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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 interactidii between f-electrons and the electron-phonon interagtiwhich cou-
ple the local orbital fluctuations gf-electrons with Jahn-Teller phonons. Itis found that the heavy fermion
state caused b¥ is largely enhanced due to the effectgpfin the heavy fermion state for largé 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 irSBmOs
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1. Introduction lous heavy fermion behavior which is accompanied by a large

Filled skutterudite compoundBOs,Shy» (R: rare earth) lattice fluctuation and an extreme phonon softening. (2) A
have attracted much attention as they have an unique ov&fPle harmonic potential for ions for S g. changes into
sized cage made of Os and Sb atoms in whichEhien is  an effective double-well potential far 2 g.. (3) The pair-
included. SmOgSh» shows a large specific heat coefficientnd interaction between the conduction electrons has a max-

— 820 mJ/(K2- mol) which is almost independent of ap-imum atg ~ g.. (4) The heavy fermion state due to the
plied magnetic field$) suggesting a heavy fermion state ofelectron-phonon coupling is realized in the wide range of the
nonmagnetic origin such as charge, valence and phonon de€lectron number,;, while that due to the Coulomb inter-
grees of freedorf:? action is realized in the narrow range near the half-filling

PrOs Shi» shows a large specific heat coefficient 750  7f ~ 1. (5) The effect of the electron-phonon coupling on
mJ/(K?- mol) together with a large jump in the specific heathe heavy f_ermion state and that of the Coulomb interaction
AC/T. z 500 mJ/(K3- mol) at the superconducting transi-cOmpete with each other. _ _
tion temperaturd, = 1.85 K.19 In the ultrasonic measure- Recently, we have also investigated the two-orbital pe.n—
ments, remarkable frequency dependence of the elastic c@§lic Anderson model, where Jahn-Teller (JT) phonons with
stant (ultrasonic dispersion) around 30 K has been obsenvdwofold-degenerate phonon mode couple with orbital fluc-

in PrOs,Shy, and has been attributed to large amplitude locdHations of f-electrons which interact with each other via
vibrations (rattling) of the Pr ion in the cag®.The ultra- the Coulomb interaction and hybridize with conduction elec-

sonic dispersion occurs ifCy; — C12)/2 corresponding?, trons!” ¥ What we found are as follows: (1) The local orbital
representation in the cubic symmetry. In addition, Ri&ks, and lattice fluctuations are enhanced, while the local charge
shows an anomalous softening of the elastic constant belé¥@/ence) and spin fluctuations are suppressed. (2) The sharp
10 K down to7,..*Y The softening is well accounted for by SOft phonon mode with a large spectral weight is observed for
quadrupole susceptibility for B; singlet ground state and a SmallU, while the broad soft phonon mode with a small spec-
Fff) triplet 1st excited state located &K in the crystalline tral weight is observed for largé. (3) The cooperative effect

electric field except for an extra softening below 3Xwhere for half—fillllli.ng Wi.t?] ns = 2 is more pronounced than that for
the coupling between the quadrupole fluctuations and asort%‘l‘artir'f' Ing withny =1.. = . fth omb
local phonon may play important roles for the extra softenins%1 Int € present paper, we investigate e egts of the Coulom
and also for the heavy fermion behavior dowrto interaction and the electron-phonon coupling on the heavy-

As the strong correlation effect due to both the Coulomb ine_zlectron states in the two-orbital periodic Anderson model
teraction and the electron-phonon coupling is crucial for dé:-OUpIEd with hJT phonodnsbln cgseshwnh one and twofold-
scribing the heavy-fermion state in these systems, we nef§generate phonon mode by using the DMFT.
reliable anq nonperturbative approaches suqh as the_ dynawli- Formulation
cal mean-field theory (DMFT}® We have studied the single- del Hamiltonian is iven b
orbital periodic Anderson-Holstein model by using the DMFT ©OUr model Hamiltonian is given by,
combined with the exact diagonalization (ED) meti6d® H = > el cio+er S fhofus
What we found are as follows: (1) In the strong electron- Yo
phonon coupling regime, 2 ¢., the system shows an anoma-
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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 bandwidtiV = 1, p(e) = 2v/1 — €2 /7, and we set

V = 0.1 andwy = 0.01. We concentrate our attention on the
half-filled casen; = 2, with keeping the particle-hole sym-
metry withe; = —3U/2 and the normal state in the absence
of magnetic and orbital orders, whexg, (iw, ) = S(iw,,).

i
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w

(1) 3. Results
_ In Fig. 1(a), we plot the renormalization factgr= (1 —
with 4Bl)) o)~ as a function ofy for U = 0 and0.6. When
e — Z(fglofﬂtf + fZTQUf“U) (2) g = 0, the effective mass of the quasipartiete /m = Z1
p increases with increasing and then the heavy fermion state
A + + with m*/m > 1 is realized in the strong correlation regime.
Tiz = Z(filafilﬂ — fizo fize), () when the electron-phonon coupling increases, the effective

g

mass increases for all values bf 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
symmetry and’g; orbitals in theT,, symmetry! is a cre- Other as mentioned befot& 19 The effective mass:* /m for
ation operator for a Jahn-Teller phonon with mode- 1, 2) twofold-degenerate phonon mode is larger than that for one
at sitei, where the normal coordinate for the Jahn-TellePhonon mode. We note that the convergent solutions are ob-
phonons is given by;, = 1/v/2woy (bi, + bID). We assume tained only forZ 2 0.03 due to the finite size effect gnd_plot—
the twofold-degenerate phonon mode hByenode in the cu- ted only for the corresponding parameter regiory af Fig.
bic symmetryey, €, andV are the dispersion afelectron, 1.
the atomic level off-electron, and the-f hybridization, re- ~ The local orbital fluctuation written by
spectively. In the model eq. (1), the Jahn-TgIIer phonoqs with (r2) = (#2) (g — ﬁj,i2)2> (5)
the frequencyw,, couple with the local orbital fluctuations _
of f-electrons#;,, and7;. corresponding te, mode, via the with gy = > Npis as a fur_10t|on ofy for several \(alues
electron-phonon coupling,.1®) We note that the local orbital of U, where(r.) = (r;) = 0 in the absence of orbital or-
fluctuations off-electrons withe, mode have:, ® e, mode der. We note that, due to the symmetryeqfrepresentation,
and includee, mode. The model eq. (1) also includes thd™) = (72) = (77) in the case with the twofold-degenerate
Coulomb interaction betweefi-electrons: the intra and in- Phonon mode, whilg7?) = (77) or (7%) = (72) in the
ter orbital direct Coulomi/ and U’ and the exchange cou- €ase with the one phonon mode. The local orbital fluctuation
pling J. For simplicity, we assum& = U’ and.J = 0. (72) for one phonon mode is slightly enhanced than that for
In the case with twofold-degenerate phonon mode, we s&yofold-degenerate phonon mode in Fig. 1(b). Whes 0,
wo1 = wo2(= wo) andgy = ga(= ¢) due to the symmetry. In (72) increases with increasirig as previously obtained in the
the case with one phonon mode, we assymreg, # 0 with  two-orbital periodic Anderson modé?)
g2 = 00rg = go # 0with g = 0, where the results of both The local charge fluctuation gfelectronsi.e., the valence
cases are equivalent due to the symmetry. fluctuation((7y; — (4:))?) is plotted as a function of for

To solve the model eq. (1), we use the DMFT in which théeveral values o/ in Fig. 1(c). Wheng = 0, the valence
model is mapped onto an effective single impurity two-orbitafluctuation decreases with increasibigdue to the electron
Anderson model coupled with Jahn-Teller phon&f‘hgf) correlation effect. When # 0, the valence fluctuation is sup-
The local Green’s functiorG s, (iw,,) and the local self- pressed or almost constant due to the effegy of contrast

energyy,, (iw, ) for the f-electron satisfy the following self- to the case with the single-orbital periodic Anderson model
consistency conditions: where the valence fluctuation is coupled with local phonons
V2

and is enhanced due to the effectgof* % The decrease of
/de valence fluctuation for twofold-degenerate phonon mode is
Wn = fwn—c
[éfla(iwn)_l - Elo(iwn)]_lv

wherec!, (f}_) is a creation operator for a conductian (
)electron (f-electron) with orbital (= 1, 2) and spirs (=T, |)
at sited, and i, = fl_fao. The orbital indexi distin-
guishes two Kramers doublets like Bg orbitals in theOy,

p(e)

G 115 (iwy,
fi ( ) €f — Elg(iwn) —

slightly enhanced than that for one phonon mode.
The local moment{S?) = (S?) = (52, + S7, + S2),

(4)

- written by

wherep(e) is the density of states (DOS) for theelectron, 3

p(e) = >, 6(€ — ex). In the above equatiorG s (iw,) is  (S2) = = | (i) + 22<ﬁfﬂo_ﬁfi20_> - 22<ﬁﬁ”ﬁﬁl,l> (6)
the bare Green'’s function for the effective impurity Anderson 4 > 1L

model with' = g = 0 in an effective medium which will ;515104 as a function of for several values of/ in Fig.
be determined self-consistently. The effective impurity An'l(d) Wheng = 0, (S) is enhanced due to the effect bt
derson model With f.inité.J and/org is solved by'using the Wheng increases(;82> is suppressed due to effects of double-
ED method for a flrllat_el-ssg%igluster to obtay,, (iw,) and occupation probabilities as shown in ref. 18 (not shown here).
1o (iwn) ALT = 075757591 the present study, we USe g |4cq Jattice fluctuation is defined B2) — (O, —
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field theory. We have found that the heavy fermion state of
nonmagnetic origin is realized due to the cooperative effect of
the Coulomb interactioy and the electron-phonon coupling
g. The specific features of the heavy fermion state for l&fge

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 ot/ 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 effecdt/ofvhile the charge
(spin) fluctuation is enhanced (suppressed) due to the effect
of g, and then the effects df andg on the heavy-fermion
, state compete with each othér1® The heavy fermion state
—e— U=0, 2-mode (e) of nonmagnetic origin due to the cooperative effect/ofnd

P
o 4~ ° 3:8’61‘2'“00'9(1 g seems to be consistent with the magnetically robust heavy
N —=— U=0.6, 2-mode . . . .
% | U=0.6. 1-mode ] fermion state observed in the filled skutterudite Sit&hs,.
N
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