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õäë: 535.375.5PACS: 72.10D,72.10DiïÐÅÒÁÔÏÒ ÐÏÌÑÒÉÚÏ×ÁÎÏÓÔ¦ ÄÌÑ ÐÓÅ×ÄÏÓÐ¦Î-ÅÌÅËÔÒÏÎÎÏ§ ÍÏ-ÄÅÌ¦¶.÷.óÔÁÓÀË, ô.ó.íÉÓÁËÏ×ÉÞáÎÏÔÁÃ¦Ñ. äÏÓÌ¦ÄÖÅÎÏ ÎÅÆÏÎÏÎÎ¦ ×ÎÅÓËÉ Õ ËÏÍÂ¦ÎÁÃ¦ÊÎÅ ÒÏÚÓ¦ÑÎÎÑÓ×¦ÔÌÁ ÄÌÑ ÐÓÅ×ÄÏÓÐ¦Î-ÅÌÅËÔÒÏÎÎÏ§ ÍÏÄÅÌ¦ . äÌÑ ÐÏÂÕÄÏ×É ÏÐÅÒÁÔÏÒÁÐÏÌÑÒÉÚÏ×ÁÎÏÓÔ¦ ×ÉËÏÒÉÓÔÏ×Õ¤ÔØÓÑ Í¦ËÒÏÓËÏÐ¦ÞÎÉÊ Ð¦ÄÈ¦Ä ¦ ÚÄ¦ÊÓÎÀ-ÀÔØÓÑ ÏÐÅÒÁÔÏÒÎ¦ ÒÏÚËÌÁÄÉ × ÔÅÒÍ¦ÎÁÈ ÏÐÅÒÁÔÏÒ¦× èÁÂÂÁÒÄÁ, ×ÉËÏ-ÒÉÓÔÏ×ÕÀÞÉ ËÏÎÓÔÁÎÔÕ ÅÌÅËÔÒÏÎÎÏÇÏ ÐÅÒÅÎÏÓÕ ÑË ÆÏÒÍÁÌØÎÉÊ ÐÁÒÁ-ÍÅÔÒ ÒÏÚËÌÁÄÕ. äÏ ÒÏÚÇÌÑÄÕ ÐÒÉÊÍÁÌÉÓÑ Ä×Á Ò¦ÚÎ¦ ×ÎÅÓËÉ ÄÏ ÄÉÐÏÌØ-ÎÏÇÏ ÍÏÍÅÎÔÕ: oÄÉÎ ÐÏ×'ÑÚÁÎÉÊ Ú ÎÅÇÏÍÅÏÐÏÌÑÒÎ¦ÓÔÀ ÚÁÐÏ×ÎÅÎÎÑÅÌÅËÔÒÏÎÎÉÈ ÓÔÁÎ¦× ÎÁ ×ÕÚÌÁÈ ÇÒÁÔËÉ, ¦ÎÛÉÊ - ¦Ú ÄÉÐÏÌØÎÉÍ ÍÏÍÅÎ-ÔÏÍ ÐÓÅ×ÄÏÓÐ¦Î¦×.Polarizability operator for pseudospin-electron modelI.V.Stasyuk, T.S.MysakovychAbstract. Nonphonon contributions to Raman light scattering are in-vestigated for the pseudospin-electron model. To construct the polariz-ability operator, the microscopic approach is used, which is based on theoperator expansion in terms of the Hubbard operators, using the electrontransfer constant as a formal parameter of the expansion. Two di�erentcontributions to the dipole momentum are taken into account: one isconnected with the nonhomeopolarity of �lling of the electron states ona site, another - with the dipole momentum of the pseudospins.
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1 ðÒÅÐÒÉÎÔ1. IntroductionThe problem of nonphonon contributions to Raman light scattering inthe systems with the strong short-range Hubbard-type interaction be-tween electrons remains a subject of interest in the last years in spiteof the success achieved in the description of the magnetic and electronRaman scattering in the systems with antiferromagnetic ordering [1,2].The approach used by [1,2] is based on some semiphenomenological as-sumptions to build the e�ective Hamiltonian of the interaction betweena system and incident light. Fleury and Loudon ([1]) used this methodfor antiferromagnetics and Shastry and Shraiman ([2]) dealt with theHubbard model.The aim of this work is to investigate these contributions using themethod which is based on the construction of a polarizability operator ^Pin the framework of a microscopic approach; the method was developedin [3{5]. This approach is applied to the case of the pseudospin-electronmodel. This model is believed to describe high-temperature superconduc-tivity (the compounds of YBaCuO-type structure) and can be treatedas the Hubbard model, including interactions with the local anharmonicvibrations.To construct the ^P -operator, the electron transfer parameter t is usedas a formal expansion parameter. The expression for the polarizabilityoperator ^P in terms of the correlation functions built on the Hubbardoperators are presented. Analysis of the achieved results is carried out.2. General formulaeWe start from the explicit expression for the cross-section of Raman lightscattering ([3,4]):@2�@
@!2 = 1(4�"0)2r"1"2 !32!1�h2c4 X���0�0 e1�e2�e1�0e2�0H�0�0;�;�k2;k1 (!1; !2) (1)here ~e1; ~e2 are polarization vectors; !1; !2 are incident and scattered lightfrequencies; ~k1; ~k2 are corresponding wave vectors; "1;2 � "(!1; !2);H�0�0;�;�k2;k1 (!1; !2) is the Raman scattering tensor:H�0�0;�;�k2;�k1;�k2;k1(!1; !2) = 12� +1Z�1 dtei(!1�!2)t � (2)h ^P �0�0~k2�~k1(�!1; t) ^P ���~k2~k1(!1; 0)i;

ICMP{98{34E 2^P is the polarizability operator^P ��~k0~k(!; t) = � +1Z�1 dsei!(t�s)ff ^M�(~k0; t)j ^M�(~k; s)gg; (3)here ^M�(~k) is a dipole momentum of a crystal unit cell in the ~k-represen-tation and the symbol ff ^M�(~k0; t)j ^M�(~k; s)gg stands for "unaveraged"Green's function de�ned in the following way ([5]):ffA(t)jB(t0)gg = �i�(t� t0)[A(t); B(t0)]: (4)The equations of motion for this function have a form�h!1ffAjBgg!1;!2 = �h2� [A;B]!1�!2 + ff[A;H ]jBgg!1;!2 ; or (5)�h!2ffAjBgg!1;!2 = �h2� [A;B]!1�!2 � ffAj[B;H ]gg!1;!2 : (6)It is used to construct the polarizability operator; the solutions of theseequations are built in the form of operator series in powers of someparameters of a Hamiltonian. It has to be emphasized that this methoddoes not use phenomenological assumptions.3. The pseudospin-electron modelThe Hamiltonian of the model has the following form [6] :H =Xi Hi +Xi;j;� ti;j^cyi;�^cj;� ; (7)here the Hamiltonian Hi describes the interaction with the local anhar-monic vibrational modes, described by pseudospins:Hi = Uni"ni# +E0(ni" + ni#) + g(ni" + ni#)Szi � 
Sxi � hSzi ;(8)^cyi;�^cj;� are �-spin electron creation and annihilation operators, n�;i =^cyi;�^cj;� is the electron occupation number operator on the site i. Thesecond term in (7) is responsible for the electron transfer from site to site.The single-site Hamiltonian Hi includes the on-site Coulomb repulsion ofelectrons with opposite spins (U -term), the on-site electron energy (E0-term), the interaction with the local vibrations (g-term), the splittingof the vibrational mode by tunneling (
-term), the assymetry of thevibrational mode (h-term).



3 ðÒÅÐÒÉÎÔIn the case of narrow electron bands (t << U), the single-site Hamil-tonian Hi plays the role of a zero order approximation. Therefore let usconsider the following single-site basis of states jni"; ni#; Szi > ([6]):j1 >= j0; 0; 12 >; je1 >= j0; 0;�12 >; (9)j2 >= j1; 1; 12 >; je2 >= j1; 1;�12 >;j3 >= j0; 1; 12 >; je3 >= j0; 1;�12 >;j4 >= j1; 0; 12 >; je4 >= j1; 0;�12 > :It is useful to introduce the Hubbard operators XRS = jR >< Sj, actingin the spase spanned by the vectors (9). The operators ^cyi;� , ^cj;� , S�i canbe expressed in terms of the Hubbard operators:^cyi;" = X41i +X23i +Xe4e1i +Xe2e3i ; ^cyi;# = X31i �X24i +Xe4e1i �Xe2e4i ;^cj;" = X14i +X32i +Xe1e4i +Xe3e2i ; ^ci;# = X13i �X42i +Xe1e4i �Xe4e2i ;Szi = 12XR (XRRi �X eReRi ); Sxi = 12XR (XReRi +XeRRi ): (10)The expression for the Hamiltonian Hi can be written as follows:Hi = h2 (Xe1e1i �X11i ) + (E0 + g � h2 )(X33i +X44i ) + (11)+(E0 � g � h2 )(Xe3e3i +Xe4e4i ) + (2E0 + U + 2g � h2 )X22i ++(2E0 + U � 2g � h2 )Xe2e2i ��
2 (X1e1i +X2e2i +X3e3i +X4e4i +Xe11i +Xe22i +Xe33i +Xe44i ):Now let us reduce Hi to a diagonal form, using the transformationjR >= cos(�r)jr > +sin(�r)jer > (12)j eR >= cos(�r)jer > �sin(�r)jr >;where cos(2�1) = �hph2 +
2 ; cos(2�2) = 2g � hq(2g � h)2 +
2 ; (13)cos(2�3) = cos(2�4) g � hq(g � h)2 +
2 :

ICMP{98{34E 4Thus we get for Hi in terms of the Xrs operators:Hi =Xr �rXrri ; (14)with �1;e1 = �12ph2 +
2; �2;e2 = 2E0 + U � 12q(2g � h)2 +
2; (15)�3;e3 = �3;e3 = E0 � 12q(g � h)2 +
2:The total Hamiltonian is given by the expressionH =Xi;r �rXrri +Xi;j;� ti;j^cyi;�^cj;�; (16)with ^cyi;" = cos(�4 � �1)(X41i +Xe4e1i )� sin(�4 � �1)(X4e1i �Xe41i ) ++cos(�2 � �3)(X23i +Xe2e3i )� sin(�2 � �3)(X2e3i �Xe23i ); (17)^cyi;# = cos(�3 � �1)(X31i +Xe3e1i )� sin(�4 � �1)(X3e1i �Xe31i )��cos(�2 � �4)(X24i +Xe2e4i ) + sin(�2 � �4)(X2e4i �Xe24i ):It was shown ([6]) that the electron spectrum of the pseudospin-electron model possesses eight subbands. The single-electron transitionsenergies �� = �s � �r; (18)where � = (r; s) = (1e4); (e1e4); (14); (e14); (3e2); (e3e2); (32); (e32) are broaden-ing into bands having a width of the order of t.4. The polarizability operatorThe dipole momentum of a unit cell is given byM�i = eR�i (n";i + n#;i) + d2Szi ; (19)or in terms of the Xrs operatorsM�i = eR�i (X22i +Xe2e2i �X11i �Xe1e1i + 1) + (20)+d2Xr (cos(2�r)(Xrri �Xereri ) + sin(2�r)(Xreri +Xerri ));



5 ðÒÅÐÒÉÎÔhere the �rst term is connected with the nonhomeopolarity of �llingof the electron states on a site, the second one is responsible for thedipole momentum of the pseudospins. To calculate unaveraged Green'sfunction ffM�k jM�l gg we make an operator expansion, using t as a formalparameter of the expansion. At �rst we write the equation of motion,which is presented in the form (5):ffM�k jM�l gg = �k;ld24�h!1 Xr sin(4�r)(Xrer �Xerr) + (21)+Xr �k;ld24(�h!1 �Er +Eer) (sin(4�r)Xerr � sin2(2�r)(Xrr �Xerer))��Xr �k;ld24(�h!1 +Er �Eer) (sin(4�r)Xrer � sin2(2�r)(Xrr �Xerer)) ++eR�k�h!1 Xi;j;� ti;j(�i;k � �j;k)ff^cyi;�^cj;�j ^M�l gg++Xr d2�h!1 Xi;j;� ti;jcos(2�r)ff[Xrr �Xerer; ^cyi;�^cj;� ]j ^M�l gg++Xr d2(�h!1 �Er +Eer)Xi;j;� ti;jsin(2�r)ff[Xerr; ^cyi;�^cj;� ]j ^M�l gg++Xr d2(�h!1 +Er �Eer)Xi;j;� ti;jsin(2�r)ff[Xrer; ^cyi;�^cj;� ]j ^M�l gg:We can see that in contrast with the Hubbard and t � J models (see[7]), for the case of the pseudospin-electron model Green's functionffM�k jM�l gg has the terms, which are of the zero order with respectto the electron transfer parameter. The appearence of these terms iscaused by the pseudospin dipole momentum dynamics. Now we use forthe function (20) the equation of motion in the form (6). The obtainedafter this procedure expression is very cumbersome, so we write out onlyone term of that:Xi;j;� ti;j(�i;k � �j;k)ff^cyi;�^cj;� j(n"l + n#l)gg = (22)1�h!2 Xi;j;�s;p;�0 ti;j(�i;k � �j;k)ts;p(�p;l � �s;l)ff^cyi;�^cj;� j^cys;�0^cp;�0gg �� 12�!2 Xi;j;� ti;j(�i;k � �j;k)(�i;l � �j;l)^cyi;�^cj;� ;
ICMP{98{34E 6the structure of other terms is similar. Then we again write the equa-tion of motion in the form (6) in order to �nd Green's functionff^cyi;�^cj;� j^cys;�0^cp;�0gg up to the terms of the second order in t, consideringthe resonant term, which describes the one-electron transition e1 e4 ! 1 4:Xi;j;s;p;�0 ti;j(�i;k � �j;k)ts;p(�p;l � �s;l)cos2(�4 � �1)� (23)ffXe4e1i X14j j^cys;�0^cp;�0gg =Xi;j;s;p ti;j(�i;k � �j;k)ts;p(�p;l � �s;l)�hcos2(�4 � �1)2�(�h!1 �E4 +E1 +Ee4 �Ee1) �(Xe4e1i (cos(�4 � �1)(X11j +X44j ))��sin(�4 � �1)(X1e1j �Xe44j )))^cs;" ��^cys;"X14i (cos(�4 � �1)(Xe1e1j +Xe4e4j ))��sin(�4 � �1)(Xe44j �X1e1j )) ++Xe4e1i (cos(�4 � �1)(X34j ) + sin(�4 � �1)Xe34j )^cs;# ��^cys;#X14i (cos(�4 � �1)(Xe4e3j )� sin(�4 � �1)Xe43j )):We have omitted in this expression the terms, connected with the doublyoccupied states j2 >; je2 >. If i=s, the expression can be written as follows:Pi;j t2i;j(�i;k � �j;k)(�j;l � �i;l)�hcos2(�4 � �1)2�(�h!1 � E4 +E1 +Ee4 �Ee1) � (24)(cos2(�4 � �1)[X11i (Xe4e4j +Xe3e3j )�Xe1e1i (X44j +X33j )]��sin(�4 � �1)cos(�4 � �1)[(Xe44i +Xe33i )(X11j +Xe1e1j ) ++X1e1i (X44j +X33j +Xe4e4j +Xe3e3j ):So we can see that the terms connected with the electron spin reorienta-tion are absent in this expression because the subband e1e4 is created bythe pseudospin dynamics - for the Hubbard model this subband is notpresent. This expression include the terms which e�ectively take intoaccount the electron correlations on the neighbouring lattice sites in theconnection with the pseudospin dynamics. The corresponding Ramanscattering contributions can be important in the presence of the chargeordered states with the modulation of the electron density and pseu-



7 ðÒÅÐÒÉÎÔdospin orientation ( the possibility of such ordering in the pseudospin-electron model with the unit cell doubling was investigated in [8]).Let us consider the term, which is resonant at the transitione1 e4 ! e3 e2:Xi;j;s;p;�0 ti;j(�i;k � �j;k)ts;p(�p;l � �s;l)cos(�2 � �3)cos(�4 � �1)�(25)ffXe4e1i Xe32j �Xe3e1i Xe42j j^cys;�0^cp;�0gg =Pi;j �hcos(�4 � �1)cos(�2 � �3)ti;j(�i;k � �j;k)ts;j(�j;l � �s;l)2�(�h!1 �Ee1 +Ee4 +Ee3 �Ee2) �(Xe4e1i (cos(�2 � �3)(Xe3e3j + sin(�2 � �3)(Xe33j )^cs;" ��Xe4e1i (cos(�2 � �3)(Xe3e4j ) + sin(�2 � �3)Xe34j )^cs;#) ++Xe3e1i (cos(�2 � �3)(Xe4e4j + sin(�2 � �3)(Xe44j )^cs;# ��Xe3e1i (cos(�2 � �3)(Xe4e3j + sin(�2 � �3)(Xe43j )^cs;");having omitted the terms, including the states j2 >; je2 >. If i=s, weobtain the following formula:Pi;j �hcos(�4 � �1)cos(�2 � �3)t2i;j(�i;k � �j;k)(�j;l � �i;l)2�(�h!1 �Ee1 +Ee4 +Ee3 �Ee2) � (26)[cos(�2 � �3)cos(�4 � �1)(Xe4e4i Xe3e3j +Xe3e3i Xe4e4j �Xe4e3i Xe3e4j ��Xe3e4i Xe4e3j ) + sin(�2 � �3)sin(�4 � �1)(Xe43i Xe34j +Xe34i Xe43j ��Xe44i Xe33j �Xe33i Xe44j ) + sin(2�4 � �2 � �1)Xe43i Xe3e4j ++Xe4e3i Xe34j �Xe4e4i Xe33j �Xe44i Xe3e3j )]:So we can see that there are present in this expression both the terms,connected with the reorientation of the electron spins and the ones,connected with the reorientation of the pseudospins. Therefore one cansee that the Raman scattering at the transitions between bands, sep-arated by U is connected with the electron spin dynamics, very simi-lar to that described by Fleury and Loudon approach [1] (creation ofmagnon pairs), as well as with the pseudospin dynamics. To say some-thing more de�nitely, we have to obtain and investigate the expres-sion for the Raman scattering tensor. For this purpose Green's functionhhXrrjXppii; hhXrrjXepepii; hhXrrjXpepii and others have to be calculated- this investigation will be a subject of forthcoming publications.
ICMP{98{34E 85. ConclusionsThe microscopic approach for the description of Raman light scatteringwas applied in this work for the pseudospin-electron model. The opera-tor expansions in powers of the parameter of the electron hopping werecarried out to calculate the polarizability operator. It was shown thatthe polarizability operator is not equal to zero if the electron hoppingis absent, this is caused by the dipole transitions connected with thereorientation of pseudospins. Analysing the expression for the polariz-ability operator , we can see that there exist resonant transitions betweenthe subbands of the pseudospin-electron model. Investigating the terms,which are proportional to t2 we have shown that the two main scatteringmechanisms can be separated between others. The �rst one is connectedwith the correlation of the pseudospin dynamics with the electron �llingon the neighbouring sites, that can be important in the case of the chargeand pseudospin spatial modulation. The second one is analogous to thetwo-magnon scattering in antiferromagnets which is here accompaniedby the reorientation of pseudospins.References1. P. Fleury, R. Loudon, Scattering of light by one- and two-magnonexcitations. Phys. Rev., 166, 514 (1968)2. B.S. Shastry, B.I. Shraiman, Theory of Raman Scattering in Mott-Hubbard Systems Phys. Rev. Lett., 65, 1068 (1990)3. R.A. Cowley, The lattice dynamics of an anharmonic crystal. Ad-vances Phys., 12, 421 (1963)4. R. Barry, I.W. Sharpe, Raman scattering from impurities in semicon-ductors. 1. General results. Can. J. Phys., 56, 550 (1978)5. I.V. Stasyuk, Ya.l. Ivankiv, Raman scattering in crystals with order-ing structure units // Preprint ITP-87-57P, Institute for TheoreticalPhysics, Kyiv (1987)6. I.V. Stasyuk, A.M. Shvaika, On the electron spectrum of the Hub-bard model including interactions with local anharmonicity vibra-tions. Phys. C, 213, 57 (1993)7. I.V. Stasyuk, T.S.Mysakovych, Raman scattering tensor for Hubbardand t� J models // Preprint ICMP-98-28E, Institute for CondensedMatter Physics, Lviv (1998)8. I.V. Stasyuk, O.D. Danyliv, The account of e�ective interaction in theHubbard model with local anharmonicity // Preprint ICMP-94-6Y,Institute for Condensed Matter Physics, Lviv (1994)
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