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It 15 well known that for ordinary metals, the clectron-phonon interaction increases the quast particle mass which 1s in contrast (o the

‘cent finding by Fulde er «f that. for soine Heavy Fermion systems, 1t decreases. To understand the effect of this interaction on effective mass, we have
msidered here the electron-phonon intcraction in the Periodic Anderson Model (PAM) and denived a simple expression for it. This involves various
wdel parametets namely, the position of 4f level, the cffective coupling strength g and the electron-phonon coupling strength » The nfluence ot
wse parameters on the value of cffective mass 1s studied. For simphicity, the numencal calculation 1s performed 1n long wavelength hmit It was found
wt the position of 4f level and clectron-phonon coupling strength influence strongly on effective mass
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Introduction

'he experimental investigations on some intermetalhic
ompounds and alloys of rarc carths and actinides, have revcaled
‘ery interesting physical properties which can be associated
vith their partially filled shell of fand d electrons. Some of these
Astems are known to form highly correlated electronic states
wd exhibit unusual magnetic. thermodynamic, transport
noperties in their normal state at low temperature. Heavy Fermion
HI%), Valence Fluctuation (VF), Kondo lattices are some of the
‘ystems which belong to these groups. These are
‘haractenstically different from their counterpart in ordinary
netals and have attracted considerable interest in recent years
[-4]. In the present paper, we have studied the effect of electron-

*honon interaction on effcctive mass in some Heavy Fermion
wvslems.

It1s a well known fact that for ordinary metals, the electron-
*honon interaction increases the quasi particle mass. This is in
‘ontrast to a recent finding by Fulde et al [S] that for some
dcavy Fermion systems, it decreases. Moreover, some recent
“Xperiments [6] on HF systems suggest that there exists a strong

wupling of the elastic degrees of freedom with those of the
‘lectronic and magnetic ones. Particularly, the physical
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properties related to the observed magneto-elastic effect
(coupling of phonons to the f-¢lectrons), anisotropic Fermi
surface, Kondo volume collapse efc and the manifestation of
the deformation potential (the coupling of phonons to the
conduction electrons), have persuaded many to cmphasize the
role of electron-phonon interaction to explain some of the low
temperature behavior. But direct experimental evidence for
phonon anomaly through inclastic neutron scattering or Raman
scattering experiments are rare in these systems. However, the
measurements on elastic constant, ultrasonic attenuation and
sound velocity, have provided indirect evidence of strong
clectron-phonon coupling. To understand the effect of this
interaction on cffective mass, we have considered electron-
phonon coupling mechanisms in the framework of the Periodic
Anderson Model (PAM). Thesc are (i) the usual interaction
between the phonons with the electrons in the f-bands and (ii)
the electron-phonon interaction arising from hybridization term
of the PAM. The aim in this paper, as stated earlier, is to sec the
effect of electron-phonon intcraction on effective mass through
the self energy which relates to the effective mass in the
following way :

m*/m=i=1/[1+9Z(kw)/IE,]. )

For simplicity, we have first explored the properties of the
system in the normal state for long wave length limit in the finite
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temperature limit without keeping the f— fCoulomb correlation
term.

2. Formalism

Rajafimandimby, Fulde, Luthi and few others, who are the pionecr
in this held, have successfully estimated the electron-phonon
mechanism in these systems It was shown by Rajafimandimby
et al | 7] that the existence of super conductivity in HF system
CeCu,Si,, is duc to the strong clectron-phonon interaction in it.
It 15 also established that all anomalous properties exhibited by
these systems, can be understood as anising from the strong
hybridization of the corrclated f-electrons with those in the
conduction band necar the Fermi level. Morcover, it 1s also
established that the strength of phonon coupling to the
hybridization of - and conduction band clectrons 1s stronger
compared to the coupling of phonons 1o that of clectrons of f-
band alonc.

Here. lollowing Fulde et al [1], we have considered two
different electron-phonon coupling mechanisms 1n the
framework of the Pcriodic Anderson Model (PAM) [8]. For
proper description of the phonon anomalics in the HF systems,
the model Hamiltonian takes the form

H=H(,+H‘,_,,+HI, )

<

which consists of three terms, (1) the clectronic Hanultonian F,
(i) the Hamiltonian for the phonons H . (11i) the electron-phonon
interaction term H, - The clectronic I-‘nnnlloman H correspond

to the PAM and 1s given by

Lot ]
Hy = z‘-k(krr(-kn +Eu2.fm o
ko ko

Yo Z(f:rr Cia Cia fm)-

ka

(3a)

where €/ (Cyy) and fie(f1g) are the creation (annihulation)
opcerators for conduction and f-electrons with momentum k and
spin g respectively, £, is the energy of the electron in the
conduction band, E; is the position of the flevel and 7

representing the strength of the hybridization between the f-
clectrons and the conduction clectrons.

Considering the importance of the |Lanthanide contraction
in these systems, the phonons arc assumed to interact
predominantly with the f-clectrons. While the interaction of the
phonons with the conduction clectrons is neglected, Fulde has
argucd that thewr interaction with the hybridization term can
contnibute substantially to the phonon anomalies. Thus the
clectron-phonon interaction Hamiltonian is given by

H, = z[fl(q)(fl:q.a Cio +(‘L*4q.n fl.n)

Aya

+/,(q) f{w,a S .d’][bq + b:q]' (3b)

where f(¢) and f(g) are the coupling constants, the former being
the interaction arising between phonons with the hybridization
term and the later corresponding to the strength of interaction
with the f-electrons. Finally, the Hamiltonian for the phonon i
given by

H,=Y w,brb,. a3

/7,; (b,) being the creation (annihilation) operator for the
phonons with wave vector @,
Since we are interested in the calculation of phonon responst

functions. 1t is necessary to evaluate the phonon Green functior
[9] defined as

D,,,,»(t-r’)=<(Aq(t); A,,z(r')»

=iv(r- r’)([/\,,(r); A‘,'(r’)]‘ ) “
where

A, =b, +b

*, and B, =b, —b', s

arc respectively the g-th Fourier component of the displacemen
and momentum of the ions

The phonon green function [eq.(4)] can be calculated I
writing its equation of motion using the Hamiltonian of eq. (1
which when Fourier transformed, D,

W,(w) can bhe expressed 1
the form

Dq,,,(w) = 6_,,,,((0(, /n)[w" - w:‘l - 2‘((1,w)]_I , (0

where Z(q,m) =4nw, X, (0). (7

The fourier transform of the response functions entering 1
the self energy, is given by

qu'(w) = fl(_q)fl(—q” ,‘I(qq‘w)
+f1(=9) f,(=q") T5(qq’w) + f,(=q) f,(-¢") (g4’ )
+15(=q) f,(=q") 4 (qq’w), ®

where the I7y(i =1-4) represent the clectron respons

functions. These electron response functions are higher ordc
Green functions of the electron operators and are evaluatc
from the cquations of motion of these Green functions usin
only the clectronic Hamiltonian as given by eq. (2) without th
phonon and the electron-phonon interaction term i.e.

- 4 +
H, = zfa‘ka‘w + EoszcfA
ko ka

+Yo Z(flzycko +c'lofm)- ¢]

ko
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The long wavelength limit of the self-energy is evaluated
and when the derivative of the same with respect to g, is
substituted, the effective mass takes a very simple form as

fi=1/[1+2x(1+ F(k,w.q = 0))]. (10)
where

Fik,0,q=0)=A(P-Q-R-YS) an
and

A=3£(0% (w-£,)? 12D~ (122)

P=wy(e, — E,)(tanh(y, / 2kT) + tanh(y, / 2kT)), (12b)

Q= (wy/4kT)(Eg - &, + A)* (scch(y, 12kT))?, (1)
R = (wy/ 4KT) (€ ; = Eq+ A)*(scch(y, 12kT))?,  (124)
S=BC, (12€)
B=6f,(0)yo(@- Ey){ay) & / D*, (120
C=(1-2N/; Jwg +(@= Eq+ry )N, . (12g)

l)=(w-£, )(m—lz},)—yf, =(w-y)(w=-y5),(12h)

2 \ 172

A =[(c, - E,) +4y;,J (12i)
Nly =148 [(Ey-¢, +a)(tanh ¥, / 24T)+

(e, ~ Eo+4) Ganh y, /247 | (12j)
No =2/[exp (o / 2kT) = 1]+1, (12k)
(“0) =(b« +b7, )l/=0. (12
n=(g, +Eo+4)/2, (12m)
o =(g, + Ey—4)/2. (12n)

Most of the notations used here are same as that of our two
carlier papers [ 10,11].

3. Results and discussion

The different dimensionless parameters that are involved in
these calculations are the ratio of the two electron-phonon

Interaction strengths r = £,(0)/ f,(0) ; the effective coupling

constant g = N(0)f, ,2(0)10)0. where N (0) being the density
of states at the Fermi level. All the energies in the system are
measured with respect to the strength of the hybridization (y,,) .
the single dominant parameter, where the position of the f~level
is given by d = E; /7, the inverse of the temperature given
by b=y, /2kT ,thefermienergy X, =€, /¥¢. The normalized
phonon frequency @ = @/ w,, is measured with respect to the
frequency (@) of the bare phonon. The other dimensionless
parameters, which are required for scaling different energy
quantities arc 6=A/y,. z=w,/y,.c=w/y, and
D, = D/y}. However, the most prominent parameters that
influence the phonons are d, g and r. To appreciatc the behavior
of these parameters in these systems, we have investigated
their influence on renormalized phonon encrgy, which again
influence the effective mass. The initial parameters are set by
considening the physically allowed values of these parameters

at random, so as to give uniform softening as evident from the
cxperiment.
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Figure 1. Plot of m*/m versus g for r =01, =251, =01,4,=01,4
=0.b=02and d = -2
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The results of the numerical calculations are presented in
two figures showing the variation of effective mass Ai with the
effective coupling strength g kecping the other parameters
constant. In Figure 1, the vanation of m is made with g kecping

g-m*/m
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Figure 2. Plot of m*/m versus g forr=0.1,2=25,x, =01,a,=0.1, x,
=0,b=02and d= -]
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other paramelers at fixed values as r=0.1,z=2.5,x, =0.1,a,=
0.1,x,=0, b=0.2 andd =-2. In Figure 2 the same plot is made for
a dlﬂ{'crcnl value of d ( = —1) where the values ol the other
paramelers have been retained as it appeared in the first case. In
both the plots it 1s observed that, depending on the values of g
and d, the effective mass increases as well as decreases. In
other words, for some range of g values the cffective mass is
less than one, while for some other range, its value is morc than
one. Moreover, the range of g value is also very scnsitive (o the
valuc of the location of the f-level, In the first case the range of
g values gocs from 0 to 0.53 and the corresponding valucs of
the effective mass is less than onc. But when the g values
crosses this limit i.e. 0.53 the effective mass increascs rapidly
and approaches ;=40 for g equal to 0.56. If g is further
increased the system becomes unstable and the effective mass
give unphysical results. Similarly for the second curve, when d
changes from -2 10 - 1, for the range of g values from 0 to (.294,
the elfective mass is less than one. When the value of g 1s larger
than 0.294, the effcctive mass is more than one and the value of
m goesup to m =21 at valuc of g =0.301.

So from these two figures it1s concluded that the range of g
values is very sensitive to the location of f-level d. Itis evident
that the nearer the f-level to the fermi level the larger the value of
effective mass (77 ). Itis obvious that as f-level is close (o fermi
level the electron density increases Since effective mass 18
directly proportional to this quantity, the value of cffective mass
becomes larger. Morcover, the present analysis also explains
the decrease of effective mass for some Heavy Fermion systems
as predicted by Fulde et al | 5]. The effective mass is also affected
by other parameters, which can be studied similarly. But duc to
constraint of space we have presented only two cases. The
other results will be reported elsewhere.

4. Conclusion

The effect of electron-phonon interaction in the Heavy Fermion
systems, which directly influence the effective mass, is explained.
To understand this mechanism microscopically, the phonon
interaction is introduced to both f-electrons as well as to the
hybridization of conduction and f-electrons. The phonon self-
energy in normal state is calculated with Coulomb correlation
equal to zero. Zubarev [9] type Green function is used to evaluate
this quantity. The influence of various model parameters is
studied, which are presented in (wo plots. The prediction of
decrease in cffective mass due to electron-phonon interaction
in some Heavy Fermion systems by Fulde et al (5] is consistent
with our result as presented.
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