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Amnoranisi. ocitimkeno HepOHOHHI BHECKM y KOMOiHaliliHe PO3CisiHH:A
CBiTJIa [T TICEBIOCITIH-eIeKTPOHHOL Mozesti . i mobymoBu oneparopa
[OJIAPU30BAHOCTI BUKOPUCTOBYE€THCA MiKPOCKOMIYHM miaxis i 3maificHio-
IOTHCS OMEPATOPHI PO3KJ/IAAM B TEpMiHAX OrmeparopiB Xabbapaa, BUKO-
PUCTOBYIOYM KOHCTAHTY €JIEKTPOHHOIO MEPEHOCY AK (hOpMaJIbHUIA mapa-
MeTp PO3KJamy. 1o posmiany mpuitManca ABa pi3Hi BHECKU IO UTOJIb-
HOI'O MOMEHTY: OOUH IOB’A3aHUI 3 HErOMEOIOJIAPHICTIO 3AIIOBHEHH:I
€JIEKTPOHHUX CTAHIB HA BY3JlaX I'PATKU, IHUIKN - i3 AUIIOJIbHUM MOMEH-
TOM IICEBIIOCIIiHiB.

Polarizability operator for pseudospin-electron model
I.V.Stasyuk, T.S.Mysakovych

Abstract. 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 the
operator expansion in terms of the Hubbard operators, using the electron
transfer constant as a formal parameter of the expansion. Two different
contributions to the dipole momentum are taken into account: one is
connected with the nonhomeopolarity of filling of the electron states on
a site, another - with the dipole momentum of the pseudospins.
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1. Introduction

The problem of nonphonon contributions to Raman light scattering in
the systems with the strong short-range Hubbard-type interaction be-
tween electrons remains a subject of interest in the last years in spite
of the success achieved in the description of the magnetic and electron
Raman 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 effective Hamiltonian of the interaction between
a system and incident light. Fleury and Loudon ([1]) used this method
for antiferromagnetics and Shastry and Shraiman ([2]) dealt with the
Hubbard model.

The aim of this work is to investigate these contributions using the
method which is based on the construction of a polarizability operator P
in the framework of a microscopic approach; the method was developed
in [3-5]. This approach is applied to the case of the pseudospin-electron
model. This model is believed to describe high-temperature superconduc-
tivity (the compounds of YBaCuO-type structure) and can be treated
as the Hubbard model, including interactions with the local anharmonic
vibrations.

To construct the P—operator, the electron transfer parameter ¢ is used
as a formal expansion parameter. The expression for the polarizability
operator P in terms of the correlation functions built on the Hubbard
operators are presented. Analysis of the achieved results is carried out.

2. General formulae

We start from the explicit expression for the cross-section of Raman light
scattering ([3,4]):
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here €, € are polarization vectors; wy, ws are incident and scattered light
SP5
frequencies; ki, k2 are corresponding wave vectors; €12 = (w1, ws);

H,’i’akll"g’a(wl, ws) is the Raman scattering tensor:
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P is the polarizability operator
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here M O‘(l_c’) is a dipole momentum of a crystal unit cell in the E—represen—
tation and the symbol {{MP (K, t)|M*(k,s)}} stands for "unaveraged”
Green’s function defined in the following way ([5]):

{AMIB(#)}} = —i0(t = t)[A(), B(t")]. (4)

The equations of motion for this function have a form
h
hawi {{A|B}}u,w, = %[AaB]unﬂuz + {{[4, H]|B}}wy sy 01 (5)

hws {{A|B} o0, = %[A,B]wl—wz —{{AllB, H]} }orwn- (6)

It is used to construct the polarizability operator; the solutions of these
equations are built in the form of operator series in powers of some
parameters of a Hamiltonian. It has to be emphasized that this method
does not use phenomenological assumptions.

3. The pseudospin-electron model

The Hamiltonian of the model has the following form [6] :

H= Z H; + Z ti,jé;[7géj,a: (7)
i

,5,0

here the Hamiltonian H; describes the interaction with the local anhar-
monic vibrational modes, described by pseudospins:

H; = Unyngy + Eo(nir +n4y) + g(nar +n4y)S7 — QST — hSZ (8)

o4 . . e _
¢; »Cj,o are o-spin electron creation and annihilation operators, nq; =

é;fyo_éj,g is the electron occupation number operator on the site i. The
second term in (7) is responsible for the electron transfer from site to site.
The single-site Hamiltonian H; includes the on-site Coulomb repulsion of
electrons with opposite spins (U-term), the on-site electron energy (Ep-
term), the interaction with the local vibrations (g-term), the splitting
of the vibrational mode by tunneling (2-term), the assymetry of the
vibrational mode (h-term).
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In the case of narrow electron bands (¢ << U), the single-site Hamil-
tonian H; plays the role of a zero order approximation. Therefore let us
consider the following single-site basis of states |ni,n;y, S7 > ([6]):

1 -~ 1
1>= |0,0,§ >, |1 >= |0,0,—§ >, (9)
1 ~
2>=11,1,= > [2>=11,1,—=
2>=1L1,5>2>=11,-5 >,
|3>—|011>|§>—|01 LN
- 772 b) - b} 2 b)

1
4 >=11,0, = >|4> |1,0,——>

It is useful to introduce the Hubbard operators X #5 = |R >< §|, acting

in the spase spanned by the vectors (9). The operators CIJ, j.o, S§* can
be expressed in terms of the Hubbard operators:

AzT — X41 +X23 +X41 +X123 ~t Xz31 _ XZQ4 +XZ41 _ Xz'24;

G =
T R P D CRNED CED GRS (RS
1 o 1 Foon
S7 = 5 S(XRR - XFR) 57 = =57 (XRR 4 xFR). (10)
R R

The expression for the Hamiltonian H; can be written as follows:

h, it —h
Hi= (X =X + (B + o) (P + xfH+ ()
—h 5 il 29— h. .
+(Ey — gT)(X,.33 + XM 4 QB+ U+ LDy

29— h. 35
+(2Ey + U — 92 X2

Q ~ ~ ~ ~ ~ ~ ~ ~
_E(X"n +XP+XB XM+ X+ X2+ X8+ XM.

Now let us reduce H; to a diagonal form, using the transformation

|R >= cos(¢,)|r > +sin(¢,)|[7 > (12)
|2 >= cos(é )| > —sin(gn)lr >,

where
—h 29— h
2 = 2 = R 13
COS( ¢1) \/m COS( ¢2) (29 ~ h)2 N QZ ( )
cos(2¢3) = cos(2¢4) g—nh .
(9—h)* +02
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Thus we get for H; in terms of the X" operators:

Hi=Y eX]", (14)
r
with
1
= i W+ 26,5 = 2By + U £ 51/ (29 — h)” + 02, (15)
1 2 o
633:633:E0:|:§ (g—h) + Q2.
The total Hamiltonian is given by the expression
H = ZETXTT-F th,g ,UC] o (16)
04,0
with

eh s = cos(da — ) (XH + X) — sin(ds — )X/ — X[ +
tcos(dn — ¢3)(XP + XP) — sin(ds — d3)(XP° - XP*),  (17)
eh, = cos(ds — 1) (XF + XP) — sin(ds — d1) (X1 — XP) —
—cos(y — 6a) (X + X71) + sin(n — da) (XFT — X74),

It was shown ([6]) that the electron spectrum of the pseudospin-
electron model possesses eight subbands. The single-electron transitions
energies

€, = €5 — €, (18)
where v = (r,s) = (14), (14), (14), (14), (32), (32), (32), (32) are broaden-
ing into bands having a width of the order of ¢.

4. The polarizability operator
The dipole momentum of a unit cell is given by
MY =eR$(nt; +ny;) + gSf, (19)
or in terms of the X" operators
MP = eRY(X2 + X2 - x1 x4 1)+ (20)
£33 (cos(26,) (X7 — XT7) + sin(20,) (X[ + X]7)),
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here the first term is connected with the nonhomeopolarity of filling
of the electron states on a site, the second one is responsible for the
dipole momentum of the pseudospins. To calculate unaveraged Green’s
function {{M2|M;’}} we make an operator expansion, using ¢ as a formal
parameter of the expansion. At first we write the equation of motion,
which is presented in the form (5):

(i) = S Zsmwr)(X" X7) + (21)

Spd? , - T
+§T:4(hw1 _Ic’lvEr+E;)(82n(4¢r)X — 5in®(2¢,) (X" — X)) —

Spad? - -
- Z 4(hwy :’l[CT — E~) (5in(4p,) X" — sin®(2¢,) (X — X)) +

eR} I N
+ hw'f > tijGik — ) {{e] 85010} +

',J’U
#3 gy 2 tuaeon 20X~ X ) +
4,§,0
d rroa N ~
+ Y ST BT B O b U s ) +
i,J,0
d A ~ ~
+ 3 ST BT Ey 2 (X
i,J,0

We can see that in contrast with the Hubbard and ¢ — J models (see
[7]), for the case of the pseudospin-electron model Green’s function
{{M,?|Ml’6}} has the terms, which are of the zero order with respect
to the electron transfer parameter. The appearence of these terms is
caused by the pseudospin dipole momentum dynamics. Now we use for
the function (20) the equation of motion in the form (6). The obtained
after this procedure expression is very cumbersome, so we write out only
one term of that:

D tii (G — 0 {{El el (ny +my)} ) = (22)
47]. <

S b Bk = 83400 — Bo) e 1016l it or})
%)

ivdse
s,p,0’

m Dt Gk = 050 (0s0 = 8302 550

i,4,0
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the structure of other terms is similar. Then we again write the equa-
tion of motion in the form (6) in order to find Green’s function
{{é}-’a_éjﬂ- |éi7g, Cp,o' }} up to the terms of the second order in ¢, considering

the resonant term, which describes the one-electron transition 14 - 14:

Z ti,j(Oik = 0j,k)ts,p(Op,1 — Os1)cos” (da — p1) X (23)
{{X41X14|Cs o Cpor }} =

Z tij(Oik — 0,1 )ts,p(Ops — 0s,)Ticos® (g — ¢51)
W(hwl—E4+E1+E4V EV)

(X7 (cos(da — 1) (X! + X24)) —
—sin(61 — )X}~ XI)))é s -
—él X} (cos(¢a — ¢>1)(X;1 + X;4)) -
—sin(¢s — 1) (X' — Xj1) +
+X T (cos(¢y — $1)(X31) + sin(ps — ¢1)X; 34a
—el | X} (cos(¢a — ¢1)(Xj ) — sin(ps — ¢1)X;.*3)),

We have omitted in this expression the terms, connected with the doubly
occupied states |2 >, |2 >. If i=s, the expression can be written as follows:

Ei,j t?,j (5i,k - 5]',19)(5;',; i l)hCOS (¢a — ¢1)

24
27r(hw1—E4+E1 +EV EV) ( )

(cos®(¢a — o) [ X} (X + X3) — XTT (x4 4 x39)) —
—sin(¢s — dp1)cos(ds — o) (XM + XP°) (XM + X1 +
XX XP 4+ X X,

So we can see that the terms connected with the electron spin reorienta-
tion are absent in this expression because the subband 14 is created by
the pseudospin dynamics - for the Hubbard model this subband is not
present. This expression include the terms which effectively take into
account the electron correlations on the neighbouring lattice sites in the
connection with the pseudospin dynamics. The corresponding Raman
scattering contributions can be important in the presence of the charge
ordered states with the modulation of the electron density and pseu-
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dospin 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 transition
14 —» 32

D i (Gik = 65k)ts p(Ops — 651)cos(ds — P3)cos(pa — p1) X(25)

{IXE - XTI L ep00)) =

>, heos(dy — 451)008(45 — ¢3)ti j(0ik — 0k )ts,j(050 — 0s1)
27 (T — Ev+Ev+Ev—Ev) %

(X (cos(dz — ¢) (X + sin(ds — és)( jm
— X (cos(ds — do)(XT) + sin(ds — d3) XT1)e ) +
X (cos(a — d3) (X1 + sin(ds — d3) (X4, -
_X§T<cos(¢2_¢3)<X43+3m(¢2 93) (X )y 1),

having omitted the terms, including the states |2 >, |§ >. If i=s, we
obtain the following formula:

> hcos(da — dr)cos(da — ¢3)t7 ; (0 k — 0j,k) (850 — i)
27 (hwy — By + E; + BE; — EZV)

x (26)

[cos(p2 — ¢3)cos(pa — ¢1)(X}ZX?§ + X?X}Z - X}’STX?Z -
—XPXB) 1 sin( — gg)sin(ps — o1) (XX 4 X X5 —
SXTNE B XY 4 sin(20s — go — ¢1) XE X 4
FXPX - XX M),

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 can
see 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 of
magnon pairs), as well as with the pseudospin dynamics. To say some-
thing more definitely, we have to obtain and investigate the expres-
sion for the Raman scattering tensor. For this purpose Green’s function
(X XPPY), ((XTT| XPP)), ((X”"|pr)) and others have to be calculated
- this investigation will be a subject of forthcoming publications.
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5. Conclusions

The microscopic approach for the description of Raman light scattering
was applied in this work for the pseudospin-electron model. The opera-
tor expansions in powers of the parameter of the electron hopping were
carried out to calculate the polarizability operator. It was shown that
the polarizability operator is not equal to zero if the electron hopping
is absent, this is caused by the dipole transitions connected with the
reorientation of pseudospins. Analysing the expression for the polariz-
ability operator , we can see that there exist resonant transitions between
the subbands of the pseudospin-electron model. Investigating the terms,
which are proportional to t> we have shown that the two main scattering
mechanisms can be separated between others. The first one is connected
with the correlation of the pseudospin dynamics with the electron filling
on the neighbouring sites, that can be important in the case of the charge
and pseudospin spatial modulation. The second one is analogous to the
two-magnon scattering in antiferromagnets which is here accompanied
by the reorientation of pseudospins.
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