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We have solved two problems of strongly correlated electronic systep@uGy and YBgCu;Og: (1) why
the lowest-energy absorption peak has stronger oscillator strength than the higher-energy sigdeui, La
while this relative magnitude is reversed in YBaOg, and(2) why, in both crystals, the two-magnon Raman
scattering is observed strongly and resonantly enhanced largely around the high-energy absorption peak or
shoulder, while not so appreciable on the low-energy side and around the strongest absorption peak with the
lowest excitation energy. In order to treat these problems, an excitonic cluster model in which the bound and
unbound states of the charge-transfer exciton are treated on equal footing is proposed to take into account the
strong correlation effect of Cu@ electrons and the charge transfer of @) 2lectrons into the empty Cu¢3
orbitals.

I. INTRODUCTION Frenkef® proposed, in order to explain the mystery of two-
magnon Raman scatterif®S), the band-to-band transition
Nonlinear as well as linear optical responses ofmodel of the Mott-Hubbard system. In this model, the Ra-
perovskite-type transition-metal oxides, including,CaQ, = man tensor is expanded to the second order in the intraband
and YBaCwOs; have been studied extensively, fermion-magnon interactions, and multiple resonance is
experimentally=2° and theoretically®~*® Theoretical under- found to be responsible for the enhancement on the high-
standing, however, is still controversial because of the diffi-energy side. However, the CT between Cu and O ions and
culty of describing the competitive behaviors between thd!€ €xciton effects were completely neglected.
strong correlation effect of @ electrons on Cu ions and the In the present paper, we treat both the bpund and unbound
itinerant property of the particles and holes involved. ThisState$ of the CT exciton on the same footing. Therefore, we
point is in contrast to the case of the corundum-structur(%ake into account also the contribution of the band-to-band

transition-metal oxide, e.g., antiferromagnet&s) Cr,0, ransitions to these optical responses. For this purpose, the

) . . model of an excitonic cluster is proposed in Sec. Il. B
in which the model of localized electrons works very well brop y

basi $2.48 Ki . | adopting this model, we will be able to understand the two
as basis states:™ For many perovskite-type transition-metal following problems. First, the exciton effect is stronger than

oxides the effective transfer-matrix elements between th,q itinerant nature in L& uO,, while the opposite is true for

transition-metal 8 and the oxygen @ orbitals and the ele- YBa,Cu;0s. This is seen in the absorption peak of the

ments between the neighboring oxygep @rbitals and the |owest-energy exciton which is stronger than the band-to-

binding energy of the charge-transf@T) exciton are all of  pand transitions on the high-energy side in,Cao,, while

the same order of magnitude. However, the correlation €Nthe oscillator Strength distributes Opposite|y in %BaIBOG

ergy of 3d electrons and the energy separation between thghjs effect is discussed in the first and second part of Sec.

O(2p) and Cu(3) are much larger. In the present paper, we|||, Second, we can solve the mystery of why the two-

propose an excitonic cluster model in which the bound angnagnon RS is so strongly observable. Further, we can find

unbound states of the CT excitations from the @electron  the reason why the two-magnon RS is not resonantly en-

into the empty Cu @ orbital are equally taken into account hanced even when the frequency of the incident light ap-

using the characteristics mentioned above. proaches the strongest absorption peak with the lowest exci-
So far, the small exciton model has been adopted in ordegtion energy, but is resonantly enhanced when it becomes

to explain the large dispersions of CT excitations observedlose to the weaker absorption peak or shoulder on the

by angle-resolved electron-energy-loss spectroscopy iRigher-energy side in both crystals. This will be discussed in

Sr,CuO,Cl,, where the same CuyOplane responds to the the third part of Sec. Ill. Section IV is devoted to the discus-

visible light?® Zhang and N& concluded that the dipole- sjon and the listing of several future problems.

allowed CT exciton has a dispersion as large as 1.5 eV be-

cause the bound exciton of a spin singlet can move through

the lattice freely without disturbing the AF spin background. Il. HAMILTONIAN AND BASIS STATES

For this reason, they obtained exciton dispersion by neglect-

ing the AF A- and B- sublattice structure of the system. In

their research, the free electron and hole propagation was We confine ourselves in the present paper to cuprates

completely neglected. On the other hand, Chubukov andla,CuQ, and YBgCu;Og which are parent crystals of high-

A. Mott-Hubbard Hamiltonian
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FIG. 1. Schematic diagram of the hybridization of the @ 2

and Cu 3l,>_,2 orbitals. The signs- and — represent the phase of 0 %

wave functions of O P, , orbitals around Cu 8,2_,2 orbitals inA

andB sublattices. @

temperature superconductors. These are AF insulators at an 0 @ m a 0 0 @ ﬂ) @ 0
below room temperature. The low-lying optical excitation of

these crystals in the visible region is known to be determined @ @

by the CuQ plane. The relevant orbitals, i.e., Cudd_?2) a o

of A and B sublattices in the AF structure and O {2

=2py,y) surrounding these are drawn in Fig. 1 together with ©) @)

the phases of these wave functions chosen in this paper.

We have found that the three-band Mott-Hubbard Hamil- FIG. 2. (a) Notations and numbering oA- and B- sublattice
tonian can describe optical responses of@@0O, and its  copper ions and oxygen ionf) one of the charge-transfer excita-
family in the visible regiorf® The three bands consist of O tions ¢(1,0) in which a down-spin electron in thepR orbital of
2pyy OF 2p, with its energyE,+U,, singly and doubly the O, [027(1,0)] ion is transferred to thé-sublattice Cu ion(c)

occupying Cu 8l,2_,2 levels with energie€y and E4+U, «//?2,0)(71,0) in which two electrons, i.e., an up-spin electron in
respectively. We start from the following modified three- ©:LO (1,0)] 2p, and a down-spin 8,2, electron on the nearest-
band Hubbard Hamiltonian in the electron picture: neighborB,[ Cu(2,0)] ion of the B sublattice are exchanged, and

(d) ¢f\2’0)(0,1) in which an up-spin electron in,007(0,1)]2p, has
propagated into a2 orbital at Q in (c).
Hei= X Eqalyai,+ 2, Epbl,bi,+Hy+UD aljaa)a
e ho ' energies: 4 ande ,, respectively, if we se4+U=—&4 and
: . : . E,tU,+2V=—¢,. We have chosen the electron picture
+U,> bfibyblb +VY > ala,b b, because it makes the physical understanding much easier.

| igo! el

(2.1 B. Excitonic cluster model

We will consider the case of L&uUO, and YBgCuz;Oq
b= 2 Vialbiet > X Viblby,. which satisfyt,<ty<U+E4—E,~U, and Ep+U,—Eq.
o 1edi} 7 1reh) 2.2 Therefore, we are justified to expand the physical quantities
' in terms oft,/(U—E,—Up) andty/(E,+Up) by choosing

HereU and U, are the on-site Coulomb repulsion at a Cuthe origin of energy aE = 0. Under this condition, the elec-
and an O site, respectively, antlis the Cu-O interatomic tronic ground state around the A# sublattice may be de-
Coulomb repulsion between the nearest-neighbor Cu and 6cribed as in Fig. @). This figure depicts the Cii(3d)°,
ions. The hybridization matri¥; between the nearest neigh- with its up-spin 2l,2_,2 electron surrounded by four
bor O 2p, and Cu 3l,2_2 orbitals ( «{i}) and the charge O? (2p)® ions as the nearest neighbor and four Q8d)°
transferV,;, of the O (2) electron between the neighboring ions of B sublattice as the second-nearest neighbors. The
O 2p, orbitals (' €{l}) are described by, andt,, respec- radiation field can induce the CT excitations as seen in the
tively. Strictly speaking, the Hamiltonia(2.1) describes a example in Fig. &) through the transition dipole moment
four-band model because (b2 has the energ¥,+U, or  operator
Ehp depen_(l;ling onf the cc())(rl;i)gjsuratiolrl Qg or |O(§I|3)5 bur;t
the contribution from is almost negligible in the B "
evaluation of theE, symmetry state, so that we may regard P_% |62{i} Miby 58+ h.C., 23
our system effectively as the three-band model. The elec-
tronic ground state described by the Hamiltoni@l) and  where the transition dipole momepi; is linearly propor-
(2.2) of both undoped LgCuO, and YBaCu;Og has one tional toty and also to the unit vector drawn from thh
(3dy2_2) electron per Cti" ion and two 2, electrons per lattice point to thdth. In Fig. Ab) the down-spin electron on
O? ion. Note that this electron picture is equivalent to theO; is transferred to the copper ioh at the center by the
conventional hole picture for Cu¢ and O(2) with hole  componentP,. The corresponding excited state will be de-
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TABLE |. Examples of basis functions in site representation. The vacuum |€tatis defined by the
product of O (3)* and Cu (31)® in which two 2p, electrons and G2_y21 and A,2_,2| electrons are
missing. For simplicity, we have introduced the notatjol' . It represents the state where the ions of the
system are left in the same state asgh, except for those &0,0), (1,0), and(2,0), whose Ry2_y2 and 2,
orbitals are empty as in the vacuum state.

A B
o= I diceman) [T dfcezman) TI plmn) pf(mn) |0)
m+n=odd m+n=odd

m+n=even

YA(1,0=d} (0,0p,(1,0 |g)
=d},(0,0d},(0,0d,(2,0pl(1,0 [0)'

W o(1,0=d} (0,0p(1,0dL,(2,0dg,(2,0) |g)
=—d},(0,0d},(0,0d},(2,0p](1,0 [0)’
=—p[(1,0p;(1,0d5,(2,0dg (2,0 ¢A(1,0

W 0(0,)=d} (0,0p;(0,Ddf;(2,0dg,(2,0) |g)

noted asy”(1,0). Reflecting B, symmetry of the Cu@ andt,. Therefore, to simplify the diagonalizing of the en-
plane, we have four equivalent CT excitations: €'y matrix, one should make the best use of the symmetry

Y™(1,0)47(0,1) yA(—1,0), and ¢A(0,—1) around the Of Dan in our system. At first, four dipole-allowed states
A-sublattice Cu ions and/®(1,0),42(0,1),43(—1,0), and around theA(B) sublattice are mixed with each other by the
¥#(0,—1) around theB-sublattice Cu ions, both of which Second-order process ity, i.e., t;=tg/(U—V—U,—Ey)
are connected by the electronic dipole transition from theandt,. When we diagonalize the eigen equation
electronic and magnetic ground state. Here and hereafter we

assume the AF, i.e., the Miestate, for the magnetic ground Eo tit+tp ty ti+t, V(1,0
state. When two electrons of @p,]) and

B, Cu(3dy2_y2|) are exchanged through the perturbation bWttty B Lt 4 V01
process of the second order ig, i.e., the Zhang-Rice bttty Ep  titty || ¥A-10
mechanisni? we have an excited state called the exchanged ty+t, t, ty+t, Eo ¢A(0,_ 1)
state. This is shown in Fig. (@ and is represented as

1,//?2'0)(1,0), where the two-dimensional argument0) de- yA(1,0

notes the hole coordinate as above and the sU#i® gives 0,1

the position of the reversed spion theB sublattice of the =E A-10 | 2.9
CuO, plane. We have four equivalent excitations ’
Y3010 52(0.1) ¥ 20(~1,0), and 52 5(0,~1) vA0-1)

around both thé\- andB-sublattice Cu ions. When these are ] ) ) ) )
radiatively annihilated by the electric dipole interaction, the'& obtain the eigenfunctions and eigenenergies of the four
result will be the reversal of the orientation of a spin pair onCT States
the A(B) sublattice (0,00 and the B(A) sublattice (2,0),
(—=2,0),(0,2), or (0;-2). These states correspond to two-
magnon excitation in the electronic ground state. These two
kinds of CT states can contribute strongly to the linear
optical-absorption and two-magnon RS processes in the site E+ 3t.+ 2t

. . _ 5 . 0 1 pe
representation. However, the hole, i.e.; (@p)> configura-
tion in the CT excitation, can propagate iTgo any othey)( 1
site relative to the electron, i.e., the QB8d)*° configuration 1 _= _ _ _ _
at the origin (0,0), by the repeated application of the process Vioa 2{1#‘(1,0) PAOD+IA=10-yN0-1)},
of the second order ity and/or the first order im, [e.g., see
Fig. 2(d)]. Fortunately, only the configuration in which the Eo—t1—2t,,
electron[Cu*(3d)!° and the holef O~ (2p)°] are in the
nearest neighbors will contribute to the optical response, so 1
that these higher-order configurationstgpandt, may be 1= _ _ _
treated as perturbations as seen in this paper. 'FI"he wave func- Wexn \/§{¢A(1’O) VA(=10), Eo~t,
tions given in Fig. 2 are expressed in Table | in the second
guantized form for reference to make our phase choice

1
clearer. wéyAzﬁ{lpA(O,l)—w(O,—l)}, Eo—t1.

1
Vaa=5WALO+YA0D + A= 1,0+ A0~ 1)},

There are too many basis states in this site representation
when we take into account the higher-order processﬁé of (2.5
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Here the diagonal enerdy, is evaluated to the fourth order
in to, i.e., to the order ofl the superexchange energy which
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When the oxygen hole propagates to the second and third-
nearest neighbors of th@,0 site, it will give rise to the

induces the AF structure, in addition to the exchange energipollowing states withE,, symmetry:

to the second order ity,

Eo=U—E,—U,—V+t;—tj—t)+J, (2.6
where
t b 2.7)
L U-E,—U,—2V’ '
t6 %
t2: y t,: ’ (28)
Ep+U,” 2 Ep+Up+V
and
; 4ty 1 1
T (U—E,~U,~V)2|U  2(U—E,—U,—2V)
(2.9

Thus we have four state!slg(‘lf A Blg(\lfbA) and twofold
degenerat&, (¥, , and W eya) around theA sublattice, that
are symmetry adapted according to the irreducible represe
tations of the grou®,,. We have also similar expressions
for the eigenfunctions and eigenenergies aroundBtiseib-
lattice. Among these, only the states wig) symmetry will

V= 2{¢/*(21)+W*(2 D=yA=2,D-yA(-2,- 1)},
(2.12

Ve a= 2{¢/“(12)+¢A( 12— yA1,-2)— (- 1,-2)},
(2.13

V= \/—{¢A(30) yA(—3,0}, (2.14

Wiy a= \r{gl/*(o 3—¢A0,~3)}. (219
These states in Eq$2.12—(2.15 are obtained fromI'eXA
and ‘IfeyA after applying two steps of CT mvolvmg) ie.,
they are states, perturbationally, té/hlgher tharT\IfeXA and
\PlyA To the next higher order ify, i.e., intg, we must
include the following states with the electron and the hole
still in the nearest neighbor but with the h¢l@(2p,|)] and
the reversed spiithe magnop propagating away from the
original locations given in the stateEéxA(O) or \I’eyA(O)

T5ee Fig. 2d)]:

contribute to the linear absorption and two-magnon RS. Fur-
thermore, the states with the same symmetry in the site rep-
resentation are mixed with each other through the charge-
transfer processes involvirtg andt,. Therefore, only the
basis functions withE,, symmetry which are made by the
higher-order processes tp andt,, will be considered here-
after. The basis functions corresponding to Fi@c) Zre de-
rived as

Wexn(0)= \/—{'ﬂ(zm(lo) Wlao(—1.0} (210

1
Weya0)= E%'Z)(O’D_ Wo-2(0~1)}, (219

where the two-dimensional argument of the wave functions
on the right-hand side, e.g1,0) describes the hole position
of O(2p)° relative to that of the electron Cu(@3'®. The
two-dimensional(2D) suffix gives the position of the re-
versed spin which is induced by the exchange of the
O(2p, 1) electron with the nearest Cud _2|) electron in
the same manner as previously explained. The argu@ent
of the function on the left-hand side was introduced to indi-
cate that the hole is located at the neighboring oxygen io

ViA1=

W a(1)=

vy (2)=i{<//* (—1,0— ¢ ,0(1,0}, (2.16
exA \/E (2,0) ’ (—2,0\*+ d .

N <2>=i{z/f\ (0,—1)— ¢y (0,1}, (2.17
eyA \/E (0,2\ ¥ (0,—2)\% ' .

1
Vel D=5 {U20(0D = ¥ 200D+ Yf30(0.~ 1)

~ (200~ 1)}, (2.18

1
{0210~ ¥o-2)(1.0+ (o2~ 1.0

—o-2(— 1,0}, (2.19

1
‘Pé’xA(l) = E{‘/’(AO,Z)(LO) + 'ﬁ(Ao,—Z)(l,O) - l//(Ao,Z)( -1,0

~ o2~ 1.0}, (2.20

1
S0 0D+ 20(0.) = Yf50(0—1)

— Y200~ D)} (2.2

Note that the magnofthe reversed spjrhas propagated by

that is closest to theeversed spinWhen the hole is located WO StepS itg in forming Wen(2), starting from¥, 0),

at the second closest oxygen ion, argum@dntwill be used
and so on[see below, Eqgs(2.16—(2.21)]. No argument
means no reversed spin.

while W', (1) can be reached by one stept jnor two steps
in to also starting fromlfexA(O) Although the last two states
v, X‘yA(l) given by Eqgs(2.20 and(2.2]) are also obtained
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by one step irt, or two steps irt, from ‘PéX’yA(O), they are

found to have no mixing througH’ with other states and no
contribution to the linear absorption and two-magnon RS.

Therefore we will discard these stateﬂ{i (1) and

EXCITONS AND TWO-MAGNON RAMAN SCATTERING O . ..

7037

W= \/—{M(05) yA(0,-5)}. (2.3D)

The basis function® 7, ,(0) (n=4,5,6) in which two elec-

v, yA(1) from our consideration in the present treatment oftrons are exchanged betwedrO(2p)®,2p,1] and the

optical responses.
When we exchange the hole QP (2p4] electron in
w2 ,and V2 , and the nearest-neighbor Cu()d in the B

sublattice (mxz_yzi electror) we have the following states

which are byt higher tharn} Aand\lfe As I-€., Of the same
order int, as the states of Eq$2 16- (2 21,

WEA0) {'ﬂ(z (2. + a0 2= 1) = ¢ 50— 2,1)
_‘/’(A—z,O)(_Zv_ 1)}, (2.22
1

W2 A0)= S {¥o2( 1D+ Yoo~ 1D~ U 2(1—2)

~ o2~ 1-2)}, (2.23

WiA0)= \/—{¢(20)(30) Wa0(—3.0}, (2.29

1
\ngA(O) = E{W?o,z)(oa@ - lﬂ'(o\ov,z)(O,— 3)}. (2.29

To this order, we must also include the following three sets

of states:

V=3B + IAG- 2 A~ 32 - WA~ 3-2),
(2.2

1
Va5 {023+ A2 -3) —yA(- 23— yA(-2-3)}
(2.27

V= 2{¢A(41)+¢A(4 D= yA=4D—yA(—4,-1)},
(2.28

1
q’eyA 2 {l/fA(l,4) + ¢A( - 1!4) - ¢A(1!_4) - lﬁ( - 1,—4)}
(2.29

W= \/—{W(50) yA(—-5,0}, (2.30

nearest-neighboB sublattice[ Cu(3d)®, 3dy2_y2] ] are ob-
tained from the above equations, though these states are by
tS order higher than¥'}, ,. We must also repeat these proce-
dures around thB sublattice. Since only the symmetric state
with respect to the interchange #&f and B sublattices can
contribute to the optical responses, we finally obtain the
eigenstates belonging to the eigenenetg\f the CT exci-
tation as a symmetric linear combination of the states with
the same symmetry species,

ey [i]=ai[ex]We,, +bi[ex]We,, (0)+cilex]¥e,, (2)
+di[ex] Ve, (1) +e[ex]VE,,
+fi[eX]W2,, (0)+gi[ex] ¥,
+hilex¥,, (0)+ji[ex]¥e,.
+ki[eX] W (0)+1i[exX]We,,

+mex]¥S,, (0)+ (2.32

where

n
\I’eer

{‘1’ xaT Vexah

%

ex+ ()= \/—{\P xA(i)_"lI,re]xB(i)}- (2.33

C. Energy matrix and its diagonalization

Let us first give the secular equation to obtain the eigen-
energies {E;} and the corresponding eigenfunctions
{Weyi[i]} in terms of the set of basis functions:

(Wl Wi, (0¥, (2),VL, (1),¥2, W2 (0),

‘ng-k ' x+(o) ‘I’ex-%— ' x+(o) \I,ex-%— ' ex+(0)v T }
(2.34

Here the charge-transfer effddt in Eq. (2.2 is taken into
account by the degenerate perturbation method, and the off-
diagonal matrix element is evaluated to the first ordetyin

and to the second order i3. The diagonal component is
evaluated to the fourth order iy as mentioned in the pre-
ceding subsection. Note that these bases are the states with a
single excitation, i.e., one electron Cu{(3_,2)'° and one

TABLE Il. Material constants fofa) La,CuQ, and (b) YBa,CusOg.

U U, Ep to tp Vv J
La,Cuo, 10.0 35 3 0.82 0.40 0.50 0.14
YBA ,CuOg 10.0 3.4 3 1.0 0.55 0.35 0.12
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hole O(2p)°, while the intermediate states in evaluating the a;[ex]
perturbational effects dfi’ are those with two or zero exci- Hioo Hio Hiw .
tations bi[ex]
The secular equation we have used in the present paperM=| Hu,  Hyn Hipw |, o=| cfex] |,
now reads
HIII,I H||| 1 H||| 111 m[ex]
MO =E®, 2.3 ‘
239 (2.36)
where with
|
80_ti_t2 _té O O
—t et t V2(tp—t7)
Hii= ' ' , (2.37
0 t gotts V2t~ ty)
0 V2(t—t) V2(t,—t)  eot2t
V(=7 —N2y+n) -1~y
20yt \20ty-1) (vt o7
Hin= , (2.39
0 0 y 0
y 0 0 0
0O 0 0 O
0O 0 0 O 5
H — .
=9 o0 o ol (2.39
0O 0 0O
e1-ta=2ty  —(ti+2h+ts)  V2(t,—t)  —V2(ti+ty)
— (1142t +1)  e]—2t3-3t,  —\2(tj+t)  V2(tp—ty)
Hyn= , \ (2.40
V2(t,—tp) —2(tj+1y) g1t 1y —l—t3
—\2(t+t) V2(t-ty) “t-ts  e1—2(ttty)
to—t; O 0 0
0 0 0 0
H||’||| = 0 0 \/E(tp_ti) 'RE (241)
0 0 0 0
Sl_tz_t3 _t2_t3 tp_tz _ti_tz
_tz_tg 81_2(t2+t3) _ti_tz tp_tZ
Him= t—t i—t VN L (2.42
p—t2 1t e1——t— 1ty to—1t3
_ti_tz tp_tz _tz_t3 81_2(t3+t2)
|
In these equations, we have set 1, 1 ,
3 7:§(t1+tl , Tzi(tz-i-tz), (2.45
go=U—-U,—E,—V+J and gy=go+;J,
2 and
(2.43
’ 3 n t(z) tg 2 4
e1=¢ggtV and e;=¢g;+ EJ’ (2.44) t1 U_Ep Up—3V, tg—m. (2.49
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TABLE lll. The eigenenergies and eigenfunctions for,CaO,.

Ei(eV) g b; Ci d; € f; gi h; Ji ki l; m;

1.96 0.12 -062 -0.21 053 -046 014 -004 020 0.06 0.00 0.02 0.01
2.12 0.v7 013 -0.08 -0.03 -0.02 033 034 038 0.02 -0.02 -0.09 -0.01
2.80 0.20 -0.27 021 -006 044 068 -0.17 -0.20 -0.23 0.12 0.29 -0.08
2.86 030 -0.14 018 001 -0.14 -0.38 -0.40 032 -0.14 029 057 -0.02
3.02 0.19 -0.19 065 -036 -027 0.04 -018 -018 0.29 -0.19 -0.24 0.23
3.19 0.01 -0.24 -0.08 024 042 -007 -037 041 0.00 -050 -0.22 0.31
3.24 0.04 -0.15 0.18 -002 -0.03 -0.12 -0.11 0.10 -0.41 -0.07 -0.44 -0.74
3.43 005 011 -009 -009 -0.24 -003 0.15 -0.20 -0.62 -0.60 0.29 0.18
4.05 039 033 -036 002 001 000 -058 -049 0.10 -0.07r -0.08 -0.11
4.66 0.08 000 000 002 002 -006 -005 -0.09 -053 050 -044 051
5.50 014 031 052 068 023 -0.15 0.17 -022 0.04 0.02 0.03 0.02
5.91 029 -041 -0.12 024 046 -047 034 -035 0.05 -0.02 0.05 -0.02

We diagonalize the charge-transfer matkx Eq. (2.36) When the excitonic effect is much stronger that), and

with the basis states corresponding up to tile nearest- the second-order effect ¢f, the excitation is well localized
neighbor electron-hole pair. When the change in the eigenwithin a unit cell so that the optical response can be de-
functions and eigenenergies below 3 eV is negligible bescribed by{¥? . ¥l  (0),¥l,.(2), ¥l (1)} as bases.
tween thenth- and the (—1)th-neighbor basis functions, This is almost the case of L&uQ,, and both the spectra of
we concluded the convergence as sufficient at such a value fear absorption and the two-magnon RS resonance en-
n. Then we used the obtained results to calculate the absorpancement could be described in terms of these four basis
tion spectra and resonance enhancement spectra of twfnctions*® For LaCuQ,, the large absorption peak ob-
magnon RS of LgCuO, and YBaCuwOs as shown in the served on the lowest-energy side corresponds to the dipole-
next section. Material constants used here are listed in Tablgowed State\lféer and the weak shoulder on the high-

Il and their values are close to those obtained by othegpergy side comes mainly from the hybridization of the
groups.=" Eigenenergies and  eigenvectors gipole-allowed state onto thell(0) state through the

{ai.bj,....mj} are listed for LaCuQ, and YBaCuOs in second-order exchange effecttin However, when we take
Tables Il and IV, respectively. into account the mixing of the unbound electron-hole states
W2, and¥3,, onto¥( , throught, andtj terms, a better
11l. OPTICAL ABSORPTION AND TWO-MAGNON RS agreement between the theory and the observation is ob-
tained. This is because part of the oscillator strength, though
A. Optical responses of the two systems small, moves from the lowest bound CT exciton into the

Before going into the details of the calculation of linear unbound states on the high-energy side.
absorption and two-magnon RS resonance-enhancement When the CT effect, andt,, t;, t,, or t; become the
spectra, let us consider the difference between the opticglame order of magnitude or larger than the excitonic binding
responses of the bound and unbound states expected for thgergyV, a large part of the oscillator strength is removed
two systems, i.e., L&uO, and YB3 Cu;Og. This difference  onto the unbound statekg,, and¥{,, (0) (n=2). This is
is closely related to the observed features of both of thehe case of YBaCu;Og. However, the contributions from the
spectra shown in Figs. 3 and 4. states with larger electron-hole separatiare reduced as

TABLE IV. The eigenenergies and eigenfunctions for ¥B8e;0g.

Ei(eV) q; b; Ci d; € f; gi h; Ji ki l; m;

1.62 030 053 009 -038 047 017 018 043 -0.05 -0.02 -0.03 -0.02
1.73 060 -0.27 -019 028 -025 047 036 014 005 -0.03 -0.11 0.00
2.30 0.24 019 -0.07r 001 -045 -0.70 006 039 015 -0.04 -0.12 0.07
251 025 -015 0.05 007 002 -0.06 -0.27 023 -0.16 047 0.73 -0.03
2.76 033 -001 0212 -0.16 -0.04 0.12 -0.07 -0.10 051 -0.07 0.18 0.77
2.85 019 -035 006 020 030 -0.06 -047 037 -0.20 -054 -0.13 0.15
2.92 0.23 -0.16 066 -040 -029 005 -0.22 -0.17 -0.06 -0.01 -0.18 -0.28
3.09 0.20 0.19 -011 -0.12 -026 -0.01 023 -023 -0.57 -049 040 0.20
3.90 043 037 -041 005 003 000 -053 -044 0.10 -0.06 0.05 -0.08
4.47 0.08 0.00 000 001 0.02 -006 -0.06 -0.08 -054 049 -045 0.0
5.70 025 0.08 043 052 040 -034 029 -0.33 0.05 -0.02 0.04 -0.02
6.03 0.22 -051 -033 -051 032 -034 024 -0.22 003 -001 0.02 -0.01
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FIG. 3. (@) Experimental and theoretical absorption spectra
g,(w) of La,CuQy. Solid line: theoreticak,(w); dotted line(Ref. FIG. 4. (a) Experimental and theoretical absorption spectra
1): experimental e,(w). (b) Two-magnon Raman intensity &,(w) of YBa,CuOs. Solid line: theoretical,(w); dotted line
|xxx(@)]? of Lay;CuQy,. Solid line: theoretica) vy (w)|?; solid rect-  (Ref. 5: experimentale,(w). (b) Two-magnon Raman intensity
angles(Ref. 14: experimental y,(w)|2 in comparison to the the- | xxx(@)|? of YBa,Cu,Op. Solid line: theoretical x.()|?; solid
oretical &,(w) (thin solid ling. I';,=0.32 eV and I'j-, rectanglegRef. 14 and circledRef. 19: experimenta] y,,(w)|? in
=0.34 eV. comparison to the theoreticat,(w) (thin solid ling. I'y,

. ) . =0.32 eV andl’;.,=0.36 eV.
increases because the optical responses are determined only

by the nearest-neighbor state®l, ., ¥l . (0), and
‘IféH(Z). Infact, the linear absorption is determined only by N . .
the coefficienta[ex] of W1 . , whereas the enhancement The transition dipole moment ¥, [i] from the ground

ex+ - .
spectrum of two-magnon RS is governed byjex] and state|g>, the Neel state, is evaluated as

ci[ex] of Wi, (0) and¥l,. (2) as well asa[ex] as seen
below in Egs.(3.1)—(3.8). Spatially separated electron-hole Pgi=(aIP Wy [i])=ai[ex]uy, (3.0
states contribute to the optical responses as the higher-order
perturbations int, and t,. The absorption spectrum of wherepu, is thex component ofu; . Then the imaginary part
YBa,Cu;0g is almost determined by the eight lowest basisof the dielectric functiore,(w), which is proportional to the
states. Even the enhancement spectrum of the two-magn@fear absorption spectrum(w), is derived as
RS is determined by the 12 basis states given at the begin-
ning of Sec. IIC. Inclusion of further states with larger 2
electron-hole separation corresponding to higher-order per- X w)=4mN, u? (ailex)) T

- 2 uMy. PRY 2
turbation was unnecessary. =1 (Ei— o)+

B. Absorption spectra

(3.2
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wherel’; is the transverse relaxation rate of fltle level and (f 2-spin deul pX|\péx+(2)>: -y (3.5
N, is the number density of the unit cells. The calculated '

absorption spectra together with the experimental spectra are (Fospin ded PYPL, (1))=0, (3.6
shown for LaCuQ, and YBaCuOy in Figs. 3a) and 4a), pin dev e

respectively. (fo-spin ded P [Wex)=0 (n=2), (3.7

As emphasized in Sec. lll A, the relative magnitude of the
oscillator strength of the lowest-energy bound exciton to the n
strength on theghigh-energy side is vg)r/y sensitive to the rela- {F2-5pin 0ed P Vey: (0))=0  (n=2), 38
tive magnitude of the exciton binding energto the effec- e find that the Raman tensag,(w) per unit cell is ex-
tive charge-transfer matrix elemerf. In the case of pressed in terms dof[ex], bj[ex], andc[ex] as
La,CuQ,,V>t,, the exciton(bound state vl atE,
=2.12 eV and the two-magnon excited stalft-léx+(0) at < ailex](bj[ex]—ci[ex])
E,;=1.96 eV are rather good concepts as shown by the am- Xood @)= 2| o 21 E—w—il, :
plitude of W2, (a,=0.77) and that of'.,. (0)(b,=0.62),
respectively. These two states constitute the strong absorp- The Raman tensors in Eq&.3) and (3.9) represent the
tion peak on the low-energy side. The unbound stdtés, contribution from a single unit cell in which two inverted
andV¥2 . and their exchanged stat#,  (0) and¥2 ,(0)  spins in the site representation are located in the nearest-
are only weakly hybridized with¥. . and ¥l  (0) and neighbor Cu ions, e.g., tiath andnth ion each in the and
contribute to the weak shoulder on the high-energy side aB sublattices. We now proceed to the evaluation of the crys-
the second group of statés=2.80 eV andE,=2.85 eV  tal Raman tensoxlgﬁ(w) 49 For this purpose, we remember
in the absorption spectrum. Remember that, when the holthat two-magnon RS has usually been described by the fol-
O~ (2p)® with up-spin electron @,1 and the electron lowing RS Hamiltonian®
Cu*(3d)*° on the A sublattice f%rm the bound states, the
up-spin electron @,7 on O (2p)° can be exchanged with _ ,
the down-spin electron B2_,2| of Cu?*(3d)® on the B Hrs= <%> A(E - onn)(E" - 0mn) Sy S, (3.10
sublattice, and the result is what we dhlé exchanged state ) .

On the other hand, in YB&u,Og, the lowest two states Here the sum(mn) is carried out over all the nearest-
atE,=1.73 eV andE;=1.62 eV are well hybridized with neighbor pairsg andE’ denote the incident and scattered

the unbound state¥2,, w3 . W2 (0),andW3, (0) and electric field vectors, respectively, and the veatgy, is the

ex+ . . . .
; _ : unit vector drawn from sitén to its nearest neighbor. The
vice versa, asV=0.35 eV, here is smaller than, 9

=0.55 eV. These two levels have an absorption peak on thglamiltonianHgg is an effective Hamiltonian which is valid
low-energy side at around 1.7 eV. Three levels Bt within the spin space. Our Raman tensor E3}3) is then
—2.76 eV,E;=2.85 eV, andE,=2.92 eV, which consist related to the matrix element of this Hamiltonian as follows:

(3.9

mainly of ¥4,, , W3 ., andW¥2,, , have reasonable magni-

tudes for transition dipole momends=0.33,a5=0.19, and (flHrd@)=— E P?gE;
a;=0.23. As a result, the second absorption peak can have a a

relatively larger oscillator strength than that found in the case

of La,CuQ,. The convergence of the linear absorption spec- = —E E;XLQB(w)Eﬁ
trum was satisfactory as the inclusion of the unbound state ap

W, (n>4) gave almost the same spectrum as that obtained

by usingWl, . (n<4). =—> ELEz > Alw)
ap (mn)
C. Two-magnon RS resonance enhancement X((rmn)a(amn)ﬁ<f|sm’sn|g>! (3.1)

The resonant-enhancement spectrum of two-magnon R®here|f) and|g) are any pair of states within the manifold
is described by the absolute square of the Raman tensor of Ci?* spins. The expressioRg; on the right-hand side of
the first line represents the transition moment associated with
f PYPY, PYPY the excitation fromg) to |f), which is induced by the inci-
X @)= > E 0T TETariT |’ (3.3  dent electric field. On the second line, this expression is re-
iFa.f (Figm @i EirT @il placed by zx!%(w)E, in accordance with the definition of

wherew denotes the angular frequency of the incident radia:[he susceptibility tensor. We thus find the following relation:

tion field andE;; is lower by two-magnon energy thdfg
=E;, the eigenenergy of dipole-allowed excited states Xoh(w) = > A0)(Tmn) ol ) 5 F| S Shl 9).-
\Pex+[|]- Let us Ch005¢f>:|f2—spin dev}v and|g>:| Neel > {mo)

where |, in ey denotes the electronic ground state with (3.12
two nearest-neighbor spins reversed as compared with the
ground state Neel ). Noting Eq.(2.32 and

When we treat the two-magnon RS, we expand the spin
operatorsS,, (A sublatticé andS, (B sublattice in terms of

1 the magnon operatorg, and B, through the Fourier trans-
(F2-spin ded P¥| Wi (0)) = ux, (34 form and Bogoliubov transformation as
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1 The most interesting problem of this strong two-magnon
San=—— > S, explik-Ry) = V2S(uaf+viB), RS is the mystery of why this RS is not resonantly enhanced
N, meA even when the incident light frequeneyapproaches the first
(3.13 exciton peak but it is strongly enhanced forclose to the
higher-energy levels. We are not interested here in the two-
+ : _ t magnon RS spectrum itself but in the problem of how the
Sy expl —ik: R) = V2S(ueBl vy, total intensity of two-magnon RS is enhanced when the in-
(3.14  cident light w is resonant to the higher excited levels. To
solve this problem, information on magnon dispersion is not
necessary and it will be sufficient to point out that this en-
hancement spectrum can be described by the absolute square
of the Raman tensor given by E¢3.9) as shown by Eq.
(3.17. This point was justified in Ref. 49 as long as the
exchange interaction in the second ordetpi.e.,tq, t7, to,
andt;, is much larger thad/4, i.e., the fourth-order expan-
Hrs= —E A(w)SFaB(k)(uﬁJrvﬁ)al,Bik, (3.195 sion inty. This is the case of our cuprates as the valldeis
k by an order of magnitude smaller than t;, t,, andt;.
where we have kept only those terms that lead to the two- R@man scattering due to single or double phonons has
magnon excitation from the ground zero-magnon sf@je been described trad|t|ona}lly by expanding the _baS|c Raman
The trigonometric factoF , 4(k) is defined by tensor of Eq(3.3) to the first or second orders in the intra-
band electron-phonon interactions. Chubukov and Fréhkel

+

1
SN

with S=1/2 in the present problem. Here the coefficiemts
and vy in the Bogoliubov transformation obew,|?—|v|?

=1, and the summatiom(n) runs over theA (B) sublattice.
Then the RS Hamiltonian equatio3.10 is rewritten in
terms of the magnon operators as follows:

expanded the basic Raman tensor in a similar manner in
Faﬁ(k)zz (Omn) o Omn) geXpiak- oy, (3.16 terms of the intraband fermion-magnon interaction to the
n second order assuming the band-to-band electronic transition
of the single-band Mott-Hubbard model to be involved in the
resonance enhancement. However, in the present cuprates,
relevant electronic excitations in the visible region are
known to originate in the charge-transfer from @(2 to the
empty Cu(3l,2_y2) orbital, and two-magnon excited states
are strongly hybridized with the dipole-allowed excited
fg - ] states. Therefore, it seems reasonable for us to take into ac-
Xap(@)=Xap(0s. K, —K w;,0) count these two-magnon excited states
—A(0)SF (20D, (317 {Yer(0)Wer(2).Wey (1),W,.(0), .. .} from the very
beginning in describing the electronic excited states of these
Here let us remember that the final staf¢ contains two systems as has been done in the present paper. As a result,
magnons with their wave vector and energk,«f,) and we can describe two-magnon RS by the basic Raman tensor
(—k,o_,). We may neglect here the wave vectors of theitself without resorting to the perturbational expansion of the
incident light w;=w and scattered one, in comparison intraband fermion-magnon interaction. From the present
with that of the magnon, i.ek. See Ref. 49 for the trigono- point of view, this is also the reason why strong two-magnon
metric factorF , 4(k). Then the spectrurh, g(ws, ;) of two- RS has been observed in these cuprates.
magnon Raman scattering can be described in terms of the The resonance-enhancement spectra of two-magnon RS
Raman tensor of Eq3.17) excluding an unimportant factor are given for LaCuQ, and YBgCu;Og in Figs. 3b) and

where a is the distance between the nearest pair of ‘Cu
ions. When we choose the zero-magnon st&e as the
ground statdg) and two-magnon statgk, —k)=a{B",|0)

as the final statéf), we have the crystalline Raman tensor
Xi%(w) expressed as

as 4(b), respectively. The resonance-enhancement spectrum of
two-magnon RS in LgCuQ, may be understood as follows:
l gl s, ;) the lowest two levels, which are made of mainl,, (0)
and Wl ., are well mixed up with each other byt
:; |Xaﬁ(ws:kv_k;wi ,0)|28(ws+ Er—wi—Eg) =t(2)/(Ep+ Up,+V), and the lowest level is also hybridized

with the unbound staté2, , throught,, i.e.,e;=—0.46. As
a result, the Raman tensor due to the mainly dipole-allowed

=[A(w)|?D SPF24(K) (Ui +v})? stateE,, a,x(b,—c,)=0.77x0.21, has the opposite sign
K from those of the lowesE; and from the third leveEs,
X(s(ws_kwk"_wfk_wi)- (318) alx(bl—cl)=—0.12><0.41 and a3><(b3—C3)=—0.20

X 0.48, respectively. Therefore, the contribution of the
After integratingl ,5(ws,w;) over the scattering frequency dipole-allowed statéE, to the Raman tensor is almost can-
ws, the resonance-enhancement spectrum is found to beeled out by those dE; andE; around and below the low-
given by|A(w;)|?. Furthermore, we can correlate the factor energy absorption peak as shown in Figb)3 The high-
A(w) 10 xy(w) of Eq.(3.9) by setting|f)=|f;.qin gey) @and  energy states atE;=2.80 eV, E;=2.86 eV, and E;g
|g)=| Neel ) on both sides of Eq3.12 so that =3.02 eV, which constitute the shoulder on the high-energy

side of the absorption spectrum, have a reasonable magni-

Xxx(@)=A(w)S. (3.19  tude of dipole-allowed componentés=0.20,a,=0.30, and
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ag=0.19. Additionally, the states have large two-magnoncally excited state induces the two-magnon excited state
components lf;—c3)=—0.48, b,—c,)=—0.32, bs—cs)  strongly in the second-order processesyinThis is the rea-
= —0.84 because of the charge-transfer effagtsand tj. ~ son for the strong two-magnon RS. Third, we have shown
These three components contribute additively to the twothat the resonance enhancement of two-magnon RS can be
magnon RS so that the resonance enhancement is clea@yMost vanishing around and below the lowest-energy ab-
observed only when the incident frequency is close to th&OrPtion peak while it is enhanced on the high-energy second
high-energy shoulder in LEUO,. a_bsor_ptlon peak_ or shoulder because th_e tWO levels which
On the other hand, in YB&u;Og the lowest two states at give rise to the first peak may have conmbuuons of the op-
E,=1.73 eV and;=1.62 eV are well hybridized with the posite sign to the two-magnor_] RS, while the three Igyels
unbound statesI’éH ,\IfﬁH ,\If§x+(0), and\IfﬁH(O) asy  composing the second absorption peak contribute additively

=0.35 eV is smaller that,=0.55 eV. The contribution to to two-magnon RS. :

. . In the present paper, we confined ourselves to the calcu-
two-magnon RS from the mainly dipole-allowed StateIation of theE, symmetry states which are involved in the
E,,a,X(b,—c,)=—0.60<0.08, not only has a reduced u SY y

S absorption and two-magnon RS. When we repeat this calcu-
two-magnon component, but it is almost canceled out by th?ation for the states Witth,., Byy, Ay, andB,, symmetry
g» P1g» Mg g

lowestE, and the third lowesEg states, i.e.a; X (b;—c4) . ohi
=0.30%0.44 and azx (bs—c3)=0.24x0.26, around and %Li[s)‘lig,amflﬁu\:\r”elzl pbrgb?:rlr? to understand the large-shift RS.

below the absorption peak on the low-energy side around 1 We have evaluated only the elementary excitations with

EV': ;gez tg(f € Stiﬁzsaei“_zggmev’ iso%zﬁgﬁeﬁt\g ani\re wave vectork=0 which the visible light can excite, taking
5 5 - 1 into account the AFA and B sublattices. Reciprocal-lattice
Ve ’.q,e” "Pe%ﬁ » and ¥, (2), canhave enough large points on the Brillouin-zone boundary in the usual band cal-
magnitude of dipole momenis,=0.25,85=0.33, andas  ¢yjation which neglects the AF structure are folded onto the
=0.19 as well as the two-magnon componehis-C,= oint of the AF Brillouin zone. Therefore, we may expect
that the energy separation between the highest and lowest

—0.20, bs—c5=—0.22, andbg—cg=—0.41. As a result,
the second absorption peak has a larger oscillator streng ergies in the present calculation gives the dispersion width
than for LaCuO, and a much stronger resonance enhanceat o elementary excitations. As seen in Tables Il and IV,
ment of two-magnon RS on the hlgh-energy 15|de is observegazcuo4 and YB3 Cu,O, have energy widths of 3.9 and 4.4
because these three levels contribute additively to the twogy, respectively. These values are very close to the hole

magnon RS in both crystals. band widths of 8,=4.0 eV and 4.4 eV>*3*3¥respec-
tively. On the other hand, the exciton band width is esti-
IV. DISCUSSION mated as 8y[ty/(E,+U,)]?=10 meV and 40 meV for

We have examined the contribution of bound and unl@CuQs and YBgCu;Og, respectively. Deriving the disper-
bound excitations to the linear light absorption and theSion relation of the bound as well as unbound electron-hole
resonance-enhancement spectra of two-magnon RS RN in the present model is also a future problem.

La,CuQ, and YBgaCu;Og using the site representation as Now that eigenfunctions and eigenenergies of the low-

bases. These spectra were found to be sensitive to the relyind €lectronic excitations have been obtained for these sys-
tive magnitude of the exciton binding foraéand the hole- tems, it should also be possible to evaluate some of the non-

transfer integrat, which determines the relative importance linear optical responses in these systems. This too is another

of the bound and unbound states of the electrori @d)®  future problem.
and the hole O(2p)® on the CuQ plane. First, we have

understood the different distributions of the oscillator

strength between the low- and high-energy sides in the vis- One of the author¢E.H.) thanks Professor M. V. Klein,
ible region of LgCuQ, and YBaCu;Og. Second, we have Professor Y. Tokura, and Professor S. Uchida for fruitful
found that the exchange processes betweeB@)7(]) and  discussions and important information relevant to the present
its nearest-neighbor éﬁ3dxz_y2L(T) electrons in the opti- calculation.
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