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Formation of a heavy quasiparticle state in the two-band Hubbard model
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Department of Physics, Tohoku University, Sendai, 980-8578, Japan

S. Yotsuhashi and K. Miyake
Department of Physical Science, Osaka University, Toyonaka, 560-8531, Japan
(Received 21 April 2000

A realization of a heavy fermion state is investigated on the basis of a two-band Hubbard model. By means
of the slave-boson mean-field approximation, it is shown that for the intermediate electron dessitys, the
interband Coulomb repulsiod strongly emphasizes initially the small difference between bands, and easily
stabilizes integral valence in the lower band. As a result, a strong renormalization takes place in the lower band
and the mixing strength between two bands. It gives rise to a sharp peak at the Fermi level in the quasiparticle
density of states, as that obtained in the periodic Anderson model. In contrast to a simple insight that the
Hund’s-rule coupling] reduces the characteristic energy, it turns out to be almost irrelevant to the renormal-
ization forJ<U. The required conditions are suitable for Li¥,, an observed heavy fermion compound in a
transition metal oxide.

[. INTRODUCTION d electrons, one electron of tli-° configuration is localized
into the A4 orbital and the rest partially fills a relatively
The recent discovery of heavy fermion behavior inbroad conduction band made frdgy orbitals.

LiV ,0, (Ref. J) uncovers the latent possibilities of exploring  The idea seems to resolve the enormous differences from
Kondo physics in the lattical-electron systems, which is the isostructural LiTiO,, which has 0.5 electrons per Ti
restricted so far td-electron systems containing lanthanide atom. It shows the relatively-independent Pauli paramag-
or actinide atom&2 The heavy fermion behavior has been netism in susceptibility and the superconducting state below
widely observed in various measurements, such as specifit,=13.7 K, which is well described by the BCS thedfy?!
heat? susceptibility> “Li and 5V NMR,%’ uSR1®thermal  The related discussion is also made by Vaffa.
expansiort, quasielastic neutron scatteritfy, resistivity Nevertheless, it is not easy for tleclectron to be local-
and so ort?!3 The low-energy physics is characterized byized because of the much larger spatial extend ofbitals
the large mass enhancement in the specific-heat coefficierthan of f orbitals, unless theA,, orbital is located much
y~0.21 J/Vmol ¥ with the Sommerfeld-Wilson rati®,,  deeper than th&, band. In other words, the use of the PAM
~1.71. The characteristic temperature of Kondo or spin fluchas no solid ground contrary to a naive expectation. More-
tuation is estimated a§* ~30 K. With an elevated tem- over, the intraband Coulomb repulsion does not work effec-
perature, the magnetic susceptibility approximately followstively to make heavy mass since each electron favors to place
the Curie-Weiss lawC/(T— 6), where the Curie constaft  in different orbitals rather than in the same ones.

is consistent with &/*4 spin S=3 with g factor 2.23, and In this paper we clarify how a heavily renormalized qua-
the negative Weiss temperaturé< —63 K) is familiar to  siparticle ground state is realized in the two-band Hubbard
f-electron heavy fermions. model, leading to a somewhat different physical picture from

Several band-structure calculations have been made that argued in Ref. 15. By using the slave-boson mean-field
present*~*” They have revealed that the octahedral coordi-approximatior?>?* we discuss the importance of the inter-
nation of the oxygen ions around the V atom causes the largeand Coulomb repulsion in making one of tHeelectrons
splitting of d states intot,y and e, orbitals. The partially technically localized and providing a situation similar to that
filled t,4 bands can be described roughly by V-V hopping,given by the PAM. Since the geometric frustration is ex-
and they are well separated by the filled @-8ands and the pected to prevent a long-range order, we restrict our attention
empty e, bands. Eyertet al. suggest the specific-heat en- t0 a paramagnetic ground state. At the same time, we argue
hancement comes from spin fluctuations with the magneti@bout LiTL,O, as the case of smaller electron density,
order suppressed by the geometric frustrattbin similar ~ =0.5.
context, spin fluctuation nearby a magnetically unstable
point in Li;_,Zn,V,0, is discussed by Fujiwarat al.”1&1°

On the other hand, an attempt to map onto the conven-
tional periodic Anderson moddlPAM) is pointed out by Let us start with a two-band Hubbard model, which may
Johnston and co-workér and Anisimovet al'® In the re-  capture the broad, band (called A) with the width 2 eV
alistic treatment of the trigonal symmetry crystal field, triply and the narrowA,4 band(calledB) with the width 1 eV. The
degenerate, orbitals split into the nondegeneratgy and  latter is located 0.1 eV lower than the former due to the
doubly degeneratde, representations of th®j4 group. trigonal distortion. Thed-d Coulomb interactions and the
Their assertion is that due to the Coulomb interaction amongund’s-rule coupling are estimated as 3 eV and 1 eV,

Il. MODEL AND FORMULATION
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respectively:> The mixing strength between bands must beNote that the Gutzwiller correctiod, ¥3(1—Q,) ~*?is nec-
much smaller than the width of both bands. The Hamiltoniaressary to reproduce the noninteracting lifiit>

is given by Finally, we obtain the mean-field free energy per site with
two Lagrange multipliers. and\,

HZE [(€x1+Ei— ) Ch1oCuiot 0T o Cio] + Hing.
o

FMF/N———Z Z In(1+ e~ AEm—1)
Hie= >, Uinini +U Y ¢l CinaCls sCin
g TN T T Gh MAaAaTBETIBRE FHYE NN -1 -2D NQ,,  (®
T
J -
-7 2 ClaaCingCiz,CiBsTap’ @ (1) where the bonding and the antibonding< +) quasiparti-

Ia

cle bands are given by
The first term denotes the kinetic energy of conduction elec- L
trons for bands, in which E;=+ A/2 for A andB bands,A = _trr 3 ~ % 2,72
being the trigonal splitting, ang. the chemical potential. Bkm=5L6kat Bt MV (Ea— )+ 407),
The second is a mixing strength between bands andt its
dependence is neglected for simplicity. The intraband and

. ) : En=aietE+N, v=0qu. 9)
interband Coulomb interactiond; and U as well as the

Hund’s-rule coupling] at the sitei are considered i, The width of the band and the mixing strength are renor-
where the intraband Coulomb interactions are setlUyy  malized by factors), andq, respectively. The position of the
=Ug= for simplicity. bands are moved up by an amount

To solve this Hamiltonian, we introduce slave-boson Minimizing the free energy with respect to five bosons
fields for d°-d? states at each site. We associate a bason and two Lagrange multipliers, the set of self-consistent equa-
for d° state,p; , for d* states, andl;ss, for d” states labeled  tions are obtained as follows:

by their spin states,3,S,), respectively. For the uniform

solution of the mean-field approximation, we replace these e2+2>, p2+d2+3d2—1=0, (10)
bosons by site-independeatnumbers. Assuming the para-

magnetic ground state, five bosoresse;, pPa=Pias: Ps

»» dp=dgg, andd,;=d;g, are involved in the calcula- 1
fo e AT 2 p$+§<d3+3di>}=o, 1y
The completeness relation fdP-d? states is given by
€ 0Jq —dq
|-1=0, |Ee2+2§|) p?+d2+3d?. ) E 50_+ "5 The=0, (12
Since the probabilities for the singlet and the triplet states are € d9  —dq
given byd3 and 3%, respectively, the two-body interactions 200, vra——Z()\,,—)\)pV:O, (13
are rewritten in terms of bosons as Pre Prr
3 € dq —dJq _
HIEIN=U(d3+302) — 7 J(d— ), 3) 2 5 adg TV ad; H| Tom 2 M| do=0, (14
whereN is the number of sites. The each species of electrons : o g
must satisfy the constraint at each site, bl 7 =
}I‘, 2 30, Vg, T3 T 2| A+\|d;=0, (15)
2 1 2 2
cl4Cilo— Q1 =0, Qi=pj+ 5 (do+3dy). (4) -
ne— 2 =0, (16

In this slave-boson schem&the hopping term is sup-
pressed as where the energies of the singlet and the triplet states are
defined byTy=U+3J/4 andT,=U —J/4. The last equation
ChioChio— AIChsChio»  ChasCkBo—UCiasCkao» (B)  is responsible for determining the chemical potential for
given electron densitp, . Hereafter we restrict ourselves to
the case at zero temperatyée 1=0. At zero temperature

_ oy the averages of electron densities, mixing amplitude, and ki-
=2, 9=\0als. 2z=Q "z(1-Q) Y2 (6 netic energies are given by

where the renormalization factogg andq are given by

1 — ~
z=ep+5(do+3dy)pr. @) N =2, (Ci,Cun)= 2 plab(n—Bim), (17
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FIG. 2. TheA dependence of electron density in tBéand for

W,=2, Wg=1, v=0.2(eV) andn,=1.5. The comparison among
three cases shows that the interband interactions effectively works
FIG. 1. The quasiparticle density of states with and withoutto stabilize integral valence even for rather smsll

interactions for Wy=2, Wg=1, v=0.2, A=0.2 (eV) and n,

=1.5 corresponding to Li%¥O,. The inset represents the case of strong renormalization, we discuss the limiting casesnfor

LiTi,O, asn,=0.5. =1.5. In the absence &f;,; in Eq. (1), a rather large trigonal

splitting, i.e., A~W,/4 is required to stabilize the integral
— + _ my B valence in theB band,ng. While in the case of the strong
Nr—% {CkaoCuea) %, & 0(m= Biam), (18 repulsion,U,=Ug=0%, and U/W,>1, the interband Cou-

lomb repulsion considerably enhances the difference of elec-

tron densities between two bandsn=ng—n,, because of

the reIationUnAnB=U[ng—(An)Z]M. In this case withd

~d, for JJU<1, the renormalization factor vanishes as

N;E; €k|<Cl|aCk|o>:;n: eapp0(n—Eqm), (19

o

with
- - ne—1 1-ng
1 fa—&a Gg~ —— ——_. (22
pr==| 1+m , (20 Ng 1-—ng/2
T ¢ 2 ~2
N Gen—Fep)?+ 40 Note that in the PAM withU = the hybridization between
- f and conduction electrons is suppressed \&s-q;V?,
" mo where q;=(1—n;)/(1—n¢/2).22?52" We emphasize here
&= \/ = = 5, o~ 2D that although the mechanism of strong renormalization ap-
(éka—&kp) v pears similar to that in the PAM, it is totally a new mecha-
. : ism that the Kondo limit isdynamically provided by the
For simplicity, we use a rectangular density of staie®9) nism . X
with a linear dispersion relation, i.eeq=Wx/2 for |x] lnter.band Coulomb repulsu_)r_m It will be shown below that
<1. Then, thek summation in the averages can be carriedthe integralng can be stabilized even for rather smal|
out analytically with the integration, NS, — 1/2f* ,dx. which is based on the detailed balance between the kinetic

energy and the interband Coulomb interaction.

On the other hand, in the case bf(U,W,), the ampli-
tude of the triplet statel; becomes as large as possible. Its
The set of self-consistent equations are solved numerimaximum is bounded byﬁsmin(FAHB). Thus, in order to

cally. In the following we use parameteM/,=2, Wg=1,  take the largest valué\n is suppressed. In the limit of large
andv =0.2(eV). Figure 1 shows the quasiparticle DOS with J; the probabilities ford®-d? states, (92,p|2,3d§) approach
and without interaction&,h, U, andJ, forAZO.Z(e\/) and (1_ne/2,0ne/2)’ respective|y_ Name|y, the system under-
ne=1.5 corresponding to Li¥O,. The bandwidth is renor- goes a dimerization with a charge order, and the renormal-
malized S|Ight|y by the intraband Coulomb repulsibfh ization factorql vanishes Sinc@|_>0 in Eq(?)

=Ug=2. However, the renormalization amplitude of the  rjore 5 shows as a function of the trigonal splitting

narrowerB band,qg , remains at the order of 10 without  \ "The intraband Coulomb interactidn, and Uy (circle)
the interband repulsion, since each electron favors to place in

different orbitals rather than in the same ones. On the Conﬁomewhat (_enhanc_emB. To stabilize the integral valence,
trary, with the interband interactions=3 andJ=1 (eV), a owever,A is reqt_ured as large as that for the case of free
strong renormalization takes place and it gives rise to a Sharﬁlectrons(gquare, .|.e.,.A~0.5 ev. On th? other hand_,.the
peak at the Fermi level in the quasiparticle DQISs width is interband interactioritriangle works effectlvel_y to stabilize
about 40 K) Note that both the upper and the lower Hubbardintegral valence even for small. Note thatng is almost
bands cannot be argued in the mean-field approximation. Thenity for A~0.1 eV. o

inset in Fig. 1 shows the quasiparticle DOS for the case of The A dependence of the renormalization factors are
Ne= 0.5 Corresponding to |_|'ED4 As is expected’ the renor- shown in Fig. 3. As expected from the above discussion, in
malization is very weakgg~0.7. the presence of the interband interactidsguarg, the B

To elucidate why the interband interaction assists théband is highly renormalized owing tagz— 1, while the in-

Ill. RESULTS AND DISCUSSIONS
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FIG. 3. TheA dependence of renormalization factors FIG. 4. The interband interaction dependences in the renormal-

=2, Wg=1, v=0.2 (eV), and n,=1.5. The B band is highly ization factors forW,=2, Wg=1, v=0.2, A=0.2 (eV), andn,
renormalized by the interband interactions. =15

traband interactions are almost irrelevant up to relativelyabout 16 times since the Kondo limit is dynamically pro-
large A (circle). It is noted that the upper band is almost vided by the interband Coulomb repulsion. Although the val-
unrenormalized, while the band mixing is also renormalizedies obtained by the slave-boson approach may be changed
considerably, i.e.=\0a0z. quantitatively by a more elaborate one, the situation is highly
In order to elucidate how the interband interactions reduc@lausible to account for the heavy-fermion behavior in
renormalization factors, we extract the interaction depenliV,0, and the enormous differences from LjT,.
dences of the renormalization factors for=0.2 in Fig. 4. It Since the heavily renormalized quasiparticle has been sta-
is shown that the interband Coulomb interactisquarg ef-  bilized dynamically by the interband Coulomb repulsion, it
fectively reduces renormalization factors. On the other handshould couple strongly with orbital fluctuations at higher
the Hund’s-rule coupling turns out to be almost irrelevant fortemperature. The large contribution to the specific heat ob-
J<U (circle, triangle. This is in contrast to a simple insight served abova** is presumably related to the orbital fluc-
that a strong cancellation between the Hund's-rule couplinguations.
and the Kondo exchange coupling considerably reduces the At low temperatured electron systems generally exhibit a
characteristic energy as discussed in Refs. 28 and 29. Diéng-range order. If a paramagnetic state survives due to a
cussions are based on the impurity model and hence therefigason such as a geometric frustration, one would expect
no constraint for the electron density suchras=n+ng.  Neavy-fermion behavior in numerodslectron systems. The
Since a change of Hund's-rule coupling requires anotheFes_uItantqua5|part|cle holds the possibility o_f ;howmg_ fasci-
change of parameters to restore a given electron density, di2ing phenomena such as a superconductivity mediated by
parameters must be treated in a self-consistent fashion. Thigbital fluctuations.
might remove the discrepancy from our result that the
Hund’s-rule coupling is almost irrelevant in renormalization. ACKNOWLEDGMENTS
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