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Theory of excitons in the insulating Cu-O, plane
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We use a local model to study the formation and the structure of the low-energy charge-transfer excitations
in the insulating Cu-@plane. The elementary excitation is a bound exciton of spin singlet, consisting of a Cu
and a neighboring spin singlet of Cu-O holes. The exciton can move through the lattice freely without
disturbing the antiferromagnetic spin background, in contrast to the single hole motion. There are four eigen-
modes of excitons with different symmetry. Thewave-like exciton has a large dispersion width. The
s-wave-like exciton mixes with the state at finite momentum, and its dipole transition intensity is strongly
anisotropic. The model is in excellent agreement with the electron energy-loss spectra in the insulating
Sr,CuO.Cl,. [S0163-182608)04144-1

I. INTRODUCTION heavier than the particle or the hole in a usual semiconductor
or in other bandlike insulator materialshe anomalous be-

There have been extensive efforts in recent years on theavior of the dispersion widths between the single hole and
electronic structure in the layered Cu oxides, in the hope téhe exciton in cuprates provides further evidence for the
reveal the mechanism for the hi@ly superconductivity. Itis  Strong correlation in these compounds. A part of the results
now well established that the low-energy physics of the unin this paper was briefly reported in a paper with the EELS
doped cuprates is well described by the spin-1/2 Heisenbergxperiments. The paper is organized as follows. In Sec. Il
model in a square lattice, leading to an antiferromagnetigve examine the formation and the structure of small excitons
insulator. A two-dimensional-J model has been proposed in the insulating cuprates. The dynamics of the excitons is
and argued to describe the low-energy physics for thelerived in Sec. Ill. The exciton eigenmodes and the rel-
cuprates;? and it seems the model explains many unusuakvance to the charge-transfer gap and to the EELS are de-
properties of the high-, materials. scribed in Sec. IV. Several remarks and discussions are made

In this paper we present a theory for the lower energy'n Sec. V.
charge-transfer excitations in the insulating Cu-oxide plane.
Our work was motivated _by the_anglejresolved electron- Il. STRUCTURE OF SMALL EXCITONS
energy-loss spectréEELS) in the insulating SICuG.Cl,,
where the optical allowed transition shows a large energy We consider a Cu-oxide plane, where the vacuum is the
dispersion width of 1.5 eV, and the optical forbidden transi-filled shell states of Cliand & . In the undoped case, there
tion was observed to be strongly anisotropic. is one hole in average in each unit cell of Gu@nd the hole

We use a local model to analyze the formation and theprimarily resides on the Cu site and is@f_,2 symmetry.
structure of the charge transfer excitation between CuBecause of the strong on-site Coulomb repulsion between
3d,2_2 and O Zo in the Cu-oxide planes. The elementary the Cu holes, the ground state is a spin-1/2 antiferromagnet
charge-transfer excitation is a bound exciton of spin singletpf Cl?*. To study the low-energy charge excitations of a
consisting of a Cti (quasiparticlg and a neighboring spin particle-hole pair, we shall focus on the transition from the
singlet of Cu-O holes. The exciton can move through theCu 3d,2_,2 to O 2po states. This transition is of particular
lattice freely without disturbing the antiferromagne(&F)  interest due to the relatively small atomic energy difference
spin background, in contrast to the single-hole motion. Therand due to the large orbital overlap between the two states,
are four exciton modes related to the fourfold rotation sym-hence the strong intensity in experiments. The measured op-
metry in the lattice, whose hopping matrices determine theical gag is related to this transition.
dynamics and the symmetry of the charge-transfer excita- Let us start with a local pair of particle and hole and
tions. Thep-wave-like exciton has a large energy dispersionexamine the formation and the structure of the exciton. As
width. The s-wave-like exciton mixes with the state at illustrated in Fig. 1, the quasiparticle is at a vacant Cu site
finite k, and its optical transition intensity is strongly aniso- (Cu*), and the quasihole is at the O site. There are two
tropic. The model is in excellent agreement with the recenimportant physical effects for the pair. The first is the Cou-
electron energy-loss spectra in the insulatingCaO,Cl,. lomb attraction between the particle and the hole, which
The theory also predicts a lower energy optical forbiddenshould be considerably large in the insulating compounds
mode, which should be observable in the luminescencwhere the screening effect is weak. It is this attraction to bind
experiment. Since the mass of the particle-hole pair isthe pair to form an exciton. For simplicity we shall assume
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the Cu site in the singlet relative lR. 7=X%, —X%, ¥, and
/ Q O —¥. These will be briefly denoted by, X, y, andy, respec-
tively.
O /@ O 11l. DYNAMICS OF EXCITONS
- The exciton can move through the lattice due to the NN

R ° @ / @ / Cu-O hopping,4 and the O-O direct hopping,. The most
\ important feature of the exciton dynamics is that the exciton
motion does not disturb the AF spin background. This is
O @ O because each exciton involves two neighboring Cu sites, and
both are spinless. As far as spins are concerned, the spin-
singlet exciton is similar to a pair of bound NN holes, whose
/./ O / O / motion does not disturb the AF spin background. This prop-
erty should be compared with the single-hole dynamics in Cu
oxide, where the AF spin background is strongly disturbed,
FIG. 1. The structure of a local exciton in the Cu@ane. The ~ and the hole dispersion is given by the Cu-Cu spin exchange
open circles represent O atoms, solid circles represent Cu atoms, tHateractionJ instead of the hole-hopping integttalas shown
arrows represent spins of holes. The quasiparticlejGs at the  theoretically for thet-J model and observed in the recent
vacant Cu sitdR, and the quasihole is on the square of O atoms andangle-resolved photoemission experiménts.
forms a spin singlet with the central Cu hole. We now study the exciton motion quantitatively. A gen-
eral hopping process of the exciton in the coordinator space
the attractive potential to be short-ranged, which-i§, ~ May be represented by(R)— 7'(R’) with the hopping in-
<0 when the particle and hole are nearest neighkidg), ~ tegral t,(R'—R). Because the AF spin background is
and is zero otherwise. We expect that the more realistic podnchanged, the exciton motion is equivalent to that for a
tentials will not change the basic physics as long as the NNree particle. Le{GS) be the AF ground state, and(R) is
attraction dominates. The second is the strong Cu-O hybridan operator to create an excitefR) in the ground state, so
ization which binds a hole on each square of O atoms to théhat y!(R)|GS) is the state of exciton(R) in an otherwise
central Cu hole to form a spin singfet.et us denote this AF spin background. The exciton hopping is described by an
binding energy to b&,. As a compromise of the above two effective HamiltoniarHq¢¢, which acts on the Hilbert space
effects, we expect a spin singlet with more weight of the Oof the single exciton states,
hole on the site near the CuWe can make the above argu-
ment more quantitatively using a variation approach. Let the t _ AT o
O-holo state be y using PP HaanMG$—§§y”wR R)yL(R)GS). (2

It follows that
O=aP 55+ B(= Pyt Pyo—P_yp), (1
_ _ _ _ Herr= 2 v (0T (k) ¥(k), 3)
where P is the atomic O-hole orbital, whose subindex de- k
notes the atomic position relative to their central Cu hole . Nttt . . .
(lattice constant Y and P_s, is the one close to the Cu \cljvgtr;r)r/ni(:gs_(y:r{g?’yeyéc};/i?c))ﬁ-r(kc)j Iiaa:ndif::(sdr mztr:'();_l’_ WT:f)h
The totalzblndmg energy of the excitdf, tazkes maxmgm — 3.t (r)ek /N, with N the nurr?ber of C’u sites NTgte that
= \/ i = — rtrr! ) .
\+Vhei2alla QBlS’ olr+03%/?c’)rEW/ItEh _% SESﬁ(fElgrolrEr?)tHe k is in the whole first Brillouin zone although there are two
ypically, a®=09. : c’=s U ' . sublattices in the ground state. The matrix is hermitian,
above analysis we see that the exciton in cuprates is a con;]_— =T (K). B a . | haver . (K
plex object, consisting of a Cuand a nearby Cu-O singlet. - (K)=T., (k). Becausd,.(r) is real, we havel .. (k)

The spin-triplet exciton energy has a binding energ¥Egf ':T;r(—k)- The Cu-O plane has certain symmetries. Tak-
smaller than the binding enerd, of the spin-singlet exci- ing into account of the Cu- and O-hole orbital symmetries,
ton, and will not be considered in this paper. we have T, (k)=Tz(—k) from the parity invariance,

The parameter&. and E, in cuprates should be within  Txy(Ky,Ky) = —Tyy(ky,—ky) from the inversion symmetry
certain regions so that the system is stable against the exdlMith respect to thex axis, andT,(Kky,Ky) =Ty (—ky,Ky)
tonic excitations. Lek, be the atomic energy difference be- due to the fourfold rotational invariance.
tween the Cu- and O-hole states, the stability condition in the To pursue the theory further, we estimate the hopping
local limit is E,<e,. If we further consider an extra hole integralt . (r) within the atomic limit and treat,q andt,,
(primarily residing on O-sitein the half-filled insulating Cu  perturbatively. We shall consider the limit=1 in Eq. (1)
oxides, the model system should be stable against excitonfer simplicity and for the purpose of illustration. Up to the
excitation (one of the Cu holes moves to the oxygeTihis  third order in perturbation in,q or t,,, there are only four
implies 2E,<e,+E,. Our discussion in this paper will be nonzero independent integrals:
limited to the above physical parameter region.

There are four spin-singlet exciton states for a fixed qua-

1
= p— — 2
siparticle atR, denoted byAR), whereris the coordinator of 1=by(0) 2 (tpp~ Lo/ €p),
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; TABLE I. Solutions of the four-exciton modes fér along the
<oy O :> é tfO)=t; [11] directlion. '@ek deBendence i, b, andb is implied, see Eg.
: Z e G-e e O ; (5). n==3(axb)/|axb|. The last column applies to the region
(—bg<ap<by) suitable to cuprates, ara, by are their values at
* k=0.
X(R) >y (R4%) O :> é t =tz Symmetry at
Re e f O e R+« Mode Energy Eigenstate k—0
= o (e o ; Py —b+la—b] (—7-,—127 ,1/2) P1
@)=y B o p— (I; D=tz P2 b—la+bl (=712 9..172) P2
¢ * 5 S b+|a+b] (74.1/29.,112) s
D —b—|a—H| (n-,—112,—n_,1/2) d><2—y2
x®R)>KR+D) R e G—e j —c o t (P=t3
R4
11 11
- - S = - _! " L — A L A )
X(R)>X(R) ; O e (e >e—) e OO f t{0)=t4 | ) 2’2 2'2
R (7

FIG. 2. A list of the five most important hopping processes from _ l } } _ E
x(R) toX(R’) andy(R'). The open and solid circles represent the 2'2'2" 2]
same as in Fig. 1. The thick line betwea O and a Cu represents a
spin singlet of holes on the two sites. Not shown are the antiferrowhere the four components represent the amplitudes of the
magnetic background of Cu spins and empty O holes in the latticeexcitonsy, , yx, ¥y, ¥y respectively. The energies for tise
The other hoppings can be obtained by symmetry. The correspongmd d states are B,—a,, and —2by,—a,, respectively,
ing effective hopping integrals are given by H4). where a, and b, are their values ak=0, anday=t,—t;

>0, bg=t;+t,. The twop-wave states are degenerate and

d)=

to=tyy (%) =tptpd (2€,E0), the energy is—a,. In the parameter regior bg<ap<b,

(4) and by,>0 (suitable for Cu oxide, see Fig. 4 capt)oithe
ta=—t(R)=to e, = (ep+Upp) 1, s-wave state has the highest enet@yThe optical experi-
ment measures the dipole active modekat0. Because of

ta=tx(0)=t3/(2¢p). the d symmetry of the Cu hole, both the and d-wave

énodes are optically forbidden. Thewave modes are opti-

A diagrammatic illustration for these hopping processes Ically active, and the charge-transfer gap is given by

shown in Fig. 2. In Eq(4), U, is the on-site O-hole Cou-
lomb repulsion. We have kept the third order tegnibecause
E. is small compared ta&,. From Eq.(4), t;>t,. Since 8 8
t,,>0 for the oxygen hole hoppind,, t;, andt, are all RO ACONN
positive. Using theset’s and the symmetries discussed s
above, we obtain @® A

-

N
7 ~
\\ e ~
2\ Z . ~ X
o D EXD
// \\ e
s ~ e

0 alky) bk bk
T(k)= >l _0 BT 0% . (5 s-wave d-wave
b*(k) bkk) 0  a(ky)
b*(k) b(k) a*(k) 0
whereb(k, k,)=—b(k,,—k,), and
a(ky) =t,—tze'kx,

. N (6)
b(k)=t,+t(e*x+e k),

IV. EXCITON EIGENMODES

Het can be diagonalized to obtain the exciton solutions. g, 3. Symmetries of the four-molecular exciton wave func-
For k along the[11] direction, the analytical solutions are tjons s andd waves in Eq(7), and the twgp waves in Eq(9) with
particularly Simple and are listed in Table I. R&0, the four kxzky- The centerd wave represents Cu a vacancy at the Cu
exciton eigenstates have well-defined local symmitig: site. The oxygen @,(2p,) hole wave functions are represented by
scribing the uniformly moving molecular states. They aretheir orbitals. Only charge degrees of freedom are shown. The im-
illustrated in Fig. 3. Thes- andd-wave states are given by plicit spins are the same as in Fig. 1.
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FIG. 5. Calculated intensitids(arb. uni) of the exciton transi-
FIG. 4. Calculated exciton energi&s (eV) as a function ofk tions as a functi_on c_)k, normalizgd toI0: The parameters are thg
= (K k,), for the parametert;=0.4, t,=0.126,t,=0.85, and, same as those in Fig. 4. The thick solid lines show the intensities
along the[10] direction. TheP, mode is not shown because it is
=0. The thick solid lines show the dispersions along [thé] di- dipole inactive and has no cpntribution to the intensity fokalThe
rection. The dispersions of the-wave mode are compared very theory is compared well with the EELS along th#0] and[11]

well with the EELS along thé10] and[11] dispersions. See Ref. 3 directions. The intensities for tf@mode at finitek along[10] were
for the detailed comparison. observed in the EELS; see Ref. 3.

=0.65 eV. The energy is measured relative to fhemode atk

A—e—E.—a ®) transfer excitatiod® For an exciton, the intensity in the
p =b <0 imaginary part ofe(k, w) around a pole is
For finite k along an arbitrary directiok, the eigenstate | =constx k2, |e* TGS, (10)
of the exciton is a linear combination of the molecular states. . , ,
We shall denote the four exciton modes By, P,, S, and  WhereW, is the exciton state. For sma{| the most dipole
D, according to their symmetrigs;, p,, s, dyz2_y2 in the active excitations in the EELS can be identified to bePhe

limit k—0. For the twop states, we define a dipole active M0de. The dispersion obtained from the EER®f. 3 com-
mode|p,) and a dipole inactive modgp,) as pares well Wlth the theory. Ak increases, Fh@ and
D-mode excitons gradually become EELS, active because of
i the mixing of the|p;) molecular state and because of the
[P2)= (ke = ke Ky k) (V2K), quadrupole contribution. It is difficult to make a quantitative
©) comparison between the dipole and quadrupole contributions
P2} = (ky Ky K, k)l (VZK). in theS or D mode. However, if the radius of the Cua 3tate

, , , o is much smaller than the lattice constant, the dipole contri-
The exciton d|s_per5|ons are plotted in Fig. 4'. The parametergtion is more important. We expect this to be the case in
are chosett to fit the measured EELSThe dispersions are cuprates. Within the dipole approximation, we have

anisotropic. Thé&e—k relation of theP; mode is monotonic,

gnd the egergy is p_eak_edlet= (7r,7). The dispersion width | =1o[(W ey po)J2, (11)

is 2t3~2t;4/ €,, which is a large-energy scale, order of the

hole-hopping integral in cuprates, but much larger than thavherel is the dipole-active intensity of the; mode atk
dispersion width of the single-hole motion in the AF back- =0. Note that the total dipole-active intensity of the four
ground, which is~J.” This result is consistent with the modes is conserved to Bg. In Fig. 5, we show the calcu-
EELS? The dispersion along the.0] direction is much flat- lated intensityl of the excitons in Eq(11) as functions ok.
ter, also consistent with the EELS. As we can see from FigAlong the[10] direction, ak increases, the intensity of tig

4, the lowest energy mode is tiie mode. This is in agree- mode increases rapidly, while the intensity of the mode
ment with the weak-coupling method of Littlewoed al *? decreases. The intensity alopyl] is quite flat for theP;

In the EELS, an incident electron is inelastically scatterednode and remains to be zero for tBenode. This anisotropy
to create a pair of electron holes with energy and crystals due to the symmetry of the exciton states. enode
momentum (w, k). The EELS directly measures Im eigenstate alongll] contains onlys and p, states, and
[—1/e(k,w)], with ek, w) the dielectric function, hence both are dipole inactive. Furthermore, the transition matrix
probes the dispersion and the symmetry of the chargefom the quadrupole contribution is proportional to
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<qfex|eik‘r|c;s>, which is (kf(—kf,) for the s state'® There- energy difference between the O and Cu holes. The most
fore, the intensity for th& mode along 11] vanishes up to reliable parameter from the EELS is the dispersion width
the quadrupole order. These features are in excellent agredlong the diagonal direction, which is given, in our theory,
ment with the EELS experimeftyhere an optical-forbidden by 2t54/€,—2t24/(€y+U,,). This width is about 1.7 eV
transition was observed along tfE0] but not along th¢11]  from the EELS, and is consistent with the parameter esti-
direction, and the intensity of the optical-active transitionmated from the angular-resolved photoemission experiments,
along the[10] direction is observed in the experiment to from which the parametdrin thet-J model is estimated to
decrease ak increases. be 0.4 eV® Within the perturbation, t=t}/(2ep)
TheD-mode exciton, expected from the theory, is another+t§d/(ud—ep)—0.5tpp, whereUy is the on-site Coulomb
optical-forbidden state. The current EELS has not revealegepulsion at the Cu site. We may considég/epzl.B eV,
this mode, probably due to the limit of the experiment reso4ng Upp=3€,. Then from the EELS, we havezd/ep
lution. Further spectroscopy measurements are needed 107 1 ev. This is consistent with the estimatetef0.4 eV if
verify this d-wavelike state. This mode can be active in theye assume reasonallly,=5e, andt,,=0.65 eV. Note that
phonon-assisted optical process, and should be observablej, parameters, t,, andt, in Fig. 4 are less sensitive in the
the luminescence experiment. A recent optical absorptiofiing to the EELS, and one has to be cautious to use them in
measurement indicates a very weak absorption state at aboylkerious estimate for the accurate parameters of the cuprates.
0.5 eVin the undoped cupraté”sThed-symme_try state is an We have so far not considered the electron-haehy
alternative to the magnon state or c_rystal-ﬂeld exciton Progontinuum, which starts at energite.n=e,— E+ Eyin,
posed earlier for this weak absorption where the phono”ﬁ/hereEkm<0 is the lowest kinetic energy of the indepen-

could be involved. dent Cu and the formal C¥. For the cuprates|Eyq|
~1-2eV. We expect the-h continuum to start above the
V. DISCUSSIONS k=0 p,; mode, and the exciton spectra extend into ¢hie

In this paper we discussed small excitons in the insulatin%/‘?ntmuum due' to the Iar_ge spectral dispersion. The states
Cu-oxide planes. These are the charge-transfer excitation ,|t_h|n the continuum region W'" t_hen be damped, b.Ut can
which are separated from the lower-energy excitations by af*Ist as resonant states contributing to the EELS' Since the
energy order ofe,. The lower-energy excitations are the contributions to the EELS from.the—h continuum hav_e
magnons described by the spin-1/2 Heisenberg model al}guch lessk dependence, the excitons become the dominant

half-filled. In the doped case, the lower energy charge excisouree of thek-dep_endent spectra i_n the EELS. .
tations are given by the hole motion in the AF spin back- Our model applies to th(’." insulating phase. In _the metallic
ground described by the two-dimensioal model phase the Coulomb attraction between the quasihole and the

We have used a local model to describe the excitons "guasiparticle is substantially reduced due to the metallic
Cu-oxide planes. If we include the individual kinetic ener- scrleenlng,l ar)d IS toohweak :Odt.)":jd aI palrl. it del f
gies of the quasiparticle and the quasihole, the exciton h conclusion, we have studied a local exciion modet for

should have spatial extensions. The size of the exciton i 3. insm:latin?f CUI qu(tjﬁS'Alhe .eXbCitOQ mOVSSTLhrOUQQ :he
determined by the balance of the kinetic energies and th Ice aimost Ireely in the A Spin background. heé model 1S

Coulomb attractiorE, . This spatial extension will lower the In excellent agreement with the recent EELS in the insulating

exciton energy. The exciton motion will be more compli- SrCUOLCl.

cated, and will contain an incoherent part disturbing the AF

background. The large dispersior_1 Width_ob_ser_ved in the ACKNOWLEDGMENTS
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