon interaction in the
HF systems. To understand the mechanism microscopically,
phonons arc assumed to intcract with both the f-clectron as
well as to the hybridisation of conduction of f-clectrons. The
phonon response functions are evaluated cxactly for all wave
vectors (q) and temperatures (T). Zubarcv type Green functions
are used to cvaluate these quantities. To achieve simplification,
the phonon sclf-cnergy is cvaluated in the static limit.
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