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Band Degeneracy and Mott Transition: Dynamical Mean Field Study.Henrik Kajueter and Gabriel KotliarDepartment of Physics, Rutgers University, Piscataway, NJ 08855-0849, USA(September 18, 1996)We investigate the Mott transition in in�nite dimensions in the orbitally degenerate Hubbardmodel. We �nd that the qualitative features of the Mott transition found in the one band model arealso present in the orbitally degenerate case. Surprisingly, the quantitative aspects of the transitionaround density one are not very sensitive to orbital degeneracy, justifying the quantitative successof the one band model which was previously applied to orbitally degenerate systems. We contrastthis with quantities that have a sizeable dependence on the orbital degeneracy and comment on therole of the intraatomic exchange J. I. INTRODUCTIONThe Mott transition in transition metal oxides has received renewed theoretical and experimental attention. Onthe experimental side, new compounds have been synthesized [1,2] and known compounds such as V2O3 and NiSeShave been studied. New insights have been obtained from studying the one band Hubbard model in the limit of largelattice coordination [14]. Reviews of the subject have appeared recently [3].Several quantitative comparisons between the physics of three dimensional transition metal oxides and the one bandHubbard model have been performed by now [4,6] The agreement is surprisingly good, if one considers the fact thatin three dimensional materials such as La1�xSrxT iO3 and the d1 electron has a quasi-threefold degenerate level whilethe simplest description of V2O3 involves one electron in a twofold degenerate level [18] . the doping dependence ofthe physical parameters like the e�ective electron mass in LaxSr1�xT iO3 can be explained by the one band modelwithout adjustable parameters after the values of U and D have been extracted from photoemission data. Similarly,the single band Hubbard model can describe the temperature dependence of both, the optical and the dc-conductivityin V2O3 [6]. The photoemission spectra and the optical conductivity of Sr1�xCaV O3 are also in good agreement withthe one band Hubbard model [7].In this paper we examine the orbitally degenerate Hubbard model in the limit of in�nite dimensions. This publicationhas two goals: a) using the projective self consistent method we show that all the qualitative aspects of the Motttransition are independent of the band degeneracy. Furthermore, this method can be used to detect the qualitativetrends of the dependence of the critical values of the interaction strenght on the band degeneracy. b) To comparethe predictions of the one band and the two band Hubbard model to justify the success of the one band model inexplaining experimental data in orbitally degenerate systems. For this purpose we use a recent extensions of the IPTto particle hole asymetric problems [19]. In the range of densities between zero and one this method is very accurateand allow us to carry out a detailed comparaison between the one and the two band Hubbard model. We justify aposteriori the success of the one band model for the description of certain quantities related to the low energy featuresof the Hubbard model in the regime of densities 0 < n < 1. We also �nd that the high energy features of the spectradepend on the band degeneracy, as has been known for some time on the basis of less controlled approximations [15].We also explore the dependence of the low energy and the high energy features on the intraorbital exchangeinteraction J which only appears in the orbitally degenerate case.Our Hamiltonian for lb = 2 bands is given by:H = � tpd X<ij>;m� c+im� cjm� + U12 Xi;m� nim�nim��+U22 Xi;m� nim�ni �m�� + U32 Xi;m� nim�ni �m� (1)where m = 1; 2 (� = �1) denotes the band (spin) index. A bar over m or � means the complementary value,i. e. �m = 2 if m = 1 and �m = 1 if m = 2 (�� = �1 if � = 1 and �� = 1 if � = �1).We introduced three interaction parameters Ui. U1 describes the on site interaction between two particles in thesame band but with opposite spin. U2 relates to a pair of particles with opposite band and spin index. U3 �nallyconcerns the case of equal spin but opposite band index. U3 is by an intraatomic exchange energy J smaller than U2,i. e. U3 = U2 � J . Rotational symmetry requires U2 = U1 � 2J [15].1



We study this model on a Bethe lattice with coordination d in the limit of d !1. The band density of states inthis case is a semicircle with a full bandwith 2D = 4t.The lattice model in in�nite dimensions is mapped onto an impuritymodel together with a self consistency condition[5,3].The relevant impurity problem describes an impurity fm� with band index m and spin � coupled to a bath ofconduction electrons (ckm�). For the frustrated lattice it is given by:Himp = �f Xm� f+m�fm� + Xk;m� �kc+km�ckm�+ Xk;m� Vk �c+km�fm� + f+m�ckm��+ U12 Xm� n(f)m�n(f)m��+ U22 Xm� n(f)m�n(f)�m�� + U32 Xm� n(f)m�n(f)�m� (2)where the hybridization function �(!) :=Pk V 2k!��k�i� has to ful�ll the self consistency condition:�(!) = t2G(!) (3)The fact that the general structure of the model is very similar to the one band case, can be understood on thebasis of simple physical arguments along the lines which have already been presented in the one band case [3] and theprojective self consistent method. We discuss this in section II. To obtain quantitative results we use a generalizationof iterative perturbation theory (IPT) to particle hole asymmetric problems which we introduced earlier [19]. Thisapproximation is more accurate than 10 % in the one band Hubbard model, and captures all the qualitative features.The scheme is based on an interpolating self energy which becomes exact in various limits, namely for low and highfrequencies as well as in the atomic and the small U limit. The comparaison between the one band and the two bandresults based on the IPT is presented in section III.There have been several recent investigations of the degenerate Hubbard model using a variety of techniques, theGutzwiller approximation [22], the slave boson technique [21] and the quantum Monte Carlo method [23]. On thequalitative level our results are in agreement with these studies.II. THE MOTT TRANSITION IN A DEGENERATE HUBBARD MODEL: PROJECTIVE SELFCONSISTENT ANALYSISThe degenerate Hubbard model is insulating at integer particle number per lattice site provided that U is su�cientlylarge. Figure 1 displays the total particle density per lattice site as a function of the chemical potential for U = 4obtained with using the IPT method. There is a Mott transition at ntot = 1, 2, and 3. Notice that the gap aroundthe ntot = 1 transition is larger than the gap around the ntot = 2 transition. In addition, we found the critical valueUc for the instability of the metallic solution is larger for ntot = 2 than for ntot = 1. The transitions at ntot = 1 andntot = 3 are equivalent because of particle hole symmetry.
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In the one band Hubbard model, in in�nite dimensions, the nature of the Mott transition remained a controversialissue for some time and was �nally resolved by the application of the projective self consistent method. [9] [16] Weknow now that at zero temperature there is a region in the chemical potential and interaction plane where a metallicand an insulating solution coexist. The zero temperature metal to insulator transition is second order and is drivenby the divergence of the e�ective mass.We have extended the projective self consistent method to the degenerate case and we show that the nature of theMott transition is not qualitatively changed by orbital degeneracy.Simple approximations within this scheme explain the di�erences in the critical Uc and in the size of the band gapsthat we observed in IPT and which have also been found in QMC calculations [23].In the projective self consistent scheme one separates the set fkg of \bath" electrons into sets H � fkg and L � fkgwith corresponding couplings f�Hk ; V Hk g and f�Lk ; V Lk g describing the high and low energy features. Then one projectsout the high energy degrees of freedom to obtain an e�ective self consistent problem for the spectral density, involvingthe low energy variables only.The weight of the quasiparticle resonance is w =Pk2L (V Lk )2. For notational clarity we also a�x an L to �k andck� for k 2 L. The quantity w is the small parameter in a singular perturbation theory.To construct the exact conditions for the Mott transition we separate the impurity Hamiltonian into three parts asHAM = Ha +Hb +Hm (4)The high energy (\atomic"-like) part Ha is given byHa = U2 X(m�)6=(m0�0)nm�nm0�0 + X�;k2H V Hk (f+� cHk� + h:c:)+ X�;k2H(�Hk � �)(cHk�)+cHk� (5)Ha is the Hamiltonian of the Mott insulator with proper occupancy. It has d degenerate ground states carrying arepresentation of SU (N ) (d = 2lb for ntot = 1 and d = lb(2lb � 1) for ntot = 2; N = 2lb). We label the ground statesas jl >a and de�ne Hubbard operators Xll0 = jl >a a< l0j acting on this low energy manifold.The low energy spectrum of the impurity Hamiltonian consists of this degenerate manifold combined with excitationsof the low energy bath electrons described by the HamiltonianHb = X�;k2L �kL(cLk�)ycLk� (6)These low energy states are mixed with the high energy excitations of Ha byHm = X�;k2LV Lk (f+� cLk� + hc) = VLH + VHL (7)since fy� or f� acting on jl >a create particle or hole states with energies increased by at least the particle or holegap. It is convenient to de�ne normalized operators of the local low energy bath electrons at the impurity site,c� := 1pw Xk2LV Lk cLk� (8)The total Hamiltonian is then of the form HAM = � Hb VLHVHL Ha �. Applying a canonical transformation, one obtainsan e�ective Hamiltonian which is block diagonal and does not mix low and high energy states: Heff := eSHAMe�S =� HLe� 00 HHe� �. Here, the e�ective Hamiltonian HLe� is de�ned on the low energy Hilbert space fjl >ag 
 fk 2 Lg.Analogously, the operators f� are transformed into F� := eSf�e�S = � FLL� FLH�FHL� FHH� �. In particular, we obtainFLL� = pwXll0J��ll0 c� where J��ll0 := hljf+� 1H � Egsf�jl0i�hljf+� 1H �Egs f�jl0i (9)3



and summation over repeated indices is assumedThe indices �, �0, and � in (9) denote the 2lb spin orbital combinations (m�). The same is true for all other indicesas far as ntot = 1 is concerned. If ntot = 2 and lb = 2, however, the indices l, l0, p, and p0 should be thought of asdouble indices, e.g. l = (l1; l2), describing one of six possible pairs (m�;m0�0), which denote the quantum numbers ofthe ground state.If ntot = 1 (lb = 1 or lb = 2), the J��ll0 are of the form J��ll0 = a1 �ll0 ��� + b1 �l0��l�, while for ntot = 2 (lb = 2) onehas J��ll0 = a2 �l1 l01�l2 l02��� � b2 ���l1l2���l01 l02 .The low energy part of the self consistency condition becomes t2GLL(!) = Pk2L (V Lk )2!��Lk , where GLL(t � t0) =DTFLL� (t) �FLL� (t0)�+EHLeff .In addition, one can write the e�ective low energy Hamiltonian asHLe� = Hb + wD2[JsOs + JpOp] + const (10)where Os and Op are the SU (N ) (N = 2lb) generalizations of the spin spin interaction and the potential scatteringbetween the impurity states and the low energy part of the bath of conduction electrons, respectively. The parametersJs; Jp are linear combinations of the exchange matrix elements in eq. 9 and will be discussed below. For ntot = 1 andSU (N = 2lb), Os has the form Os = �X��0c�c+�0 � 1NX��c�0c+�0� (11)which for lb = 1 (i. e. N = 2) can be written as Os = 4 ~Sc+� ~���0c�0 . For lb = 2 and ntot = 2, Os is given byOs = �12Xppc�c+� � ���p01p02���0p1p2Xpp0 c�c+�0� (12)The potential scattering is described by Op = X�0�0c+� c� (13)In equations (11) to (13) as well as below summation over repeated indices is assumed.The condition for the destruction of the metallic solution follows from the self consistency condition and is givenby t2 Df�FLL� �+ ; FLL� gE =Pk2L �V Lk �2. Evaluating this expression we obtain:1 = t22lb DXpp0c�c+�0E nJ��pl0 �J�0�p0l0 �? � J��lp0 �J�0�lp �?o+ t22lbd Xll0�� jJ��ll0 j2 (14)It assumes a very simple form in speci�c cases: For ntot = 1 and lb = 11t2 = (34 � hOsi) J2s + Jp2 (15)with Js = b1 and Jp = a1 + b12 , for ntot = 1 and lb = 21t2 = (1516 � hOsi) J2s + Jp2 (16)with Js = b1 and Jp = a1 + b1=4, and for ntot = 2 and lb = 21t2 = �54 � hOsi� J2s + J2p (17)with Js = b2 and Jp = a2 � b22 . Here h: : :i indicates the expectation value with respect to the e�ective low energyHamiltonian HLe� . 4



An expression for the parameters ai and bi (and therefore Js and Jp) can be obtained by an expansion in thehybridization. It turns out that the main di�erences between the transitions at ntot = 1 and ntot = 2 appear toleading order in this expansion. To illustrate this point let us evaluate J��ll0 for the single band model at ntot = 1and for the two band model at ntot = 1 as well as ntot = 2 (and J = 0). We obtain for ntot = 1 (lb = 1 or lb = 2)a1 = 1��U and b1 = 1� + 1U�� . For ntot = 2 and lb = 2, in contrast, one has a2 = 1��U and b2 = 1��U + 12U�� . Theseresults can be used to estimate Uc1, the critical value of the interaction where the insulator ceases to exist, as well asthe regime of the stability of the insulating solution in the ��U plane. As discussed in reference [16] these quantitiesare obtained by noticing that for small perturbations hXpp0c�c+�0i � hXpp0 i hc�c+�0 i. The resulting conditions can beused to determine for given value U the size g1 of the regime where the insulating solution is stable (\insulating gap").Around particle hole symmetry, i. e. for ntot = lb this quantity is given by g1 = 2��c, where an analytic expressioncan be obtained for ��c1 : ��2c1 = �U2 �2 + t22 0@1�s1 + 2 (lb + 1)�Ut �21A (18)We see that the insulating gap in the two band model at ntot = 2 is smaller than that of the one band model atntot = 1. In addition, it can be shown by evaluating the equations numerically that the gap for lb = 2 and ntot = 2 isalso smaller than that for lb = 2 and ntot = 1. A plot of the critical �c1 as a function of U is shown in �gure 2. Whencomparing the insulating gaps for ntot = 1, we �nd that the values are very similar for lb = 1 and lb = 2.For the critical interaction at which the insulating gap closes we obtain Uc1(lb = 2; ntot = 1) = 1:63 <Uc1(lb = 1; ntot = 1) = p3 < Uc1(lb = 2; ntot = 2) = p5:Notice that Uc1(lb = 2; ntot = 1) = 1:63 is only slightly below Uc1(lb = 1; ntot = 1) � 1:73.
0 2 4 6 8

0

1

2

3

4

-1

-2

-3

-4

l  =2, n     =1
l  =2, n     =2

l  =1, n     =1b

b

b

tot

tot

tot

U

∆µ c1

FIG. 2. Stability of the insulating solution: ��c1 as a function of U for a di�erent number of bands lb and �llings ntot = 1or 2. For ntot = 1, ��c1 := �c1 � 12U while for ntot = 2, ��c1 := �c1 � 32U .In the large d Hubbard model, the single particle gap or more precisely the jump of the chemical potential whengoing from hole doping to electron doping is smaller than the optical gap in the insulator [16]. We will denote thisgap by g2 and it can be extracted from the n vs �.A numerical determination of g2 requires the evaluation of the expectation values hOsi. Experience with the oneband case has shown that these expectation values are in the intermediate coupling range. A detailed numericalevaluation of these is left for a future publication. It is instructive however to understand the trends that appear aswe change band dgeneracy, by taking one half of their values in the strong coupling (sc) limit, an assumption which isvery accurate in the one band case [9] [16] . The strong coupling limit can be calculated analtyically < Os >sc= �32for ntot = 1 and lb = 1, < Os >sc= �5=4 for ntot = 1 and lb = 1, as well as < Os >sc= �5 for ntot = 2 and lb = 2.To estimate g2 as well as the critical value Uc2 at which the metallic solution breaks down, we assume therefore< Os >= 12 < Os >sc. This yields Uc2 = 2:4 for lb = 1 and ntot = 1, Uc2 = 2:5 for lb = 2 and ntot = 1, and Uc2 = 3:9for lb = 2 and ntot = 2. Notice, that the values for ntot = 1 are again very similar.To decide which value is smaller inthe exact solution, the computation of the �rst correction in tU along the same lines as in the one band model [17] arenecessary. The critical interaction for lb = 2 and ntot = 2, in contrast, is clearly larger than for ntot = 1. The regionin the �� U plane where the metallic solution is stable is indicated in �gure 3, where we plotted ��c2 as a functionof U . For ntot = 1, this quantitiy is de�ned by ��c2 := �c2 � 12U while for ntot = 2, ��c2 := �c2 � 32U . g2 depends5



only weakly on orbital degeneracy, for U = 4 and ntot = 1 we obtain, for example, g2 = 2:6 for lb = 1 and g2 = 2:4for lb = 2. On the other hand, in the two band model this gap is found to be smaller at ntot = 2 than at ntot = 1(g2 = 0:7 for lb = 2, ntot = 2, and U = 4).
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FIG. 3. Stability of the metallic solution: ��c2 as a function of U for a di�erent number of bands lb and �llings ntot = 1 or2. For ntot = 1, ��c2 := �c2 � 12U while for ntot = 2, ��c2 := �c2 � 32U .All the qualitative results obtained for Uci and gi are in agreement with IPT calculations discussed in the nextsection and with the recent exact QMC calculations of ref. [23].III. IPT: COMPARISON BETWEEN THE ONE BAND AND THE TWO BAND MODELThe Mott transition as a function of �lling (from the metallic side) is driven by the collapse of an energy scale, therenormalized Fermi energy and the consequent divergence of the e�ective mass. The control parameter is either theinteraction U or the chemical potential �. The goal of this section is to compare the results of the two band againstthe one band model illustrating that many quantities depend weakly on degeneracy, which justi�es the success of theone band model in comparing it with experiments in transition metal oxides. We also notice that the high energyfeatures of the spectral function have a sizeable dependence on band degeneracy in the range of densities betweenzero and one.The comparaison is done using the recent extension of the IPT scheme to particle hole asymmetric problems. Thisextension is very accurate for denisties between 0 and 1.The evolution of the spectral function of the two band model with increasing �lling is displayed in �gure 4 forntot < 1. We observe a quasiparticle peak whose width determines the quasiparticle residue Z and scales to zero asthe Mott transition is approached.
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the di�erences in the weights of the Hubbard bands (�gure 9) which should be readily observed in photoemissionexperiments. At ntot = 1 the weights of both Hubbard bands are equal (i. e. 12 ) in the single band model, while inthe two band problem the weights are 14 and 34 respectively.a)
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orbital degeneracy compensates for the fact that the weight of the lower Hubbard band is reduced by approximately12 . At su�ciently high temperatures all the �ne structure disappears and our curves for the one band model are veryclose to the previous Montecarlo studies by Jarrell et. al. [20].a)
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FIG. 12. Evolution of the optical conductivity with increasing �lling (U = 4, J = 0, lb = 2).Katsufuji et al. [12] obtained similar plots for a whole series of substances R1�xCaxT iO3 with rare earth ionsR = La; Pr; Nd; Sm; and Y . They observed that an isosbectic point !c where the optical conductivity vs dopingcurves intersect, and computed tn e�ective number of carriers:Neff := 2m0��e2 Z !c0 �(!)d! (21)Fitting a linear behavior to the experimental data for small doping, they showed that the corresponding slope Cincreases drastically as Uc is approached: C � 1= (U � Uc).Motivated by these experiments we computed the same quantitiy in the degenerate Hubbard model. for U =2:5; 3; and 4 (�gure 13). In all three cases the curves are not really linear. The mean slope is enhanced near Uc = 2:9.However, comparing the data for U = 4 and U = 3, we see that the slope does change very much as Uc is approached.These �ndings are in agreement with Monte Carlo data for the two dimensional Hubbard model [13].
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The interatomic exchange has a profound in
uence on the phase diagram. A detailed calculation of the competitionbetween the di�erent possible phases depends very sensitively on the nature of the lattice and will not be undertakenhere. Instead we will expand on an earlier observation [19] that the one of the main roles of the orbital degeneracyin the context of the dynamical mean �eld theory is to stabilize over a wide temperature range the paramagneticsolution. In the two band Hubbard model the energy di�erence between the the ferromagnetic state and the Neelstate is given by the energy scale t2JU2 , which can be rather small since J tends to be much smaller than U. Sincethe di�erence between the various ordered con�gurations is smaller in the orbitally degenerate situation the systemremains in the paramagnetic phase over a wider range of temeperatures.We present below a simple strong coupling argument as to why this this e�ect is more pronounced in realisticmodels which incorporate the hopping of the transition metal ion via the ligand hole. A more quantitative studyof the ordered phases of the Y1�xLaxT iO3 system has been carried out recently by Mizoaka and Fujimori using anexpansion around the unrestricted Hartree Fock approximation. [26]We start with a model of LaT iO3 containing three Ti 3d orbitals degenerate orbitals (xy, xz, yz). hopping via a�lled oxygen shell at an energy (�d ��) . The complete Hamiltonian is the sum of three terms:Hsite = �d Xi;�;m d+im�dim� + (�d ��) Xi;�;l;� p+i+�;l;� pi+�;l� (22)Here, i labels the position of the Ti sites. The index � is half a unit vector(� 2 f12ex; 12ey ; 12ezg) so that i + � marks the position of the oxygens. Moreover, m and l are band indexes:m 2 fxy; xz; yzg and l 2 fx; y; zg.There are only two pairs of orbitals which overlap: the Ti 3dxy with the O 2py and the Ti 3dxz with the O 2pz (xzplane). This results in the kinetic energy:Hkin = tpd Xi;�;
2f�1;1g (d+i;xy;� pi+ 
2 ex;y;� + h:c:+ d+i;xy;� pi+ 
2 ey ;x;� + h:c:+d+i;xz;� pi+ 
2 ex;z;� + h:c:+ d+i;xz;� pi+ 
2 ez ;x;� + h:c:+d+i;yz;� pi+ 
2 ey;z;� + h:c:+ d+i;yz;� pi+ 
2 ez;y;� + h:c:) (23)We model the on site interactions by a degenerate Hubbard model:Hint = U1 Xi;m nim"nim# + U2 Xi;m6=m0 nim"nim0# + U3 Xi;m6=m0 ;� nim�nim0� (24)Here, U1 is the on site interaction at a Ti site between electrons in the same band and opposite spins. Analogously, U2(U3) couples electrons in di�erent bands and with opposite (parallel) spins. The parameter U3 is by an intraatomicexchange energy J smaller than U2 (U3 = U2� J; J > 0). Moreover, rotational symmetry requires U1� U2 = 2J . Weneglected the on site interaction on oxygen sites as well as next neighbor interactions. The sums over the spin andband indices are to be understood such that each pair of states (m�;m0�0) or (l�; l0�0) is included only once.H = Hsite + Hkin+Hint (25)We derived the e�ective Hamiltonian describing the spin excitations of the insulator by using perturbation theory upto fourth order in the O-Ti hopping tpd. The procedure is tedious but straigthforward and is most easily summarizedby giving the energies of the di�erent magnetic con�gurations of a pair of neighboring Ti atoms as listed in �gure 15.
14



xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i j=i+ex

1.

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

xy

xz

yz

y

z

xy

xz

yz

Ti O Ti

i

2.

 3. 4.

5. 6.

7. 8.

j=i+ex

j=i+ex j=i+ex

j=i+ex
j=i+ex

j=i+ex
j=i+exFIG. 15. Independent con�gurations yielding di�erent energies.

15



0.000

-0.002

-0.006

-0.008

-0.010

-0.004

0 0.5 1.0

U =4 eV,    =6 eV,  t   =0.5 eV

J  (eV)

en
er

gy
 p

er
 b

on
d 

(e
v)

1 pd∆

1

2

3

4

5

6

7

8FIG. 16. Energy per bond for di�erent con�gurations. (The con�gurations are shown in �gure 15).We used a realistic set of parameters (U1 = 4eV , � = 6eV and tpd = 0:5eV ). The qualitative results, however,are not very sensitive on the actual choice of the numerical values. Notice that the energy di�erence between thelowest energy con�gurations extremely small (less than 5 mev). We checked that in the limit of extremely large �the energy gets minimal for ferromagnetic bonds for all values of J . In this case the ferromagnetism of a two bandHubbard model is recovered.Clearly over a large range of the intraatomic exchange J an almost non magnetic con�guration, i. e. a con�gu-ration with a very small magnetic exchange constant, is lowest in energy. For extremely large J the ferromagneticcon�gurations are favored while the antiferromagnetic contributions related to J1 have always higher energies. ForLaT iO3, we conclude from our simple model that antiferromagnetism is strongly suppressed and the paramagneticphase is stabilized justifying our use of the paramagnetic solution in our earlier descrciption of the experimental datain transition metal oxides using the one band Hubbard model.It is clear that magnetic ordering takes place only below a quite low transition temperature Tc. Above Tc thesystem is more or less frustrated. In this temperature regime the dynamical mean �eld theory has to be applied to afully frustrated lattice to yield a reasonable description.ACKNOWLEDGEMENTS: This work was supported by the National Science Foundation under grant DMR 95-29138. We would like to thank Dr. Natan Andrei, Dr. Herbert Neuberger, and Dr. Marcelo Rozenberg for usefuldiscussions.[1] Y. Tokura, Y. Taguchi, Y. Okada , Y. Fujishima, and T. Arima, K. Kumagai and Y. Iye, Phys. Rev. Lett. 70, 2126 (1993).[2] Y. Okimoto, T. Katsufuji, and Y. Tokura, Phys. Rev. B 51, 9581 (1995)[3] A. Georges, G. Kotliar, W, Krauth, and and M. Rozenberg, preprint (1995) see refe 3[4] Phys. Rev. B (1996) H. Kajueter G. Kotliar and G. Moeller Phys. Rev. B. 53, 16214 (1996).[5] A. Georges, G. Kotliar, Phys. Rev. B 45 6479 (1992)[6] M. J. Rozenberg, G. Kotliar, H. Kajueter, G. A. Thomas, D. H. Rapkine, J. M. Honig, and P. Metcalf, Phys. Rev. Lett. 75,105 (1995)[7] Rozenberg M. Inoue. et. al. to appear in Phys. Rev. Lett.[8] M. J. Rozenberg, G. Kotliar, and X. Y. Zhang, Phys. Rev. B 49, 10181 (1994)[9] G. Moeller, Q. Si, G. Kotliar, M. Rozenberg and D. S. Fisher, Phys. Rev. Lett. 74, 2082 (1995)16



[10] Th. Pruschke, D. L. Cox, and M. Jarrell Phys. Rev. B 47, 3553 (1993)[11] A. Georges and W. Krauth, Phys. Rev. Lett. 69, 1240 (1992)[12] T. Katsufuji, Y. Okimoto, and Y. Tokura, Phys. Rev. Lett. 75, 3497 (1995).[13] E. Dagotto, et al., Phys. Rev. B 45, 10741 (1992).[14] W. Metzner and D. Vollhardt, Phys. Rev. Lett. 62, 324 (1989)[15] C. Lacroix-Lyon-Caen and M. Cyrot, Sol. State Comm. 21, 837 (1977)[16] D. Fisher G. Kotliar and G. Moeller Phys. Rev. B. 52, 17112 (1995).[17] Ye J. and Fisher D.S. unpublished.[18] C. Castellani et. al. Phys. Rev. B. 18, 4945 (1978).[19] H, Kajueter and G. Kotliar, H. Kajueter and G. Kotliar Phys. Rev. Letters 77, 1, 131 (1996).[20] M . Jarrell J. K. Freericks and Th. Pruschke Phys. Rev. B 51, 11704.[21] R. Fresard and G. Kotliar, preprint and unpublished.[22] J.P. Lu preprint. J. P. Lu, Phys. Reb. B 49, 5687 (1994)[23] M. Rozenberg, preprint.[24] G. A. Thomas et al., Phys. Rev. Lett. 73, 1529 (1994);[25] G. Kotliar and M. Rozenberg, To appear in the Proceedings of the Conference on the Mathematics and Physics of theHubbard model, San Sebastian D. Baeriswyl, D. K. Campbell, J.M.P. Carmelo, F. Guinea, and E. Louis editors Plenum(1995).[26] T. Mizokawa and A. Fujimori in Spectroscopyof Mott Insulators and Correlated Metals, A. Fujimori and Y. Tokura EditorsSpringer Verlag Berlin (1995). T. Mizokawa and A. Fujimori Phys. Rev. B. 51, 12880 (1995) T. Mizokawa and A. FujimoriPhys. Rev. B 53, 4201 (1996).

17


