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When doping the antiferromagnetically (AF) ordered high-T. cuprates with holes
magnetic polarons (spin-polarized clusters) are formed. We discuss two different
mean-field approaches of the three-band Hubbard model to calculate binding en-
ergy and polarization of the clusters. At higher hole concentrations and due to
cluster diffusion a phase separation is formed by establishing large fractal or per-
colative clusters. This percolation picture allows to understand experimentally
obtained results for phase separation as well as magnetic and conductive phase
diagrams.

1. Introduction

Doping or oxydation of the antiferromagnetically (AF) ordered perovskite compounds
like LayCuOQ4 and YBay,CusQg, which are the parent materials for high-T, supercon-
ductors, leads to the creation of holes in the CuO, planes. The dynamics of the charge
carriers is governed, by strong correlation effects which causes a redistribution of spin
and charge densities in the vicinity of the excess holes. Due to these effects the anti-
ferromagnetic order in the CuQ; planes disappears quickly with doping and at higher
doping concentrations superconductivity is established below the critical temperature.

A large number of experiments show that upon doping the high-T. cuprates a sep-
aration into small charge carrier enriched domains and carrier depleted regions takes
place [1, 2, 3, 4]. The results of these investigations give support to an electronic mech-
anism of the phase separation in contrast to a chemical phase separation where the
excess oxygen ions should cluster in domains. The simultaneous observation of a dia-
magnetic signal below T, and a Néel temperature of T = 250K in La;CuQO44s samples
(1] strongly indicates a separation mechanism of percolative type as proposed in the
model of percolative phase separation [5]. This model is based on the idea that doping

Invited lecture at MECO (Middle European CoOperation) 19, Smolenice, Slovakia, April 11-15,
1994

0323-0465/94 © Institute of Physics, SAS, Bratislava, Slovakia 403



404 E. Sigmund et a]

LR

of the CuQO3-planes with holes leads to the creation of small ferromagnetically o&mga
clusters (magnetic polarons, ferrons). These clusters have only low mobility whereds
the holes inside the clusters can move freely. As a result, when increasing the holg
concentration and due to cluster diffusion the clusters start to overlap and a Amgnnm.c
percolation network is built up. This leads to the destruction of the AF order and to°
the appearance of metallic-like conductivity, or below T, to superconductivity, within
the percolation network {5].
This model allows to explain the phase diagrams of Las_,Sr,CuQ, wnm
YBayCuzOs4s in quantitative agreement with experiment [6] giving support to va
cluster (magnetic polaron) formation in these materials. The spin cluster model also
allows to explain recent experimental data on percolative phase separation in weakly.
doped LazCuO44s and Lag_;Sr,CuQ, samples [1, 7). Also the magnetic susceptibil:
ity measurements {1} show the existence of small ferromagnetic Amcwmnwmwmgmmuos&
particles associated with holes. Recently, the existence of spin-polarized clusters i in
LayCuOg44s has been demonstrated by EPR [8] and neutron scattering [9] experiments,
In addition, magnetic resonance signals measured in RBazCu3O, (R=Y,Gd) have been
attributed to clusters with magnetic ordering [10]. A review on experiments about wrmmn ,
separation is given in [11, 12].
This paper is organized as follows. After introducing the three-band Hubbard model °
we calculate the Green’s functions in the Hartree-Fock approximation. It is shown that
spin-polarized clusters are created upon doping whose polarization, binding energy and =~
effective mass are obtained by a Lifshitz formalism. The influence of fluctuations is inves- -
tigated within the scope of the slave boson method in the saddle-point approximation.
The last two sections are devoted to the percolation mechanism and its experimental
evidence.

2. Hole dynamics in CuQ; planes

account. The Bom& hamiltonian reads

H= Mumoq+m~.i
g

where

Hyo = +NJHMA&QESQ+\~OV

mmM:Mq,T@M :
m
QM ”ﬂs:Q 3 g
d

nys and nf,, are the electronic occupation numbers of the dy2_,2 and p, olu;m_m I
spectively, d'(d) and p'(p) are electronic creation (annihilation) operators in the corre:
sponding Cu and O orbitals obeying the usual commutation rules for fermion operators.
The spin index o indicates the spin directions (¢ =1]). Only the transfer between Cu

Hiyyy =
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and the four nearest oxygen ions is taken into account. The transfer integral 7% changes
sign due to the two possibilities of overlap. H;r. describes the Coulomb repulsion for two
electrons on the same Cu site with opposite spins. Band structure calculations indicate
the following parameter values: U = 8eV, ¢ = ¢, —eq = 3V, T' = 1leV.

The effect of the strong particle-particle (Hubbard) repulsion is treated by two
different approaches.

2.1. Hartree-Fock approach

In our first approach the calculation is based on a Hartree-Fock approximation of the
original three-band Hubbard hamiltonian which within this approximation reads as

HE = 5 Bl 4 @
o

where

HyF= M?i:; o) sJM; o+ T=Y (dhopmo +he)  (5)

3: HIQMU Qv A@V

In the AF spin-wave approximation the state vector corresponding to the two different
Cu ions in a unit cell are denoted by d; and dz. The corresponding diagonal elements
of the hamiltonian (4) read

€10=€a+ U(ni_q4) (7)
€2o=€q4 + qAﬁule Amv

From the symmetry of the AF state one obtains immediately the following relations

(n17)=(nay) (9)
(r11)=(nar) (10)

Therefore we can use the notations (ny) and (n
modulated with twice the lattice period.

Upon transforming (5) into k-space one finds that two oxygen-states are decoupled
from all other states while in the basis of the four remaining states the hamiltonian (5)
reads as

1) and consider these quantities as

€ 0 TV ~2T/1- V2
0 e 2T 0
-TVi; 2T ¢ 0 (1)

2T\ /1-3V2 0 0 €

with V = cos k, + cos ky. The secular equation reads

Hyy =

Det[E — Hyy ] = Di(E)Dy(E) — 4T* V¢ (12)
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where

, " g
Di(E) = (E — )(E ~ &) — 4T? - (13)
MQ (12) describes four bands where in the case of CuO; only the lowest band is'fj
S:..b holes. A pecular property of the model is the appearance of nonanalytical criti
points along the line k; + ky, = 7. These critical points lead to a divergent behavig;

gnr@mozmw@owmgn%Omarm@vm %mg w“SE_m:o::m__ommiwamommbmiﬁ.xmom
disappear. .

2.2. Green’s Functions

.H_..m&mmouw_o_aaacﬂmo:wmono-vwan_oOa@ou,m?nnaozmmoﬂawanéoOc mmom,
the doubled unit cell are given by

Gii = Mﬁw - Hy)i' = MU HE — Hyg Ha
i k

&mw_.m. —_ m:nun_

where |{A}|;; denotes the adjoint subdeterminant of elememt (11} of the matrix A. We
define the imaginary part of the complex energy to be negative: £ — E — ic. Making
use of Egs. (9) and (10) we write the Green’s function on Cu site 1 as Gy; = Gt andon ;
Cu site 2 as G93 = G|, respectively. After a straightforward calculation one can express

G in terms of the Green’s function G2-P of a simple quadratic lattice which yields:i

Gr=(E - o)) p26*"(/D(E))
Gi=(E - &)y p6* P (V/D(E)

(1)

(16)

.Sronm D(E) = D1(E)D2(E). G*P is derived in [14] and is given by a simple acﬁn—m
integral of the first kind IK. e

In fig.(1) we have plotted the real and imaginary part of Gy and G| up to the
second hole band. The expectation valdes (n{) and {n;) are immediately found from:;
the selfconsistent equations v

AT
w5

e

a7

(n)=7 [ 4B m(G1(8)

()= [ 4B 1m(Gy(B))

where the integration is restricted to the lowest hole band. As can be seen from table 1),
for real values of parameters the ground state is almost completely polarized although
the total Cu spin is considerably smaller due to the p-d hybridization. The ground state
properties of the totally AF ordered lattice have been intensively discussed in [15]. 5
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Fig. 1. Local Green functions for spin-up (a) and spin-down (b) projections of the wave-
function on Cu sites. The shaded areas indicate the lower Hubbard band and the lower part
of the bonding oxygen band. Solid line is real part, dashed line is imaginary part of the Green
functions.

2.3. Doped system

When doping the system with holes one can expect (in analogy with e.g. electron-lattice
polaron theory) a spontanous symmetry breaking, leading to the creation of localized
excitations. The new states arising from such symmetry breaking should be determined
selfconsistently.

In the following we assume that the Cu spin at site m = 0, which has originally
spin direction, say 1, can spontaneously fluctuate, changing the spin values to A:_L and

A:mV These values are treated selfconsistently. This problem is mathematically similar
to the problem of magnetic impurities (e.g. Wolff model) and can be treated within
the standard localized perturbation theory. The perturbation of the hamiltonian (5) is
given by

v=viyvl (19)

where
Vi =Ubmobmo((n}) — (ng))d} do; (20)
V! =Ubmobmo((n}) = (n)))d] doy (21)
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The new Green’s functions for each spin direction can be found from Dyson’s mazw.ﬂm‘,
on
G°(mm!) = G§(mm') + G5 (m0)VI G (0m') i

1153 Qo&mconomgm@wooz,mm:snaos o,m ﬁrmcz&mﬂcnvmaEﬁaom..ﬂrm mo_cﬁo—.p o Am c
is ..

G§(m0)Gg (0m')
1 — VeGg(00) o

The equations determining the spin distribution at the disturbed lattice site then re
. :

G’ (mm') = G§(mm!) 4+ V°

—00

Ep i
(nb) = w \ dE ImG® (00, E) (29

Srmm.m Er is the chemical potential, depending on the number of additional holes .&Wm
localized states are the solution of egs. .

1= VGE(E), o=1,]

>.m can be concluded from the real part of G(E) in fig.(1), Eq.(25) has only solutions =
with VT > 0 and V! < 0 (beside the trivial solution V7 = 0). It is seen for any values
of parameters three localized states exist, one originating from the change of the ,A:;
<m._:o. and two due to the perturbation of (n|). For one additional hole the Fermi ~m<m_.
coincides with the upper localized level in the gap. e
The total change of energy caused by a spin-flip process is a sum of the mmommw
change in the bands and the contributions of the localized states g

E,
oc 1 V7 ImG?(00)
AE! IM E +IM \ tan — v \UM)
1 o 7 E TS :wquAoov&m

The energy change resulting from the perturbation of (6) reads as

AE™ =U((ng)(n;) - ({n})(n}))
2.4. Results

As can be seen from table (1) the formation of a single flip spin polaron yields a remark= .
ably large binding energy which is due to the strong correlations in the system’. For:a:
critical value of U the situation with two turned spins (diagonally :mmmrvocmm&,%«mﬁ
a larger binding energy. This behaviour is in agreement with calculations of Auerba
and Larson [16] for the t-J-model. In the mean-field picture two turned spins maxima I\
produce four localized states in the CT-gap and two below the first hole band. These.
levels can be filled up with one or two holes, respectively. Obviously the polarization @ﬁ.
the perturbed spins is much larger in the case of two turned spins and one additional
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Table 1. The binding energy and the Cu-spin polarization for the undoped (ni), (n) an
doped (n}), {rn}) cases with one and two turned spins in dependence of U and e (Hartree-Fock

approach).

\u%.\J %. A:wv A:wv 1 turned spin, 1 hole 2 turned spins, 1 hole } 2 turned spins, 2 holes
@) [ () [ —AE [ D) [ () | —AE | () [(w) | —AF

41 2 .66 .03 31 .57 12 12 .65 .04 .32 .55 .38

61 2 .84 .005 .29 .76 .30 A1 .82 .24 .29 75 .63

8| 2 91 .002 .25 .86 37 11 .89 37 .26 .86 .74

61} 3 7 .008 .25 .68 .22 .10 75 A1 .25 67 .51

8| 3 .88 .002 21 .83 31 .09 .86 .30 21 .83 .64

10 3 .93 .0008 .18 .90 .34 .08 .92 37 .18 .90 .68

Table 2. The binding energy and the Cu-spin polarization for the undoped {r1), {n,) an doped
{(nt), (n) case with one turned spins in dependence of U and ¢ (Slave-boson approach).

% = A:WV A‘:..WV 1 turned spin, 1 hole
(ny) | (n}) | —OF
6 | 2 .83 | .008 | .34 .66 .28
712 .88 | .004 | .35 71 .36
812 91 | .002 | .35 13 41
6 | 3 76 | 020 § .35 .55 23
713 84 | 006 § .34 .64 .30
813 .88 | .002 | .34 .68 37

hole than in the case of one turned spin only. Doping a system with two holes and addi-
tionally turning two Cu spins leads to a polarization of the perturbed spins comparable
to the situation of one flipped spin and one hole. The energy of this two-turned-spin
cluster with two holes is at least for larger U the same as for two separated clusters with
one turned spin and one hole. In the limit U — oo and one additional hole the ground
state should be totally ferromagnetically ordered according to Nagaoka’s theorem [17].

So far we have confined ourselves to a symmetry breaking solution of the transla-
tional invariant three-band Hubbard hamiltonian. However, as in the theory of strong
coupling polarons (Pekar-type solutions) one should in principle perform a Bloch-
superposition of these wave-functions to guarantee the translational invariance of the
solution. This ends up with a dispersion relation for the quasi-particles i.e. in our case
the spin-polarized clusters. To keep the calculation tractable we have confined ourselves
to hopping processes of a magnetic polaron with one turned spin to nearest and next
nearest neighbours. The dispersion relation of the polaron is strongly anisotropic in
k-space and yields the maximum of the effective mass in < 11 >-direction. For U = 8T
and € = 37 we obtain a value of 10 bare masses.
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3. Slave-boson-approach

In the previous section we have used a selfconsistent Hartree-Fock mean-field appr
to determine the polarization and binding energy of the spin-polarized clusters, Hg
ever, the renormalization of the band widths due to the strong correlation” effedtdits
the considered systems is not taken into account by this approach. This effect MMH ‘
incorporated by using the slave-boson method in the saddle-point approximations
troduced by Kotliar and Ruckenstein [18], which is similar to the Gutzwiler variation;
approach. ,

We enlarge the original Hilbert space by introducing four boson fields for eva:
copper site, respectively. & creates an empty state, s; 1 and s; | singly occupied stita
with spin up and down and finally &M stands for the creation of a doubly Ooncvmmm,wm»w”,w
Since there are only four possible states per Cu site, the unphysical states are eliminated
by the following conditions V‘

&3 + Mu.wu.,.qm,._a + &M&ﬂ. =1
g
nﬂwaw.q - .w“_.nm_,_q — &5 =0

where nww stands for the creation of a hole with spin ¢ on the Cu site i.

In the saddle-point approximation the constraints (28,29) are only satisfied on the
average by the Lagrange parameters ), and «, respectively. T

In analogy to the previous section we double the unit cell by introducing two oper=

ators owma and nmma which create holes with spin ¢ on the neighbouring Cu sites of thé

corresponding unit cell n. The symmetry of the AF ordered ground state provides the

following relations .

A=A}
(n1,0)=(n2,-0)

This ends up with the Q:HNS:Q variational expression for the total energy -

ZMHMUEM: Y +UNd® — N[Xi{ng) + A (n})]
H =3 ecflichd, + 3 cacl?ield, + 3 qelt el

o Y lehldch, ,+he]l+To Y [ef?eh,  +hel
n,m

n,m

with

au“mmn_vv,q

mm”muu*.v;

T HH,\G = (n?) + d?)((ng) — d?) + d\/(nd) — (nd) — d*
(ng)(1 - (n2))
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The summation in the transfer terms is restricted to nearest neighbours. The diago-
nalization of (33) can now be performed in the same way as in the first section. The
Green’s functions keep the same analytical form where additionally the substitution

T2 - T Ty (37)

has to be made.
3.1. Doped system

We will add now an additional hole to the system and show that a spin-flip process
at site e.g. 0 will lead to a lower ground state energy. Such a spin reversion affects
the Lagrange parameters )g ,, the double occupancy parameter d2 and additionally
the transfer to the next nearest oxygen atoms. Introducing symmetric combinations of
these oxygen states the problem reduces to a 2 x 2 perturbation matrix for each spin

direction VAT
<§ = Ad\ﬁﬂ. 0 v

in the basis of |c,,) and |¢) = wauw [p;) where the summation is restricted to the
four next nearest oxygen ions of site 0. The perturbations are denoted by

(38)

Vi=al - A,
a\MﬁHMAM“_ﬂ - N._Qv

(39)
(40)

Following again the Green’s functions formalism we can calculate the disturbed Green’s
functions at the perturbed Cu site from eq.(22).

Goy
oo”.U.mz.NJQAmv AAHV
vr vT o vT vr
DET (E)= + 7= (14 ) = G2 + B - ) (14 22 )] (22

Then we have to minimize the change of energy due to the three parameters A g, Ag |
and d2. For every parameter set we have additionally to calculate the new Cu polariza-
tion values using eq. (24). As in the first calculation we obtain two localized levels in
the CT gap corresponding to the zeros of DET,(E), one arising from the lower Hub-
bard band whereas the other comes from the first oxygen type band. Unlike in the first
approach these two levels are now both located in the upper region of the CT gap and
only separated by ~ 0.2 V. The level below the lower Hubbard band is localized very
near the band edge and disappears for larger values of U.

Table (2} shows the results obtained for various values of U and ¢ = E, — Ed.
As one can readily see, the incorporation of fluctuations within the scope of a slave-
boson approximation reduces the polarization of the spin-cluster state to 10 — 20% in
comparison to the Hartree-Fock approach. On the other hand we now obtain a larger
value of the binding energy.
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4. Percolation Thresholds A

. The hole-clusters are practically immobile due to the small probability of spi
flip processes which have to accopmpany the motion of the clusters. Ou.m:nuommwmw
the no:nm:.ﬁwaoc of the holes, and with it that of the immobile clusters, at a critical ,,
concentration ¢.r;;. the clusters build up a percolation network along the lines of which
the holes can move freely, and the system goes from the insulating to the conducting -
state [6, 5]. Within the percolation model the magnetic properties of the wﬁoﬁw;% ,
.J%m materials can be understood by taking the three-dimensional magnetic ordering
into account which is characterized by strong in-plane and weak inter-plane interactions, -
Three different percolation thresholds are obtained [5]: 43

1. Huma.no_.mﬁwz lines in the plane are built up from clusters of both spin &—.ooﬁmum. ,
This limit characterizes the destruction of long-range AF order caused by. the
strong in-plane magnetic interactions and corresponds to a hole concentration. :,

W, 22

M N g (43)
where N denotes the number of parallel aligned Cu-spins per cluster. )

2 won.no_maow lines in the planes are built up from clusters with the same spin orien-
tation. This limit is important for the motion of the charge carriers and character-

izes the transition to electrical conductivity corresponding to a hole concentration

NEE]
~IN

ce (44)
3 At higher concentrations the three-dimensional inter-plane percolation of AF-

ordered areas will be destroyed. At this second magnetic threshold the system :
finally loses also the weak long-range AF order B

QGV N 15.8
L ATYY

These considerations lead to the following relation between the three critical concen:
trations:

&) > 14, 23262 ()

Humnv Lay_5(Sr, Ba);CuO,4, where the hole concentration ¢ equals 2x, this leads to-
zy = 0.02,z, ~ o.owtswwv: > 0.08 in agreement with experiment [19]. In the cas

of Y BasCu3O¢4, a phase transition from tetragonal to orthorombic structure appears
at 2 = 0.4 connected with the ordering of oxygens in the chains. This leads to the
fact that for z < 0.4 most of the holes are kept in the chains, whereas at z ~ 0.43
large number of holes are introduced into the planes, bringing the system WBEm&@a&w
above the threshold for destruction of strong AF order and the beginning of electrical:
conductivity. ML
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Fig. 2. Magnetization of a LayCuOs4s sample as a function of temperature. The starting
temperatures Ts to which the sample was quenched from room temperature are indicated.
The uppermost curve was obtained after quenching the sample to 5K and slowly heating to
room temperature. Beginning from the lowest data set each curve was shifted upwards by a
value of 5 x 107 emn g~! compared to the preceeding one. The measuring field was 90 G,
arrows indicate the direction of temperature change during the measurements.

5. Experimental evidence for percolative phase separation

Field dependent magnetization measurements in slightly doped (oxygen enriched as
well as Sr doped) La;CuQ, samples show the formation of conducting phases by the
existence of a percolative phase separation [1].The essential results are summarized in
fig.(2). Below 37 K, the sample of La;CuQ4y s exhibits a sharp transition from the para-
magnetic to a diamagnetic magnetization indicating the presence of superconductivity.
The diamagnetic fraction in the magnetization strongly depends on the temperature T's
to which the sample was rapidly quenched. Below Ts magnetization data were acquired
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Fig. 3. fc and zfc magnetization of the .
LaCuO4ys sample and moderately Sr-
doped samples La;—;Sr,CuOy as a fune- -
tion of temperature. Arrows indicate the
direction of the temperature variation. The .
zfc magnetization curve was measured af-
ter the sample had been cooled slowly
from room temperature to 5K by using the
same temperature interval step sequence,
including equilibriation as in the subse-
quent heating (or cooling) cycles and with.
applied magnetic field. The Neel amEng..w
ture T for the LasCuOgyys samples and -
for Laj 04.510.06CuOs are indicated. Noté:. -
the zero of ordinate for Lai.es ,m.ﬂo.oaﬂeﬁm ;
has been suppressed. el

M/ ppH) (1077 emu g7Y)

M/ gH) 1078 emu g™

T
during slow cooling temperature scans. Note that a sudden decrease of the diamagnetic
fraction occurs at values of Ts in the range of 200-250 K. Surprisingly, the same mwﬁ-
ple quenched to 5 K (fig.(2), uppermost curve) shows a very small diamagnetic fraction
only. This clearly proves that superconductivity can almost completely be suppressed by
rapid temperature quenching of the sample. If, however, cooling was performed slowly
the diamagnetic shielding signal became maximal. As shown in [1] the formation
superconducting phases can also be initiated by application of sizeable Emmbman,mm_ﬁ
The results obtained for the Sr doped samples can be seen in fig.(3) showing u”.mg,«.
creasing diamagnetic fraction with higher Sr contents. The most obvious feature;¥
distinct separation between the field cooled (applied measuring field of 90G) and.®
zero-field cooled magnetization both for the LayCuQ4ys and the Sr doped mmab_mm
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the same temperature range. It is important to note that this temperature range is
well above any of the Neel temperatures in the Sr doped samples. We find that the
La;Cu0ats sample shows quantitatively similar behaviour as the Lay 98570.02Cu04
sample. All these measurements clearly prove that in the investigated LazCuQO44s sam-
ples diffusion processes of magnetic quasi particles take place which can be influenced
either by thermal treatment (fast and slow cooling) or by magnetic fields. Not all the
quasiparticles, however, contribute to the conducting phase which is of fractal nature
but rather coexist with single magnetic quasiparticles which give rise to the observed
paramagnetic behaviour. The equilibrium between these two subsystems can be shifted
by thermal treatment of the samples. This coexistence and the by thermal treatment ac-
tivated redistribution effects can clearly be observed in La(Sr)CuQ4 samples too. With
increasing temperature thermal fluctuations gradually destroy the conducting (super-
conducting) phase breaking it up into magnetic quasiparticles as can be seen by the
monotonic increase in the paramagnetic signal (fig.(3) ¢ and d, lower curves).

6. Conclusion

We showed that in the discussed MF approximations of the three band Hubbard model
doping with holes leads to the creation of ferromagnetically ordered clusters. This pro-
cess is more pronounced when taking the influence of dopant ions (e.g. Sr, Ba, O etc.)
into account. The occuring attractive interaction between these charge compensators
and the holes in addition supports the hole-localization. The size of the clusters de-
pends on the Coulomb repulsion on the Cu sites. Doping of the CuQO3 planes leads to a
separation of the system into hole rich spin clusters (ferrons) and hole free AF ordered
regions. The metal insulator transition (MIT) is provided by the percolation of clusters
with the same spin direction. However, in the vicinity of the MIT there still exists long
range AF order in regions between the percolation lines in accordance with experiment.
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