PHYSICAL REVIEW B 67, 195107 (2003

Spin-orbital fluctuations and a large mass enhancement in LiyO,
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We present a scenario that the multicomponent fluctuations, especially those of the spin-orbital coupled
modes, lead to the mass enhancement observed inCLiVThis phenomenon is possible because all these
modes are fluctuating due to the geometrical frustration. To illustrate this mechanisty,-tibital Hubbard
model on the pyrochlore lattice is studied based on the random-phase approximation. We derive the generalized
susceptibility in the S(B) spin-orbital space and calculate the free energy by using a coupling-constant
integration. The estimated specific heat coefficient is of the correct order of magnitude to explain the experi-

ment.
DOI: 10.1103/PhysRevB.67.195107 PACS nunifer71.27+a, 74.20.Mn, 71.28:d
I. INTRODUCTION noted that, already at the 10% electron doping, the HF
ground state is easily destroyed into the spin-glass phase.
The metallic spinel LiMO, is a unique 8 heavy-fermion In LiV ,O,, the crystal field around each V atom is nearly

(HF) compoundl. Its 1y coefficient amounts to cubic with a slight trigonal distortion. The band-structure
420 mJ/mol K and’ Striking|y’ the |0W_temperature proper- calculations indicate that the Fermi level lies within the
ties belowT* =20~ 30 are quite similar to those of the lan- cubictyg manifold with a bandwidth of about 2 €V”
thanide or actinide HF compound8.Since thed electrons, ~Which is actually the superposition of the two components,
1.5 per vanadium ion, are responsible for both transport ani'® refatively narrowA,; (~1 eV) and the broaé, orbital
magnetism in LiO,, it is not trivial whether one can apply (~2 €V) of the Dy group. Matsuno, Fujimori, and

a scenario analogous to the conventional HF mechanisnVattheiss considered this trigonal split I_ess impo_rtant, and
Moreover, the large spatial extent of orbitals compared stressed the importance of the geometric frustration and/or

with well-localizedf orbitals is also unfavorable for the elec- gt?gr? Ibde,gr?igier;?\zt%? g&e Oég?édh?hn;[,tLZecla?:lL;ti%arl:ceufEect
trons to be treated as localized. In fact, some transport ProR= s t?)/ the orbital .olar?zgation where tig, orbital is
erties, such as the steep increase of resistivity aBéveand : : P ] : 9

' : . . . occupied singly to form a localized spin-1/2 moment and the
the pressure-induced metal-insulator transifiane different

rest 0.5 electron fills th&, band. Thereby, they proposed the
from those of the typical-electron HF compounds. ! g y, A€y prop

) , .. Kondo scenario based on the effective Anderson impurity
Apart from the HF behavior, geometrical frustration is ,5qe|

another specific feature of this system. TBesite of the Followed by these band-structure calculations, various
normal-spinel (ABO,) is known to form the network of theoretical models are proposed in connection with the mi-
corner-sharing - tetrahedrdpyrochlore lattice. In most  croscopic origin of the 8 HF behavior:*~° Especially, the
spinels, the geometric frustration is partially released by theole of the geometric frustration has been featured in recent
structural phase transition. As a result, the ordered groungtudies. Motivated by the Curie-Weiss law around room tem-
state is realized in the tetragonal phase, such as the possilgerature, the formation of the localizee: 1/2 is assumed by
charge ordering in R©, or the Neel ordering in Zn\O,.*  several authors on the grounds of the orbital polarizatibh

In contrast, Li\bO, remains cubic and no static magnetic or the local valence fluctuatior8.In these treatments the
order was observed down to 0.02 K. The Curie-Weiss fit ofspin frustration is their main concet?.

the susceptibility (108 T<300) results in an effective spin- In this paper, we consider that the present system realizes
1/2 moment per V with an antiferromagnetisF) coupling  the prototypical itinerant frustrated model and a realistic
(®.,=—37 K).? AF long-range ordefLRO) will be sup- model Hamiltonian of thet,g-band pyrochlore Hubbard
pressed by the geometric frustration and, indeed, the inelastimodel is investigated with particular emphasis on orbital
neutron scattering experiment captures the development dluctuations. Within the random-phase approximatiBiA)
short-range AF correlations below®.,|.° Interestingly scheme, all kinds of fluctuations are included simultaneously
enough, the large enhancementyofs shared by other geo- without prejudice. In principle, geometric frustration pre-
metrically frustrated systems with strong AF spin fluctua-vents any kinds of LRO and thus the largewould be ex-
tions, such as Y(Sc)Mn(Ref. 6§ and B-Mn.” These facts pected by the resultant enhanced fluctuations. In this sce-
seem to suggest that the formation of the heavy-rdasdec-  nario, not only the spin but also both of the orbital and spin-
tron is related to the geometric frustration. In fact, the idea ofrbital fluctuations are responsible for the enhancement. To
connections between the heavy fermion behavior and magsur knowledge, this is the first theoretical attempt to attribute
netic frustration for pyrochlore lattice has been proposed irthe heavy-massd electron directly to the orbital degrees of
Ref. 8. In view of the geometric frustration, it should be freedom. The instability itself of the same model was dis-
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i i z y nalized intoHo=2kwek,,alWakw, whereu=(m,n) andv
n=1 N 3 ?_’ are 12-dimensional indices. The calculateg-multiplet
N N x (ex,,v=1,...,12) areshown in Fig. 2 along some typical
A t=t%o symmet_ric Ii_nes. The_ almost flat bands near the Eermi level
4 @O Q2 = results in high density of stattbOS at the Fermi level.
dy: dyy tzztﬁ,yz Actually, the y coefficient estimated from the DOS of the

( j-th tetrahedron) band-structure calculation is relatively largeypand
~17 mJ/mol K1° However, the experimentally observed

FIG. 1. The cubic unit cell of the pyrochlore latti¢left pane) vfalue (7,’e>fp) 1S abput 25 times Iarg.er thafyang. AS a pos-
and the three independent hoppirigght). sible origin of this enhancement, in the following, we con-
sider the effect of electron correlations from the weak-

cussed by Tsunetsugl.We have explicitly calculated the Ccoupling limit. _
T-linear coefficient of the imaginary part of the generalized Finally, we comment on the difference between the

susceptibility and found the large enhancement ahainly present band structure and t_hat in Ref. ZQ. In Ref. 20,. the
due to the spin-orbital fluctuations. completely degeneratg,, orbitals are considered, that is,

D=0, and the hopping parameters are also different from
ours.

IIl. MODEL HAMILTONIAN

The pyrochlore lattice is a fcc array of tetrahedra. The Ill. FREE ENERGY AND RPA EQUATIONS
cubic unit cell shown in Fig. 1 contains 16 lattice points ) ) ) )
covered by four tetrahedra and the primitive unit cell in-_ In order to descrlb_e various kinds of qu_ctuatlons concern-
cludes a single tetrahedron. Therefore thg electrons are 'Y thet,g electrons in a simple way, we introduce 35 gen-
specified by the following four indices; the unit céllenoted ~ €rators of the SO(-B) groupX”(y=1,...,35) and theden-
by j=1,...,4.%), the sublatticef=1, . . .,4), theorbital tity opgrator?( , Where the normalization condition is
(m=d,y,dy,,d,,), and the spin ¢=1/]), whereL is the ~ TrX”X” =577 /2. The SU6) generators are classified into
number of the cubic unit cell along one direction. By usingthe pure spin, the pure orbital, and the spin-orbital coupled
the standard notation of the multiband Hubbard model, theomponents. Spin and orbital degrees of freedom are de-
t,g-band Hubbard model on the pyrochlore lattice is given byscribed by the generators of &) (S*; three dimensions
H=Ho+H,, and SU3) (T#; eight dimensionsgroups, respectively, and
the spin-orbital coupled modes are made of the products of
the two (2\/§S“T'3; 24 dimensions To be explicit, these
operators are represented by using the electron creation and
annihilation operators as follows:

_ mm’ _t
7_[0_ E tnnfkckmng-ckm’n’o" (1)

kemnm'n’

HIZZ UE njmnTnjmn1+U, 2 NimneNjm’no’ 1
n m "o X0 =—_ ¢t ¢ (3)
m>m’ oo jin— jmno“jmno »
2\/§ om
T T
-3 E . CimnoCimnoCim g Cim' o - 2) L
m>m' oo @ _ T a

Sjn_z\/§ 2 ijntfa-g'g’cjmno"l (4)

mm’ oo’'m

Heret ., is the transfer integral between theorbital atn

sublattice and then’ orbital atn’ sublattice when rf,n) 1

#(m’,n’). In addition, the parameter 6f." (= = D/3) type Tﬁ]:m , ClnneN oy Cime e s )
is also included to describe the trigonal split tf Ealg omm

—EegzD. Since the nearest-neighb@NN) hoppings al- 1

ready depend on the bond direction and the orbital symmetry, 2\/§S“Tjﬁn=— > C;rmno_o'g_o_,)\’g]m, Cimnors  (6)
the NN tight-binding model would be sufficient for the 272 oo mm

present study. By the symmetry relation, all the hopping ma-

trices are represented by the following three independent piYhereo and\ are '_chE%Pauli and the Gell-Mann matrices in
rametersto= Y™, t,=t¥Y, andt,=tYY2. The T4 sym- the standard notatiorfs,respectively. Note that the overall

metry of the unit cell as well as the spin G are signs of nondiagonal operators for different sublattices are

incorporated in the 12 12 matrix*,, though here we do not selected to be consistent with tig unit-cell symmetry.
display the matrix explicitly. Since the trigonal distortion ift{, violates theO(3) orbital

The tight-binding fit of the linear augmented-plane-waveSYMmetry, the usual representations of theorbital by the
band-structure calculation gives the parameters(jnto be fictitious I =1 and its higher moments do not reflect the
to=—0.281 eV, t;=—1,=0.076 eV, andD=0.140 eV®  proper symmetry. Instead we construct the tensor products of

By applying the orthogonal transformationc,,, the real =2 moment and reduce them into the irreducible
=2,U,.(K)ay,,, the single-electron Hamiltonian is diago- representations df 4 in the cubict,, subspace. As a result,
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TABLE I. The matrix elements of the diagonal interaction matrialeg/s,), for each irreducible repre-

sentation.
A.(B=0) I'5(1,4,6) I's(2,5,7) 1'5(3,8)
AS) —U-4U'+2J u'-23 u'-23 —U+2U'-J
() , ) _

AS) U+2J U U u-J
we find thatX is the proper set of basis, which is classified G IV IR OPINGE BB’ (cls)
into three irreducible representationS;-dipolar moments nn' = Xnn By Xnn, BB Xnpnr
(N2,N5,N7), T's-quadrupolar moments Ag,\4,\g), and (10)

I's-quadrupolar moments\g,\g). ) ) ) ) _ ) )
Next we transform the interaction part of the HamiltonianSince the interaction is local, the interaction matrices
in terms ofX”'s so that (A9 are alwaysn-diagonal and independent of Thus,
the remaning indices are ro® and columnB’. Moreover,
35 the 9x9 matricesA(¢® may have a simple representation.
Hi=2 2 a, XWX, (7)  This is becausé{, has theT4 symmetry and Eq(10) is
In =0 invariant under anyT, transformation. ThereforeA (¢9's
except for a constant energy shift. Hexg,'s are functions must be diagonal and these matrix elements are the same
of U,U’, andJ. Such transformation is always possible for within each irreducible representation, see Table I.
any U,U’, andJ, though the choice o&,, is not unique BB’ (0)

. ) ! > ] _ Xnnin Eq. (10) is the paramagnetic susceptibility of
bzecause of the spin-rotational invariance and/or the identity, o o rtree-Fock approximation. When we calculgt® of

Nimns=Njmno - BY @pplying & coupling constant integration e ysual single band Hubbard model, the Hartree-Fock
together with Eq(7), the free energy for this system is given erms just renormalize the chemical potential. In our model

by the Hartree term similarly changes the diagonal partigf
1 (= Bo whereas the Fock terms introduce off-diagonal terms of the
F(U,U’,J)=F(0)+ 2_f dwCOt?‘( 7) orbital hoppings on the same site, giving rise to the crystal
m) -

field effect. This crystal field is totally symmetric concerning
1 the entire unit cell, but its local symmetry on each sublattice
x> > awf dXIm x22(0, ) |xu.xu’ x3» is trigonal. The effect of this additional field is included in
an vy 0 T the band-structure calculations. Therefore, the free paramag-
®) netic susceptibility calculated by using the tight-binding pa-

. : B'(0) _
where the momentum sum is taken all over the first Brillouinrar_neters gives the appr(gf)rla,ﬁfn, - In the actual calcu
zone, and the generalized susceptibility per tetrahedron {&ion, we used the freg™ per tetrahedron of the form

defined b
/ (e qu)~ F€n)

4L3 k wvivp ekvl_€k+qu+ﬁ(w+i5)

(9) XU/,lel(k)U/,L4V1(k)U/L2V2(k+q)

(0)
i e X (q,0)
er(a a))= | dTei(w+i5)T<[X7 (7_) X),/ (0)]> Mg MpMgrhy
Xnn’ ! 4L3 0 qn N —qgn’ .

We apply the RPA in the evaluation of the generalized XU ., (k+q), (11
susceptibility ). Including the charge degree of freedom . , . ,
(X), our y is the 144< 144 matrix with the row indexy  @nd rotated the orbital basis fromym,msm,} into {88'},
and the columm’y’. Since we are concerned with the para-Wheref(e) is the Fermi distribution function.
magnetic state, as suggested by the experiment, th@)SU
symmetry ensures thatis decomposed into the spin singlet IV. ESTIMATION OF THE SPECIFIC HEAT COEFFICIENT

and triplet sectors. Each sector is represented by the charge- _. L .
85’ () . o Since we are primarily interested in the mass enhance-
charge(denoted byy;,, ") and theS-S* susceptibilities ment iny, let us now focus on the-linear part of Imy in

( Xff,’(s)), respectively. In these two 3636 matrices, the the free energy of Eq@8). As seen from the band structure
spin index () is reduced and the remaining indices are the(Fig. 2, nothing singular would happen ir®); therefore a
row indexng and the column index’8’. Here =0 is  constant Re!® and anw-linear Imy!” behaviors are ex-
defined to represent the totally symmetric orbital operator. T®€cted in the leading order of. Then itis sufficient to solve
the RPA equations in the lowest order of y#)« w. For the

, half-filled s-band pyrochlore Hubbard model, in contrast, the
(B=0) and the orbital g=1), while y**' among the spin  complete matching of the Fermi level and flat bands brings a
(8=0) and the spin orbital §=1). By using these nota- non-Fermi liquid behavio??*As for the still-unfixeda.,,,
tions, the RPA equations are given as follows: we take

sum up,Xff,/(c) describes the correlations among the charg
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FIG. 2. Band structure of thg,q multiplet for the present pa- FIG. 3. The graph showsg value per formula unit of LiyO,
rameter along symmetric lines of the fcc Brillouin zone. The hori- mole. The contributions from charge, spin, orbital, and spin-orbital
zontal straight line is the Fermi level for the quarter filling. fluctuations are labeled by, ,ys,7v,, andys,, respectively.
ay,=—3M,,=—3(APeAPaABeA®). (12 =3)°0), orbital (y,=25_,7#®), and spin-orbital fluctua-

tions (yo=3=5_,7"). The critical valueU is about 0.92
eV and there the complicated eigenvectors, made of the four
sublattice summations of the spin and spin-orbital compo-

term [SU(2) and T,]. We neglect the weak dependence of nents with quadrupole orbital modes, characterize the insta-
x© on the interaction through the Fock terms for simplicity, I at the wave vector nedr point. Since We(];')xed" finite
then thex integral in Eq.(8) can be performed analytically. and took the limitq—0, our calculated Re™ does not

After some calculationsy coefficient (= —#?F/4°T) per  correspond to the—O0 limit at I' point. Therefore we can-
tetrahedron is given by not determine that the most prominent modes are just at the

I" point or not. The real part of'? is studied for different
hopping parameters at zero temperafilt® the present cal-

It is easy to check that the,,’s of this form reproduce the
original interaction term, Ed7). This choice is natural in the
sense that\ ,, reflects the symmetry of the noninteraction

8

Yrea= 2, (yPO+34P0), (13 culation, we do not detect the peak structure arodiadL ,
-0 points found in Ref. 20. The reason for the difference might
with be that our calculations have done at finiteand/or these
single modes are quite sensitive to the nesting of the Fermi
i Imx?#1)(q, w) surface.
yﬁ(dS):_B > A(BC[/),S) ! Figure 3 shows that the correct order pfcan be repro-
1213 gn niBy ® duced even away from the critical point, say0.8U..
- Around there, the enhancement (about 80% is
><(1—ZA%Cl/Z)lReXfllf(o)(q,w))—l_ (14) mainly attributed to the various g[:f;iFIA-orbital fluctuations.

. L , Both spin and spin-orbital fluctuations contribytgp, by the
This equation is exact after taking,5,T—0 andL—>  g3me order as a single component. However, the magnitude
limit. Note that we neglect the zero-point fluctuation term in o¢ e components, 3 for spin and 24 for spin-orbital modes,
the w integral because it W|Iloonly show a weak temperature,qgits in the different contribution iprpa. 1N OFder to gain
dependence through that gf. _ __ the same enhancement solely by the spin fluctuatiths,

Finally we numerically estimat@rpa in the SUE) limit st e very close tb, eVen after the inclusion af term.
(U=U"'" andJ=0), where the orbital fluctuations are mostly Away from U, the enhancement ofrps comes from the
en_hanced. For this purpose, we calculated the free susceplipiire momentum space because the spin and spin-orbital
bility, Eq. (11), for the parameter set of «(6,T)  fyctuations have rather weal dependences. This result
=(0.02 eV, 0.02 eV, 0.02 eV) and=16. We checked the seems to be consistent with the naive picture that the geo-

convergence of(® againstw andL anngosome SYMMEtric  metric frustration induces local fluctuations, which is respon-
lines. Especially, we confirmed that Igt” shows a clear sjpje for the heavy mass.

w-linear  dependence in the range ofw
=0.01,0.02,0.04,0.08 eV. The convergence of éhwinear
coefficient regarding the system siz&=12,16,24,32) is
fairly good except for a few points very close to thiegoint. In conclusion we have studied the origin of the large en-
As a result, we obtained the value per LiV,O, mole, as  hancement ofy in LiV,0, based on the one-fourth-filled
shown in Fig. 3. The totay is the summation of the contri- t,-band pyrochlore Hubbard model. We introduckglirre-
butions from charge(denoted by y.=v°©), spin (ys ducible operators for orbital density operators and derived

V. CONCLUSION
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the RPA equations in a simple form. Thep, obtained by It is well known that the mode-mode coupling theory
the coupling constant integration of lnis enhanced typi- leads to the Curie-Weiss behavior of the magnetic suscepti-
cally by the order of 10 due to the spin-orbital fluctuationsbility. As for the Ry, it is of the order of 0.1 in the RPA
compared with theys due to the spin alone. This conclusion approximation. This value would be increased by including
itself seems to be general for the orbital disordered systend, although it is not clear whether the Hund's rule coupling is
and thus it may be possible to apply the present scenario teufficient to obtairRy,~ 1.7. To address the similarity to the
other systems, such as Y(Sc)Mand 8-Mn. To be more 4f HF compounds, we need to develop a more sophisticated
specific to LiV,O,, the calculatedygpa value is of the same  theory including the coupling between fluctuations. The fluc-

order asyey,. However, it should be noted that our simple tuation exchange approximation for the multiband model
theory does not include the effect of the geometrical frustrayould be useful as the next step.

tions sufficiently, since the mode-mode coupling between
various fluctuations is neglected. In general, the RPA ap-
proximation overestimates the fluctuations; therefore the
most prominent mode itself would be suppressed &nd
becomes larger if we include the couplings between the We thank H. Tsunetsugu for sending us his related
modes with different momenta. At the same time, the overallvork?® prior to the publication. Y.Y. is supported by the
structure ofy in g space would change into more and moreJapan Society for the Promotion of SciendSP3. K.U. is
structureless and thus the additional enhancementanfuld ~ supported by Grant-in-Aid for Scientific Research from
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