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Heavy Fermions due to Cooperative Effects of Coulomb and Electron-Phonon Interactions
in the Two-Orbital Periodic Anderson Model
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Using the dynamical mean-field theory, we investigate the two-orbital periodic Anderson model includ-
ing both the Coulomb interactionU between f-electrons and the electron-phonon interactiong which cou-
ple the local orbital fluctuations off -electrons with Jahn-Teller phonons. It is found that the heavy fermion
state caused byU is largely enhanced due to the effect ofg. In the heavy fermion state for largeU and
g, both the orbital and lattice fluctuations are enhanced, while the charge (valence) and spin fluctuations
are suppressed; this is a nonmagnetic origin of the heavy fermions. The effect of the mass enhancement
for the case with twofold-degenerate phonon mode is larger than that for one phonon mode. The obtained
results show a possible nonmagnetic origin of the heavy fermion state recently observed in SmOs4Sb12.
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1. Introduction

Filled skutterudite compoundsROs4Sb12 (R: rare earth)
have attracted much attention as they have an unique over-
sized cage made of Os and Sb atoms in which theR ion is
included. SmOs4Sb12 shows a large specific heat coefficient
γ = 820 mJ/(K2· mol) which is almost independent of ap-
plied magnetic fields,1) suggesting a heavy fermion state of
nonmagnetic origin such as charge, valence and phonon de-
grees of freedom.2–9)

PrOs4Sb12 shows a large specific heat coefficientγ = 750
mJ/(K2· mol) together with a large jump in the specific heat
∆C/Tc

>∼ 500 mJ/(K2· mol) at the superconducting transi-
tion temperatureTc = 1.85 K.10) In the ultrasonic measure-
ments, remarkable frequency dependence of the elastic con-
stant (ultrasonic dispersion) around 30 K has been observed
in PrOs4Sb12 and has been attributed to large amplitude local
vibrations (rattling) of the Pr ion in the cage.11) The ultra-
sonic dispersion occurs in(C11 − C12)/2 correspondingEg

representation in the cubic symmetry. In addition, PrOs4Sb12
shows an anomalous softening of the elastic constant below
10 K down toTc.11) The softening is well accounted for by
quadrupole susceptibility for aΓ1 singlet ground state and a
Γ(2)

4 triplet 1st excited state located at8 K in the crystalline
electric field except for an extra softening below 3 K,12) where
the coupling between the quadrupole fluctuations and a sort of
local phonon may play important roles for the extra softening
and also for the heavy fermion behavior down toTc.

As the strong correlation effect due to both the Coulomb in-
teraction and the electron-phonon coupling is crucial for de-
scribing the heavy-fermion state in these systems, we need
reliable and nonperturbative approaches such as the dynami-
cal mean-field theory (DMFT).13) We have studied the single-
orbital periodic Anderson-Holstein model by using the DMFT
combined with the exact diagonalization (ED) method.14–16)

What we found are as follows: (1) In the strong electron-
phonon coupling regime,g >∼ gc, the system shows an anoma-
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lous heavy fermion behavior which is accompanied by a large
lattice fluctuation and an extreme phonon softening. (2) A
simple harmonic potential for ions forg <∼ gc changes into
an effective double-well potential forg >∼ gc. (3) The pair-
ing interaction between the conduction electrons has a max-
imum at g ≈ gc. (4) The heavy fermion state due to the
electron-phonon coupling is realized in the wide range of the
f -electron numbernf , while that due to the Coulomb inter-
action is realized in the narrow range near the half-filling
nf ∼ 1. (5) The effect of the electron-phonon coupling on
the heavy fermion state and that of the Coulomb interaction
compete with each other.

Recently, we have also investigated the two-orbital peri-
odic Anderson model, where Jahn-Teller (JT) phonons with
a twofold-degenerate phonon mode couple with orbital fluc-
tuations off -electrons which interact with each other via
the Coulomb interaction and hybridize with conduction elec-
trons.17,18)What we found are as follows: (1) The local orbital
and lattice fluctuations are enhanced, while the local charge
(valence) and spin fluctuations are suppressed. (2) The sharp
soft phonon mode with a large spectral weight is observed for
smallU , while the broad soft phonon mode with a small spec-
tral weight is observed for largeU . (3) The cooperative effect
for half-filling with nf = 2 is more pronounced than that for
quarter-filling withnf = 1.

In the present paper, we investigate effects of the Coulomb
interaction and the electron-phonon coupling on the heavy-
electron states in the two-orbital periodic Anderson model
coupled with JT phonons in cases with one and twofold-
degenerate phonon mode by using the DMFT.

2. Formulation

Our model Hamiltonian is given by,

H =
∑
klσ

ϵkc†klσcklσ + ϵf

∑
ilσ

f†
ilσfilσ

+ V
∑
ilσ

(f†
ilσcilσ + h.c.)
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+ U
∑
il

n̂fil↑n̂fil↓ + U ′
∑
iσσ′

n̂fi1σn̂fi2σ′

+ J
∑
iσσ′

f†
i1σf†

i2σ′fi1σ′fi2σ

+ g1

∑
i

(b†i1 + bi1)τ̂ix + g2

∑
i

(b†i2 + bi2)τ̂iz

+
∑
iν

ω0νb†iνbiν (1)

with

τ̂ix =
∑

σ

(f†
i1σfi2σ + f†

i2σfi1σ) (2)

τ̂iz =
∑

σ

(f†
i1σfi1σ − f†

i2σfi2σ), (3)

wherec†ilσ (f†
ilσ) is a creation operator for a conduction (c-

)electron (f -electron) with orbitall(= 1, 2) and spinσ(=↑, ↓)
at site i, and n̂filσ = f†

ilσfilσ. The orbital indexl distin-
guishes two Kramers doublets like asΓ8 orbitals in theOh

symmetry andΓ67 orbitals in theTh symmetry.b†iν is a cre-
ation operator for a Jahn-Teller phonon with modeν(= 1, 2)
at site i, where the normal coordinate for the Jahn-Teller
phonons is given bŷQiν = 1/

√
2ω0ν(biν + b†iν). We assume

the twofold-degenerate phonon mode haveEg mode in the cu-
bic symmetry.ϵk, ϵf , andV are the dispersion ofc-electron,
the atomic level off -electron, and thec-f hybridization, re-
spectively. In the model eq. (1), the Jahn-Teller phonons with
the frequencyω0ν couple with the local orbital fluctuations
of f -electrons,̂τix andτ̂iz corresponding toeg mode, via the
electron-phonon couplinggν .19) We note that the local orbital
fluctuations off -electrons witheu mode haveeu ⊗ eu mode
and includeeg mode. The model eq. (1) also includes the
Coulomb interaction betweenf -electrons: the intra and in-
ter orbital direct CoulombU andU ′ and the exchange cou-
pling J . For simplicity, we assumeU = U ′ and J = 0.
In the case with twofold-degenerate phonon mode, we set
ω01 = ω02(≡ ω0) andg1 = g2(≡ g) due to the symmetry. In
the case with one phonon mode, we assumeg = g1 ̸= 0 with
g2 = 0 or g = g2 ̸= 0 with g1 = 0, where the results of both
cases are equivalent due to the symmetry.

To solve the model eq. (1), we use the DMFT in which the
model is mapped onto an effective single impurity two-orbital
Anderson model coupled with Jahn-Teller phonons.13,20)

The local Green’s functionGflσ(iωn) and the local self-
energyΣlσ(iωn) for thef -electron satisfy the following self-
consistency conditions:

Gflσ(iωn) =
∫

dϵ
ρ(ϵ)

iωn − ϵf − Σlσ(iωn) − V 2

iωn−ϵ

= [G̃flσ(iωn)−1 − Σlσ(iωn)]−1, (4)

whereρ(ϵ) is the density of states (DOS) for thec-electron,
ρ(ϵ) =

∑
k δ(ϵ − ϵk). In the above equation,̃Gfl(iωn) is

the bare Green’s function for the effective impurity Anderson
model withU = g = 0 in an effective medium which will
be determined self-consistently. The effective impurity An-
derson model with finiteU and/org is solved by using the
ED method for a finite-size cluster to obtainGflσ(iωn) and
Σlσ(iωn) at T = 0.13–18,20–22)In the present study, we use

4 site cluster and the cutoff of phonon number is set to be
9 for each Jahn-Teller mode. We assume a semielliptic DOS
with the bandwidthW = 1, ρ(ϵ) = 2

√
1 − ϵ2/π, and we set

V = 0.1 andω0 = 0.01. We concentrate our attention on the
half-filled case,nf = 2, with keeping the particle-hole sym-
metry withϵf = −3U/2 and the normal state in the absence
of magnetic and orbital orders, whereΣlσ(iωn) = Σ(iωn).

3. Results

In Fig. 1(a), we plot the renormalization factorZ = (1 −
dΣ(ω)

dω |ω=0)−1 as a function ofg for U = 0 and0.6. When
g = 0, the effective mass of the quasiparticlem∗/m = Z−1

increases with increasingU and then the heavy fermion state
with m∗/m ≫ 1 is realized in the strong correlation regime.
When the electron-phonon coupling increases, the effective
mass increases for all values ofU resulting in the heavy
fermion state due to the cooperative effect of the Coulomb in-
teraction and the electron-phonon coupling. This is a striking
contrast to the case with the single-orbital periodic Anderson-
Holstein model where the both effects are compete with each
other as mentioned before.14–16)The effective massm∗/m for
twofold-degenerate phonon mode is larger than that for one
phonon mode. We note that the convergent solutions are ob-
tained only forZ >∼ 0.03 due to the finite size effect and plot-
ted only for the corresponding parameter region ofg in Fig.
1.

The local orbital fluctuation written by

⟨τ2
z ⟩ = ⟨τ̂2

iz⟩ = ⟨(n̂fi1 − n̂fi2)2⟩ (5)

with n̂fil =
∑

σ n̂filσ as a function ofg for several values
of U , where⟨τz⟩ = ⟨τx⟩ = 0 in the absence of orbital or-
der. We note that, due to the symmetry ofeu representation,
⟨τ2⟩ = ⟨τ2

z ⟩ = ⟨τ2
x⟩ in the case with the twofold-degenerate

phonon mode, while⟨τ2⟩ = ⟨τ2
x⟩ or ⟨τ2⟩ = ⟨τ2

z ⟩ in the
case with the one phonon mode. The local orbital fluctuation
⟨τ2⟩ for one phonon mode is slightly enhanced than that for
twofold-degenerate phonon mode in Fig. 1(b). Wheng = 0,
⟨τ2⟩ increases with increasingU as previously obtained in the
two-orbital periodic Anderson model.23)

The local charge fluctuation off -electrons,i.e., the valence
fluctuation⟨(n̂fi − ⟨n̂fi⟩)2⟩ is plotted as a function ofg for
several values ofU in Fig. 1(c). Wheng = 0, the valence
fluctuation decreases with increasingU due to the electron
correlation effect. Wheng ̸= 0, the valence fluctuation is sup-
pressed or almost constant due to the effect ofg in contrast
to the case with the single-orbital periodic Anderson model
where the valence fluctuation is coupled with local phonons
and is enhanced due to the effect ofg.14–16) The decrease of
valence fluctuation for twofold-degenerate phonon mode is
slightly enhanced than that for one phonon mode.

The local moment,⟨S2⟩ = ⟨Ŝ2
i ⟩ = ⟨Ŝ2

ix + Ŝ2
iy + Ŝ2

iz⟩,
written by

⟨S2⟩ =
3
4

(
⟨n̂fi⟩ + 2

∑
σ

⟨n̂fi1σn̂fi2σ⟩ − 2
∑
ll′

⟨n̂fil↑n̂fil′↓⟩

)
(6)

is plotted as a function ofg for several values ofU in Fig.
1(d). Wheng = 0, ⟨S2⟩ is enhanced due to the effect ofU .
Wheng increases,⟨S2⟩ is suppressed due to effects of double-
occupation probabilities as shown in ref. 18 (not shown here).

The local lattice fluctuation is defined by⟨Q2
ν⟩ = ⟨(Q̂iν −
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Fig. 1. The renormalization factorZ (a), the local orbital fluctuation⟨τ2⟩
(b), the charge fluctuation⟨(n̂fi − ⟨n̂fi⟩)2⟩ (c), the local moment⟨S2⟩
(d), and the root mean squared displacement

√
⟨Q2⟩/⟨Q2⟩0 (e) as a func-

tion ofg for U = 0 and0.6 at half-filling for one (open mark) and twofold-
degenerate (solid mark) phonon mode.

⟨Q̂iν⟩)2⟩ and ⟨Q2
1⟩ = ⟨Q2

2⟩(≡ ⟨Q2⟩) due to the symme-
try of Eg modes. In Fig. 1(e), we plot the root mean square
displacement,i.e., lattice fluctuation,

√
⟨Q2⟩/⟨Q2⟩0, where√

⟨Q2⟩0 = 1/
√

2ω0 is the value for the zero-point oscilla-
tion with g = 0. Wheng increases,

√
⟨Q2⟩ monotonically

increases for all values ofU . Remarkably, the increase in√
⟨Q2⟩ observed in the strong coupling regime is largely en-

hanced due to the Coulomb interaction, where the orbital fluc-
tuation coupled with the local phonons is largely enhanced.
This is a striking contrast to the case with the single-orbital
periodic Anderson model where

√
⟨Q2⟩ is suppressed due

to the Coulomb interaction as well as the valence fluctua-
tion as mentioned before.14–16)Wheng increases,

√
⟨Q2⟩ for

twofold-degenerate phonon mode is slightly suppressed than
that for one phonon mode.

4. Summary and Discussions

In summary, we have investigated the two-orbital peri-
odic Anderson model coupled with the one and twofold-
degenerate Jahn-Teller phonon by using the dynamical mean-

field theory. We have found that the heavy fermion state of
nonmagnetic origin is realized due to the cooperative effect of
the Coulomb interactionU and the electron-phonon coupling
g. The specific features of the heavy fermion state for largeU

andg are as follows: The local orbital and lattice fluctuations
are enhanced, while the local charge (valence) and spin fluc-
tuations are suppressed. The effects of mass enhancement for
twofold-degenerate phonon mode are larger than that for one
phonon mode.

In the two-orbital periodic Anderson model with the cou-
pling g between the local orbital fluctuation and the Jahn-
Teller phonon, the orbital fluctuation is enhanced due to the
both effects ofU andg, and then the heavy-fermion state is re-
alized due to the cooperative effect. This is a striking contrast
to the case with the single-orbital periodic Anderson model
with the couplingg between the local charge fluctuation and
the local phonon, where the spin (charge) fluctuation is en-
hanced (suppressed) due to the effect ofU , while the charge
(spin) fluctuation is enhanced (suppressed) due to the effect
of g, and then the effects ofU andg on the heavy-fermion
state compete with each other.14–16) The heavy fermion state
of nonmagnetic origin due to the cooperative effect ofU and
g seems to be consistent with the magnetically robust heavy
fermion state observed in the filled skutterudite SmOs4Sb12.
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