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Bound hole states and ferrons in LaCuQ,, 5
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Bound hole states induced by excess oxygen isCL&),, s are studied in the framework of the extended
Hubbard model, using the spin-wave approximation and the Lanczos algorithm. We interpret the band at 0.5
eV in the impurity reflectivity spectrum as connected with the transition from the lowest bound hole level
(S,=1/2) to the unperturbed hole band. It is shown that in the realistic parameter range the ekcéss O
does not lead to the formation of ferron§0163-1828)03818-]|

At present it is well established that structural defects in
La,CuQ, (rare-earth substitutions, excess oxygen jdead Hf% Him+ 2”\3% (s BmeactH.C),
to the rise of the carrigthole) concentration in Cu@planes. 7
Along with the creation of free carriers these defects induce
bound states in the hole energy spectrum of Cplnes. Hno=Unp Ny 1+ AY, P bme
These states were detected in different experiments. Of spe- v
cial interest are measurements of the reflectivity spectrum of
the antiferromagnetically ordered JGuQ,, 5,* where two +2tho, (df,dmet+H-C), (1)
bands(0.13 and 0.5 eYin the forbidden gap were observed. 7

In Ref. 2 we considered the respective bound states on thghere df is the creation operator of electrons in the

suppositiqn that they are connected with the Iowgst bandgdxz_y2 orbitals of copper at the plane site with the spin
characterized by the component of the total spi,=  ;—+1 ¢! s the Fourier transform of the operatgy,
+1/2. We useq apprOX|mateEib:;?lt::uii statgs é)bft&;\gd c;n Ref. k?:( B /2 \/N)Emaexp(—ikm)p; a2, CONStructed from the
Some experiments, e.g., EPR data in Ref. 4, indicate theyeation operatorp!,, ,,,, of electrons in the @, orbitals of
formation of sma]l ferromagnghcally ordered regions aroundoxygen. Complementary linear combinations of these opera-
holes on the antiferromagnetic background of Gulanes. o5 which do not hybridize with thed3z_,2 copper orbitals
Such elementary excitations called ferrons correspond tgre omitted in Eq(1) because their energy levels are much
|SZ|>1/2 CalCUIatiOﬂ%based on thé-J model showed that h|gher in energy_a:(ia'o),(o,—_l— a)’ where a is the in-
in the periodic lattice the ferrons are energetically unfavorplane copper distancg = {1+ coska)+cosk,a)]/2 -2
able for parameters of cuprate perovskites. However, thesq is the number of sitestJ, A, andt are the Hubbard
crystals always contain defects—oxygen vacancies, interstiepulsion on copper, the Cu-O promotion energy
tial, and substitutional impurities which have a pronouncedsnd hybridization, respectively, ng,,= d;‘mdmm
effect on the properties of lightly doped samples used in thg  =N~!3,exp(km)B, ', \¢~0.96,\,~0.14; the other
mentioned experiments. These defects can be supposed d8mponents of\, are small and the respective terms are
stabilize the ferrons. omitted in Eq.(1).
In the present paper we investigate this process for the An interstitial oxygen ion & is positioned above a plane
interstitial &~ ion. We use the extended Hubbard model andoxygen halfway between two neighboring Cuanes® To
the Lanczos algorithm to obtain the lowest eigenstates witlhe specific we suppose that the ion is located above the plane

differentS,. We have found that the interstitiaPOion does oxygen sitd —y/2, and add the following terms to the Hamil-

not lead to the ferron formation, as the ground state is chargnian:

acterized bys,= = 1/2 for parameters of cuprate perovskites.

The obtained results confirm the conclusion of Ref. 2 that the Hi=Veu(n+n_y) +Von _yp. )

spectral band at 0.5 eV in the reflectivity spectfuof

La,CuQy, 5 is connected with the transitions from this bound Here ni=>;n,, , nj_y»= E,,p,T,y,zv(, Pi-yr.s, Y=(02). By

ground state to the band of extended hole states. analogy with the Wannier excitérihe dielectric description
The extended Hubbard model is used for the descriptiowith the high-frequency dielectric constasit can be used

of the electronic states in a Cy@lane. The Hamiltonian can for potentialsV¢, and Vg as the distancesc, andrq be-

be written in the form tween the interstitial ion and the respective plane sites are
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larger than §2/mEg)Y’<1 A, wherem~10 m, is the car-

rier effective massand Eg~2 eV is the forbidden gap. Hi:z el 2)(1'2]
Thus, [
2€? +t,., (|1 2)|I—y 3o )(1—y 2/(I 3a]+H.c), (7)
Veuo= € o
aochu,O

[we use the electron picture in E¢R), therefore potentials Where
Ve, and Vg are positivg. In notations of Eq(1) terms(2)

can be rewritten as «
S =Sy +ioS,=|m 3c)(m 3,—a|,

+8y)? 1
Hi=2 vo(ﬁ‘)Tﬁywww By 0Byt By Sh=52 olm 30)(m 34],
+ o B FVedm+n_y), 4)

are the components of the spin operasgr,

where B, and B, are the components of the Fourier trans- 2
form of B, for m=0 and m=y, respectively. ﬁ0+,8y)2 = Vo(Bot By)
~0.919, the other components are small. 4

For the low-energy part of the spectrum and for
parameter® of La,CuO, Hamiltonian(1) can be reducédo
the effectivet-J Hamiltonian. This reduction is based on the

2, 2 2 2
(2¢5;+ €5~ 2C5—C5p)

2 2 2 2
+ Ve (€3 +2€53—C5,— 23y,

separation of the Hamiltonian into the one- and two-site _VO(BO+,8y)2/ C31Co1 2

parts, as given in Eql). These two parts are characterized L= 4 \ 2 ~CaLz2|

by energy parameters differing by one order of magnitude,

which provides an appropriate starting point for the pertur{’=| |-y, andt. andJ are the effective hopping and super-

bation theory. The zero-order, one-site, pagf Hy, of the  exchange constants, respectivétyterms of the coefficients
Hamiltonian has two sets of states well-separated from otheu;ij and site energies these constants are given in Ref. 5
states. These states, which correspond to unoccupied and oc-gyrther simplifications of Hamiltoniar(§) and(7) can be
cupied states of theJ model, can be written in the form achieved with the use of the spin-wave approximatidn
which has been shown to be remarkably accurate in the de-
scription of undoped and lightly doped samples where the
number of magnons is sméall? The approximation reduces

to neglecting terms of the third and higher orders in the spin-
wave operator®,, introduced into Eq(6) by

1 T T T T
Im 2)= C21E(¢m,+ldm,fl_ ém,—19m +1)

T T T T
+Coom —1Pm + 1+ Coxdi 10 41 [[vm),

o Co Sn'=PbnPn+bi®nPLt,  SHt=(SphT,
|m 30):[C31¢m,+1¢m,71dma+C32¢modm,fldm,+1]|vm(>v)
5
where|v,) is the site vacuum state and the coefficienyjs
are obtained in the course of the diagonalizationHgy.
Omitting unessential terms, Hamiltoniafly and(4) can be  where q;m:(l_brfnbm)l/{ M= (wla,wla), PL=[1
rewritten in terms of the state vectdis) as + oexp(IIm)]/2.

Let us introduce the hole creation operatdr),
=3,P%Im2)(m3c| for the Nel state |N)
=11,(2,PZm3a)) (the second Ne state and the respec-
3 tive hole operator can be obtained by substituti*fy with

1- Py in these formulas After the diagonalization of the
+5 . , 6 . m N
2% Sn*Sn+a ©) Heisenberg part of the Hamiltonian, it reads

. N
Sh,= e'“m(7 - b!nbm) :

Ho=ter>, |Mm+a,30)(m+a 2||m2)(m3o]
mao

J
H=Ho+Hi= >, teﬁ[hm+ah;b;_m,(um,+a+vm,)+H.c.]+EE @D B

mm’a mm’

+e(M+M )+t 2 [Npeahibl L8 m8a—yt 81 ymBayl(Unrsatvm) +H.C], (8)

mm’a
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where u,,, v, and w,, are the Fourier transforms of TABLE I. Bound energy levelEg for.dil‘ferentsZ at J/teg
cosh@y), —sinh(e), and w,=41— ykz, respectively,ay =0.42 ande..=5. Ey is the center of gravity of the band.

= (U8)IN(L+ 1)/ (1= 7], v=[coska)+coska)l2, n, s,

=h|Th|. Due to the fast decrease Of, y,+ vy and o, E Enelrzgy’ eV E_E
with the growth of |[m’| only the components withm’ 0 ° °o "
=(%xa,0),(0xa) for the sum in the first kinetic energy term 1/2 —0.454 —-1.029 0.575
and the components with m’'=(0,0),(xa,*a), 312 —-0.343 —-0.915 0.572
(*x2a,0),(0x2a) for w,, in the second magnetic energy 5/2 —-0.218 —-0.751 0.533
term need to be retained in E@) in the subsequent calcu-

lations.

To investigate the lowest eigenvalues and eigenfunctiongations relative positions of the bound states with different
of Hamiltonian (8) we use the modified Lanczos g are the same as the positions of the corresponding bands
algorithm=="In one step of this algorithm we determine a 4nq the bound state witB,= 1/2 is energetically most favor-
final state|f) from an initial statei) according to the proce- aple. To estimate the splitting of the bound hole states from
dure the unperturbed hole bands with the safave have calcu-

T a e il _ : lated the energies of the localized hole stdgsn the case
(ily=1&=(ilHi), VIf)=(H=-&)i). ©) of zero perturbatiore=t,=0. These energies correspond to
Here V is the normalization constant which is determinedthe center of gravity of the respective bands and, according

ergy is minimized in the subspace of the stdteand|f) [it ~ Shows thaE,—Eg ~0.5 eV. This energy difference is close
follows from (9) that (i|fy=0]. The obtained new initial 0 the value found in Ref. 2 with approximate wave functions

function |i’y=c,|i)+c,|f) is used in the next Lanczos step. of the band states obtained in the first step of the described
This procedure is continued until the necessary accuracy ¢f2nczos algorithm. This confirms the conclusion maéalce In
the eigenvalue is reached. If the initial functibhis charac-  Ref. 2 that the maximum at 0.5 eV in the reflectivity spectra
terized by some spin projectid®,, |f) also corresponds to of La,CuQ. 5 is connected with transitions from the lowest
the sameS,. Therefore, it is possible to obtain the lowest Pound states, = 1/2 to the band states with the safje This
eigenvalues of Hamiltoniaf8) with a givens, by starting  PrOCess can be considered as the optical ionization qf the
from a state with the respectiv,. Notice that states with Pound state. The second band, at 0.13 eV, observed in the

S,>1/2 contain flipped spins near the hole and correspond tgPectra and ascribed in Ref. 2 to the transition from .the ex-
ferrons. cited bound state to the band states, cannot be considered in

The number of spin configurations necessary for descripthe used version of the Lanczos algorithm which gives the
ing the statedi) and|f) grows from step to step. To avoid an OWest bound state only. , o
overflow of the computer storage and to reduce the growth of 10 investigate the effect of the interstitiaf Oion on the
the computation time, by analogy with Ref. 3 in each step thderron f_ormgnon we have calculated the_ IOV\_/est eigenvalues
state|i') is restricted to thg configurations with the largest °f Hamiltonian(8) with S,<13/2. As seen in Fig. 5, of the
amplitudes. After normalization this restricted state is usedfound state grows with decreasidg The same behavior
as the initial state for the next recursion step of the Lanczo8@S been obtained for band hole St%fféé and corresponds
procedure(9). We usedj = 200. Thelf) state obtained from to the growth of the ferron size with decreasidg Such
such|i’) state and used for the calculation of the eigenvalue
contains of the order of fGspin configurations. This is com- 24 -
parable to the number of configurations used in exact diago- E/t | @ ===
nalization studies of small lattices. To check the accuracy of eff - e
the obtained results in some cases we increqagalto 250 281 //‘
which led only to small quantitative chang@s the order of - PRt
10 *t¢) in the eigenvalue. 39k L—:—/
With the modified Lanczos algorithm outlined above we ) =
have obtained the lowest localized hole states induced by the P
excess oxygen in L&uQ,,s; and characterized by5, 3.6 R -—-=5 =132
=<13/2. For parameters of this crystal the ralid.4 can be o
estimated to lie in the range 0.2—3%For J/t.4=0.42 the I PO S92
calculated energies are listed in Table I. The high-frequency 40 o - - TTTSE2
dielectric constante,.=5 was used in these calculations. L e —s-12
One can see that the lowest eigenvalligs of Hamil- | o
tonian (8) increase monotonically witls,. This result is a 0.00 0.04 0.08 0.12
consequence of the energy position of hole bands with dif- It
ferentS,. As known3*1for the used parameters the low- eff
est hole band corresponds &=1/2. For the considered FIG. 1. The dependence of energies of the localized hole
two-dimensional system bound states are split off from thestates withS,=1/2, 3/2, 9/2, and 13/2 odi't. for different pertur-
band already at infinitely small perturbation for the majorbations  induced by the defect. (8 e=t;=0;
part of symmetries. This means that at least for small perturth) e= —tq;,t;=0.3¢s; (C) €= —2tg,t;=0.8tc.
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dependences of eigenvalues on the rdfibare also in sat- terized byS,=1/2 in a wide range of defect potentials. This
isfactory agreement with the results of the exact diagonalizameans that the © defect does not promote the formation of
tion on small cluster&!’ Notice, however, that the first ferrons. The obtained results allow us to identify the 0.5 eV
change ofS, in the ground state from 1/2 to 3/2 takes placeband observed in the reflectivity spectrum of this crystal as
at J/te~0.08 whene=t,;=0. For largerS, and with in-  connected with the transitiofoptical ionization from the

creasing the perturbation induced by the defect the respectiv@fect ground state witls,=1/2 to the band of extended
ratio J/te becomes even smaller. As mentioned above, fokiates with the sams, .

parameters of cuprate perovskit¥s. is estimated to lie in

the range 0.2 0.5° Thus the interstitial & defect does not This work was supported by the Estonian Science Foun-

promote the formation of ferrons. dation under Grant Nos. ETF-1929 and ETF-2688. P.R. is
In summary, with the use of the spin-wave approximationgrateful for the financial support from Deutscher Akademi-

and the Lanczos algorithm the bound hole states induced bscher Austauschdienst and to the members of Institut fu

interstitial &~ ions in LaCuQ,, s were investigated. For Physik, Technische UniversiteChemnitz for their warm

parameters of L&Lu0,, s the lowest bound state is charac- hospitality.
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