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FERROMAGNETISM AND METAL�INSULATORTRANSITION IN HUBBARD MODEL WITHCORRELATED HOPPING�L. Didukh, O. Kramar, and Yu. SkorenkyyTernopil State Te
hni
al University, Department of Physi
s56 Rus'ka Str., UA-46001 Ternopil , Ukraine(Re
eived July 10, 2002)In this paper both the metal�insulator transition and ferromagneti
 or-dering stabilization have been studied in the framework of the Hubbardmodel with 
orrelated hopping and inter-atomi
 ex
hange intera
tion. Theenergy spe
trum of the model has been 
al
ulated, expressions for the en-ergy gap in the paramagneti
 state, the ground state energy, the 
riterionof the ferromagnetism stabilization, the magnetization of system have beenobtained and analyzed.PACS numbers: 71.10.Lp, 71.27.+a, 71.10.Fd, 71.30.+h1. Introdu
tionTo des
ribe the 
on
entration dependen
y of the physi
al properties ofreal materials the Hubbard model [1℄ has to be generalized by taking intoa

ount the non-diagonal matrix elements of Coulomb intera
tion [2�5℄. Inthe 
ase of strong and intermediate inter-atomi
 intera
tions the 
orrelatedhopping leads to the ele
tron-hole asymmetry [4,6℄ and the renormalizationof width of energy subbands. In this paper both the metal�insulator tran-sition (MIT) and ferromagneti
 ordering stabilization have been studied inthe framework of the Hubbard model with 
orrelated hopping and inter-atomi
 ex
hange intera
tion. To this end re
ently proposed variant [7℄ ofthe generalized Hartree�Fo
k approximation has been applied.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(791)



792 L. Didukh, O. Kramar, Yu. Skorenkyy2. The energy spe
trum of generalized Hubbard modelWe start with the Hamiltonian of the narrow-band model with 
orrelatedhopping of ele
trons and inter-atomi
 ex
hange intera
tion [4, 7℄:H = H0 +H1 +H 01; (1)H0 = ��Xi� �X�i +X2i �+ UXi X2i � �BhXi (X"i �X#i )+J2 Xij� �X���i X ���j + (X�i +X2i )(X�j +X2j )�;H1 = Xij�;i 6=j tij(n)X�0i X0�j + Xij�;i 6=j ~tij(n)X2��i X ��2j ;H 01 = Xij�;i 6=j t0ij(n) �X ��0i X�2j �X�0i X ��2j +H:
:� ;here Xkli denotes the Hubbard operators, � is 
hemi
al potential, U is theenergy of intra-atomi
 Coulomb intera
tion, J is the parameter of the inter-atomi
 ex
hange intera
tion, h is the external magneti
 �eld,tij(n) = tij(1� n�1); (2)t0ij(n) = tij(1� n�1 � �2); (3)~tij(n) = tij(1� n�1 � 2�2); (4)are the e�e
tive 
on
entration-dependent hopping integrals [4℄. Other nota-tions are as usual.The single parti
le energy spe
trum 
al
ulated with use of the variant [7℄of generalized Hartree�Fo
k approximation in Fourier representation has theform: E�1;2(k) = ��� ��h+ U2 � (n+ ��m)2 zJ + (�� + ~��)2 t(k)�12q[U � ((�� � ~��)t(k))℄2 + 4��1 ��2 t(k)2: (5)Here the non-operator 
oe�
ients ��(pi), ~��(pi), ��1 and ��2 , 
al
ulated by themethod of work [4,7℄, 
an be written as fun
tions of the ele
tron 
on
entra-tion n, system magnetization m, hole (
) and doublon (d) 
on
entrations andthe 
orrelated hopping parameters �1, �2 (the values d and 
 are 
onne
tedby the relation 
� d = 1� n).
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 half-�lled bandLet us 
onsider the MIT in paramagneti
 state at ele
tron 
on
entrationn = 1. From the energy spe
trum (5) we �nd the energy gap width:�E = E2(�w)�E1(w) = �2w(1 � 2d)(1 � �1 � �2) + Q1 +Q22 ;Q1;2 = �(U � 2�2Cw)2 + (1� �1 � 2�)2w2�12 ; C = 1� 2d+ 4d2: (6)When the 
orrelation strength Uw rea
hes its 
riti
al value (Uw )
 the energygap opens and the metal�insulator transition o

urs. The 
orrelated hoppingleads to the de
rease of the (Uw )
. It is important to note, that the usedapproa
h allows to reprodu
e the exa
t results, found in the spe
ial 
ase ofthe model with 
orrelated hopping [8�11℄. At t0k = 0 from (6) we obtainU
 = w + ~w, where 2w = 2zjtij j is the width of lower subband, 2 ~w = 2zj~tij jis the width of upper subband, z is the number of nearest neighbour to asite. In the paramagneti
 ground state one 
an �nd the expression for thedoublon 
on
entration. The in
rease of �1, �2 leads to the de
rease of d at�xed values of Uw . At the in
rease of Uw in the point of MIT the slope ofd(Uw ) dependen
e 
hanges. For the 
ase �1 = �2 = 0 (Hubbard model) theobtained results agree with 
orresponding result of work [12℄. The groundstate energy in the metalli
 and insulating states is also 
al
ulated. Thedependen
ies of the ground state energy on Uw for di�erent values of � also
hange its slope in the point of MIT. The in
rease of the 
orrelated hoppingparameters �1, �2 leads both for the de
rease of kineti
 energy of ele
trons(the band narrowing), and for the de
rease of potential energy (de
reaseof the doublon 
on
entration). Thus the 
orrelated hopping signi�
antlyin�uen
e the ground state energy in the region of MIT. At �1 = �2 = 0(Hubbard model) the obtained values of the ground state energy lies withinthe interval determined in the paper [13℄.4. The ground state ferromagnetismLet us 
onsider the ground state ferromagnetism in the model. In thelimiting 
ase of Hubbard model (�1 = �2 = 0) for the 
ase of half-�lling weobtain the 
ondition of ferromagnetism stability in the form:4d U2w + zJ2w > 4d(1 � 2d)(3 � 4d): (7)From equation (7) one 
an see that in the 
ase of large U2w when d! 0 the
riti
al value of the interatomi
 ex
hange intera
tion tends to zero, on theabsen
e of interatomi
 Coulomb intera
tion (U ! 0 and d! 14) the 
riti
alvalue of zJ is equal to the width of the energy band. One 
an also see



794 L. Didukh, O. Kramar, Yu. Skorenkyythat the interatomi
 ex
hange is the key parameter for the ferromagnetismrealization.In the 
ase of strong intra-atomi
 Coulomb intera
tion the energy spe
-trum (5) des
ribes non-hybridized upper and lower Hubbard subbands. Itis important to investigate the 
ase n 6= 1 when system is metalli
 despiteof strong intera
tion. In the ground state the equationzJ2(1� n�1)w = 1� n2 �m2(2� n)2 �m2 �1� 8(1� n)(2� n)(2� n)2 �m2 � (8)determines the magnetization of system at n < 1 and 
orresponding equationat n > 1 is zJ2(1� n�1 � �2)w = 1� (2� n)2 �m2n2 �m2 �1� 8(1 � n)nn2 �m2 � : (9)At in
rease of 
orrelated hopping the region of ferromagnetism be
omeswider. The taking into a

ount 
orrelated hopping leads to the 
on
entrationdependent bandwidth renormalization. Thus for the same values of theenergy parameters the state of system at n < 1 
an be paramagneti
 andat n > 1-ferromagneti
. Note that real ferromagneti
 transition metalshave more than half-�lled 3d-band. The paramagnet�ferromagnet transition
an realize both at the 
hange of the ele
tron 
on
entration and at the
hange of energy parameters of the system. The 
al
ulated dependen
ies ofmagnetization on external magneti
 �eld and temperature agree very wellwith experimental results of work [14℄ for the system CoS2�xSex.REFERENCES[1℄ J. Hubbard, Pro
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