Dynamical mean-field study of the heavy-fermion state in the multi-orbital
Anderson lattice model coupled with Jahn-Teller phonons
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Abstract

We investigate electronic states and phononic states in the 2-orbital Anderson lattice model, where orbital fluctuation of f-electrons
couples with the Jahn-Teller phonons, in the quarter-filling using the dynamical mean-field theory in conjunction with the exact
diagonalization method. We find that a heavy fermion state is enhances due to cooperation between the electron-electron interaction
and the electron-phonon interaction, besides the large lattice fluctuation and the anormalous softening are enhanced due to the

Coulomb interaction.
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The filled skutterudite compounds RX4X12 (R is a rare
earth, T is a transition metal, and X is a pnictogen )
have been attracted much attention because of their vari-
ous physical properties. Especially, PrOs4Sby is the first
example of a Pr-based heavy fermion superconductor and
show a large specific heat coefficient v = 750mJ/K?*mol
together with a large jump in the specific heat AC/T¢ 2
500mJ/K?mol at T = 1.85K [1]. ROs4Sb12 (R=La, Pr, Sm,
and Nd, except for Ce) exhabits ultrasonic frequency de-
pendence of the elastic constant in low temperature region
[2,3], and is proposed an off-center rattling motion of the
rare earth ion in the pnictogen cage [2]. Besides, ROs4Sbio
(R=Ce, Pr, Sm, and Nd, except for La) shows an anormally
softening down to T, due to fluctuation of f-electrons in
levels splitted due to the crystalline electric field (CEF). A
degenerated ground state of 4f-electrons plays a clucial role
in the softening, in particular, the ground state determined
by the CEF effect is I'7 doublet, T’ éz) quartet, and I'7 dou-
blet or I's quartet in R=Ce, Nd, and Sm, respectively [4—
6]. PrOs4Sbyo shows a weaker softening than former com-
pounds due to the quadrupolar fluctuation between I'; sin-
glet ground state and the I‘f) first exited state with a small
gap energy A = 7.9K [7].
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In our previous work, to investigate simply a strong cou-
pling effect on heavy fermion behavior, we studied the pe-
riodic Anderson-Holstein model that charge fluctuation of
f-electron couple with the breathing mode of local phonons
in the half-filling [8,9] and in away from the half-filling [10]
by using the dynamical mean-field theory (DMFT) [11].
And we found that the system shows a heavy fermion state
behavior which is accompanied by a large lattice fluctua-
tion and an anormalous softening. But, the model competes
between the electron-electron interaction and the electron-
phonon interaction because both interactions act in the
single band. Recently, the dynamical Jahn-Teller effect is
discussed in the multi-impurity Anderson model [12]. We
need to study a model which cooperated between the in-
teractions to discuss an effect of orbital fluctuation of f-
electrons realistically. In the present study, we discuss elec-
tronic states and phononic states in the 2-orbital Anderson
lattice model coupled with local phonons.

Our model Hamiltonian is given by,

H = ZéleTklgckla' + Zﬁflfjlafila'
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where czlg, o and bI are creation operators for a conduc-
tion (c)-electron with orbital {(= 1,2) and spin o at site ¢,
for a f-electron and for a phonon, respectively, and n ¢ij; =
fjla fito. Parameters ey and €y, V', and wq are dispersion
of c-electron and f-electron, c-f hybridization, and local
phonon frequency, respectively. The electron-electron in-
teraction term is expressed using the intra-orbital Coulomb
interaction U, and the inter-orbital Coulomb interaction
U’, which satisfy the rotational invariant, U’ = U. In the
electron-phonon interaction, we assume orbital fluctuation
of f-electron with E, symmetry couples with (322 — r?)-
type Jahn-Teller phonon with same symmetry [12], where
g is the electron-phonon coupling constant.

To solve this model eq.(1), we use the DMFT in which
the model is mapped onto an extended effective multi-
impurity Anderson model coupled with the local phonons
[13,14]. The local Green’s function G¢(iwy) and the local
self-energy X (iw,,) for f-electrons satisfy the following self-
consistency condition:

Gytn) = [ e e
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where p(e) is the density of states (DOS) for c-electrons.
In the above equation, G (iwp,) is the bare Green’s function
for an extended effective multi-impurity Anderson model
and is determined self-consistently. The extended effective
multi-impurity Anderson model is solved by using the exact
diagonalization method for a finite-size cluster [15,16]. In
the present study, we use 4 site cluster and the cutoff of
phonon number is set to be 10. We assume a semielliptic
DOS with the bandwidth W = 1, p(e) = 21 — €2, and
set € = —p (p is the chemical potential), V' = 0.1, and
wo = 0.01. We concentrate our attention on the quarter-
filling, i. e., we consider the I'; doublet ground state.

In Fig. 1(a), the quasiparticle weight Z is plotted as a
function of g for several values of the Coulomb interaction
U. In the strong coupling regime, Z is enhanced due to
the electron-electron interaction. The lattice fluctuation is
defined by (Q?) = (Q2 — (Q;)2) with the lattice displace-
ment operator, Q; = \/QlTO(bl + bI) Fig. 1(b), shows the
normalized lattice fluctuation, (Q?)/(Q?%)o, where (Q?)¢ =
ﬁ is the lattice fluctuation for g = 0, i.e., the zero-point
oscillation. The lattice fluctuation is enhanced due to the
Coulomb interaction in the strong couplong regime, be-
sides, an enhancement of an anormalous softening is shown
same behavior as the lattice fluctuation too. Their behav-
ior are striking contrasts to those in the periodic Anderson-
Holstein model in which an effective mass of electrons be-
come small due to the Coulomb interaction in the strong
coupling regime [8].

In summary, however, electronic states and phononic
states in the model eq.(1) without the electron-electron

interaction are smilar to those in the periodic Anderson-
Holstein model without the Coulomb interaction, behav-
ior in the model eq.(1) with the electron-electron interac-
tion are contrast to that in the periodic Anderson-Holstein
model with the Coulomb interaction.
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Fig. 1. The quasiparticle weight Z, and the lattice fuluctuation
(Q%)/{Q%)0 as a function of electron-phonon coupling constant g for
several values of the intra-Coulomb interaction U. (Q?)¢ is the value
for g = 0.
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