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Formation and interaction of ferromagnetic clusters in antiferromagnetic YBa2Cu 3O 61x films
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The magnetization of YBa2Cu3O61x antiferromagnetic films was experimentally studied as a function of
magnetic field, temperature, oxygen index, and photoillumination dose. The results are evidence of the forma-
tion of ferromagnetic clusters, promoted by oxygen holes, in a general accordance with the phase separation
approach. However, field and concentration dependences of magnetization display some essential features
which can be explained only with allowance for the motion of holes in long-distance potential wells, created in
the CuO2 plane~where the clusters are formed! by charged copper-oxygen chains~allocated in the CuOx plane
where excess oxygen ions are incorporated!. A significant straggling of ferromagnetic clusters over sizes~from
100 to 104 or more spins per cluster! was discovered, the properties of clusters being essentially dependent on
their size.@S0163-1829~97!04405-6#
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I. INTRODUCTION AND PROBLEM STATEMENT

During past years, the magnetic structure
YBa2Cu3O61x ~YBCO! dielectrics was an object of rathe
intensive studies.1–8 The problem is complicated enough an
from the nowaday point of view consists mainly in the fo
lowing.

At x50, a YBa2Cu3O61x crystal is known to be an an
tiferromagnet~AFM! ~with copper spins antiferromagnet
cally ordered within the CuO2 plane, with the exchange in
tegralJAFM; 0.1 eV!. The AFM exchange of two Cu21 ions
is realized through the chemically inactive closed-shell O22

ion lying between them. With an increase ofx, in the
CuO2 plane oxygen holes appear which locally destroy
AFM ordering. An oxygen ion with a trapped hole~O2 with
the configuration of chemically active Cl! strongly interacts
with two adjacent Cu21 ions. The interaction energy is min
mized if the O2 and Cu21 spins are antiparallel, so that th
spins of the involved copper ions are parallel to each oth
So, in the presence of an oxygen hole the effective excha
energy of Cu21 spins,JFM has the opposite sign and a mu
greater magnitude as compared toJAFM .

9–11 JFM is of the
order of a chemical bond energy, i.e., a few electron volts
follows that one delocalized hole can destroy the AFM
dering of a large number (;uJFM /JAFMu) of copper spins.

With an increase ofx and of hole concentration, the ten
dency to the ferromagnetic~FM! ordering grows and entail
the formation of FM clusters in the CuO2 plane. This phe-
nomenon was treated in the terms of phase separation.12–18

According to this approach, it is energetically favorable
oxygen holes to concentrate in some regions and orga
their ferromagnetic microphase, whereas the AFM phase
sists in the rest of material depleted in holes.

Some indications on a latent ferromagnetism, i.e., the
istence of spatial regions with a nonzero magnetic mom
appeared even in early papers concerning the magnetic p
erties of YBCO crystals.1–3 The second magnetic transitio
close to 40 K, as well as a strongly nonlinear field dep
550163-1829/97/55~6!/3876~10!/$10.00
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dence of magnetization at low temperatures, were associ
with a latent ferromagnetism.1,2,6–8 Recently, the authors19

have obtained quite distinct evidences of the existence of
clusters in YBCO dielectrics. In general features, these
perimental data agree with the conception of pha
separation.12–18

However, some essential regularities, experimentally
served in Ref. 19, cannot be explained within the phase s
ration approach in its present form. For instance, the m
netic susceptibility of YBa2Cu3O61x insulators grows with
x only for x,0.3 and diminishes with increasingx for
x.0.39 despite a fast attendant increase of the numbe
holes. The conception of phase separation is also insuffic
to explain the field dependence of magnetization in a w
range of magnetic fields. These~and some other! qualitative
discrepancies indicate on the existence of un unknown a
tional mechanism involved in the formation of FM cluste
in YBCO insulators.

The present paper is concerned with the identification
such mechanism. With that end in view, the authors dr
attention to another sphere of phenomena common
YBa2Cu3O61x crystals. It is well known20 that excess oxy-
gen ions (x ions per unit cell! form charged copper-oxyge
chains Cu21O22Cu21

•••O22Cu21 in the CuOx plane that
is parallel to the CuO2 plane. As was shown in Ref. 21 an
in Ref. 22, hole movement and electronic properties are
sentially affected by the long-distance modulation of Co
lomb potential, produced in the CuO2 plane by the chains
~even a point excess charge lying in the CuOx plane creates
in the CuO2 plane a potential well with the halfwidth seve
times exceeding the interatomic distance!. For instance, the
insulator-metal transition~observed atx'0.42) is connected
with the concentration evolution of the long-distance pote
tial. In the insulating phase (x,0.42) oxygen holes are lo
calized in long-distance wells. As oxygen content,x, in-
creases, the chains lengthen, the wells broaden, and
mobility threshold of holes lowers. Simultaneously the nu
ber of holes in the CuO2 plane grows, and atx'0.42 their
3876 © 1997 The American Physical Society
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55 3877FORMATION AND INTERACTION OF FERROMAGNETIC . . .
Fermi level intersects the mobility threshold.
As it is shown below, the formation of FM clusters

closely connected with the concentration and motion of ho
in the long-distance potential wells. In order to explore t
sphere of phenomena, we shall, first, experimentally exam
magnetic properties of YBCO insulators with a particu
attention to all the anomalous features from the point of vi
of the phase separation approach~Sec. II!. All the qualitative
discrepancies between the experiment and this approac
pointed out in Sec. II via the primary analysis of the expe
mental results. Based on these data, we shall develop in
III the simplest theory, which complement the phase sep
tion conception by taking into account peculiarities of ho
motion in long-distance potential wells. The theory will nat
rally explain all the illusive anomalies in the observed ma
netic properties~Sec. IV!.

II. EXPERIMENTAL RESULTS
AND THEIR PHYSICAL MEANING

We have performed measurements of the field and t
perature dependences of magnetization of YBa2Cu3O61x
films with various oxygen content. The magnetization w
measured by a superconducting quantum interference de
~SQUID! magnetometer~MPMS Quantum Design! in mag-
netic field which was varied in the interval 0,H,50 kOe
and directed parallel or perpendicular to thec axis. The mea-
surements were carried out in the temperature ra
4.5,T,150 K.

The YBa2Cu3O61x films ~about 150 nm thick! were de-
posited by laser ablation on the~001! SrTiO3 substrates 0.3
mm thick. Thec axis of the films is normal to their surface
YBCO films of the mentioned thickness are transparen
visible light which renders the possibility to expose them
a uniform photoillumination. Another advantage of thin film
consists in an easy possibility to change oxygen conten
annealing in vacuum.

In the initial state before annealing, all the films we
superconducting with the transition temperatureTc588 to
90 K, which corresponds to oxygen indexx50.9 to 1. A
small transition width~of about 1 K! provided evidence for a
high degree of perfection and homogeneity of the samp
The samples with the required lowered oxygen content w
prepared by annealing at the temperature 300–330 °C
vacuum~about 1022 mm Hg! under permanent evacuatio
The oxygen contentx in the annealed films was determine
independently in two ways. First, the lattice parameterc of
the films was measured by x-ray diffraction method, and
c-versus-x dependence, given in Refs. 23 and 24, was us
Second,x was inferred from the superconducting transiti
temperatureTc with the use of its concentration dependen
taken from Ref. 25.Tc was found from the temperature d
pendence of the magnetization of the film, measured in
magnetic fields, and from the temperature dependence o
electrical conductivitys. For the films in the insulating~non-
superconducting! phase, oxygen content was determined
ing the x-ray data and the measureds(T) dependence with
allowance for its concentration evolution.23

To provide the possibility of the simultaneous magne
and electric measurements, two samples of area of abou
cm2 were initially cut from the same film and silver contac
s
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were deposited on one of them. Then both the samples w
annealed simultaneously under the same conditions. A
the annealing, the contact-free sample was used for magn
measurements and the sample with silver contacts for
measurements of electric conductivity by the four pro
method.

The metal-insulator transition in the examined films w
observed atx'0.42. The temperature dependence of
electrical conductivity of the film withx'0.39 was typical
of a semiconductor (s300/s4.2'21). The dependences(T)
of the film with x'0.41 was of metal type
(s300/s4.2'0.2) but the transition to superconducting sta
was not observed in this film even at the liquid helium te
perature. The film withx'0.44 had superconducting trans
tion atTc'10 K.

The field and temperature dependences of magnetiza
were investigated for the films with oxygen content in t
range 0.2,x,0.6. The total magnetic moment of
YBa2Cu3O61x film together with the SrTiO3 substrate was
measured. The magnetic moment of the film was determi
by subtracting the diamagnetic contribution of the substr
from the measured value of the total magnetic moment.
this purpose, the magnetic susceptibility of the pure SrT3
substrate was measured and found to be equal
21.1331027 emu/Oe g.

A. Field dependences of magnetization and cluster size.
Nonmonotone concentration dependence of susceptibility

The field dependences,M (H), of the magnetization of
annealed YBa2Cu3O61x films were measured upon coolin
the film to required temperature in zero magnetic field~be-
tween the consecutive measurements the sample was h
up to 100 K!. TheM (H) curves were measured in the cour
of increasing the field from 0 up to 50 kOe and of its sub
quent decrease down to zero.

First we focus attention on the concentration po
x'0.39, which relates to the insulating AFM-ordered pha
but provides large enough magnetization to be examine
detail when varying field and temperature. Figure 1 sho
severalM (H) dependences measured at different tempe

FIG. 1. Field dependences of magnetization of t
YBa2Cu3O61x film with x'0.39 forHic at various temperatures
Solid curves were calculated using Eq.~13!.
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3878 55S. L. GNATCHENKOet al.
tures in the field parallel to thec axis. The figure presents th
measurements in increasing field. The abscissa is the inte
field

Hi5H24pNdM , ~1!

with the demagnetizing factorNd . In this way account is
taken of the demagnetization effect which is noticeable
smallH if H is parallel to thec axis @in this case the demag
netizing factorNd in Eq. ~1! is close to unity whereas it turn
to zero for the in-plane orientation ofH].

Similar M (H) dependences were obtained also
H'c. In this case the field dependences of magnetizat
plotted in the axesM versusH5Hi , practically coincide
with the curves of Fig. 1.

As an example, Fig. 2 presents theH dependence of mag
netization for the in-plane orientation ofH at T56 K. The
figure shows theM (H) curves measured in increasing a
decreasing field. These curves coincide within the error
measurements in the regionH.8 kOe, while in lower fields
a hysteresis is observed. The hysteresis loop of magne
tion is shown in the inset of Fig. 2. The magnetization o
film does not vanish after decreasing the field down to ze
The remanent magnetization,Mr , reaches about 9 G for
x'0.39 at liquid helium temperature. With raising tempe
ture the remanent magnetization diminishes and atT.50 K
becomes less than 1 G. At low temperatures, the rema
magnetization persists for a long time. The remanent mag
tization was observed in all of the examined nonsuperc
ducting films, the maximum being achieved atx'0.39.

Before analyzing the presented results, let us show
the observed magnetization should be attributed to FM c
ters. Indeed, the contribution of the AFM phase to magn
susceptibility isxAFM;M totm/JAFM;1025 (M tot; 300 G is
the total magnetic moment of copper ions per unit volum
m'1.9mB is the moment of one Cu

21 ion,26 mB is the Bohr
magneton,JAFM; 0.1 eV is the AFM exchange energy!. The
observed susceptibility, estimated from the data presente
Fig. 1, is at least two orders of magnitude greater.

FIG. 2. Field dependences of magnetization of t
YBa2Cu3O61x film with x'0.39 measured atT56 K in increasing
and decreasing magnetic fieldH'c. The hysteresis loop of magne
tization is shown in the inset, where Eq.~2! with
mclu51.4310218 G cm3 is plotted by solid line.
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The moments of copper ions, belonging to the Cux
plane, should also be taken into account. If their orientat
is not fixed by the crystalline field, they make a paramagne
contribution to susceptibilityxpara;(m/3T)(M tot/3). Even at
5 K, xpara does not exceed 1023 which is twenty times less
than the observed susceptibility in the region of low fields.
the region of strong fields, the observed slope of the mag
tization curves~Fig. 1! is almost independent of temperatu
for 5,T,60 K and therefore cannot be assigned toxpara
~although at 5 Kxpara is near to the observed slope!.

Based on these considerations, the observed field de
dence of magnetization should be assigned to FM cluste

With this in view, let us consider the physical meaning
the magnetization curves presented in Fig. 1. The cur
exhibit two contributions drastically different in the charact
of field behavior. One of them~called below the first contri-
bution! increases rapidly withH and achieves saturation i
low fields. The second contribution manifests itself in stro
fields and slowly~almost linearly! grows with increasing
field. As it is seen from Fig. 1, the second contribution
nearly independent of temperature below 60 K, whereas
first contribution noticeably decreases with raising tempe
ture. The saturation value,Ms , of the first contribution~ob-
tained via extrapolating the linear part of the magnetizat
curve toH50) fast diminishes with raising temperature u
to 55 K and slowly decreases with a further increase of te
perature~see Fig. 9 of Ref. 19!.

Now we will analyze the field dependence of the fir
contribution in order to derive the magnetic moment,mclu ,
of a FM cluster. As was pointed out, the observed magn
zation practically does not depend on the magnetic field
entation. It follows that the energy of the interaction betwe
a cluster and the lattice is independent of the cluster mom
orientation. So, magnetic fieldH turns the magnetic mo
ments of noninteracting clusters similarly to those of fr
paramagnetic atoms with large classical moments and
duces the equilibrium magnetization

M5Ms$coth~mcluH/T!2T/mcluH%, Ms5nmclu , ~2!

wheren is the number of clusters per unit volume.
Fitting Eq. ~2! to the experimentalM (H) dependence

plotted in the inset of Fig. 2, we obtain the magnetic mom
of a cluster at T5 6 K: mclu51.4310218 G cm35150mB .
The straggling, corresponding to hysteresis, is small, si
the nonequilibrium contribution to magnetization~consid-
ered in Sec. II B! is actually frozen at low temperatures
low fields. ~With raising temperature the nonequilibrium
contribution becomes unfrozen which hinders the use of
magnetization curves, related to higher temperatures, for
estimation of mclu .) Taking for the atomic momen
m51.9mB , the number of copper ions in a cluster
N'80. Clusters withN'100 ~called normal-size clusters in
contrast to giant clusters withN'104 considered below!
make a dominant contribution to magnetization forT,40 K
@at higher temperatures normal-size clusters are destro
judging from a strong temperature decrease ofMs Ref. 19#.

The magnetization magnitude of YBa2Cu3O61x films de-
pends on oxygen content. Figure 3 shows thex dependences
of magnetization. As it is seen from Fig. 3, for low temper
tures (T520 K! the magnetization depends onx nonmonoti-
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55 3879FORMATION AND INTERACTION OF FERROMAGNETIC . . .
cally and in a similar way in low and strong fields. In th
interval 0.2,x,0.3 the magnetization increases withx more
than twofold. Asx raises from 0.30 to 0.39, the magnetiz
tion remains practically invariable. A further increase ofx
results in a sharp decrease of magnetization. Note that
concentration of holes rapidly grows withx in the total ex-
amined interval of concentrations, in particular just in t
vicinity of the insulator-metal transition where magnetizati
sharply diminishes with raisingx. Indeed, the conductivity o
the film, measured at 4.2 K, grows from 1.23103

V21 m21 to 2.53105V21 m21 and to infinity ~supercon-
ductance! asx varies from 0.39 to 0.41 and to 0.44, respe
tively.

B. Temperature dependence of magnetization.
Manifestations of very large clusters

Magnetization curves presented in Fig. 1 reveal an
usual behavior in the region of low fields where their slope
almost independent of temperature up to 40 K. As it
shown below, this feature originates from a nonequilibriu
contribution to magnetization in low fields. In order to e
plore such nonequilibrium phenomena, the temperature
pendence of magnetization was examined in fixed low fie
applied parallel or perpendicular to thec axis.

The measurements of magnetization were carried ou
the course of heating of the sample which was cooled be
to the liquid helium temperature in zero magnetic field@the
MZFC(T) dependences# and in the course of cooling of th
sample in magnetic field@theMFC(T) dependences#.

Figure 4, related to the magnetically ordered film w
x'0.39 ~nonsuperconducting!, shows typicalMZFC(T) and
MFC(T) dependences. A clearly manifested difference
tween theMZFC(T) andMFC(T) curves evidences for a non

FIG. 3. Concentration dependences of magnetization in
fields 40 kOe and 200 Oe perpendicular toc axis. Two upper curves
relate to the temperature pointT520 K and the lower curve to
T570 K ~main contribution to magnetization is made by norm
size clusters in the former case and by very large clusters in
latter!. Lines are guides for the eyes.
he
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equilibrium state of the magnetic subsystem~the equilibrium
magnetization depends only onH andT). During the cooling
of the film in magnetic field, the magnetizationMFC in-
creases rapidly in the temperature interval 40,T,50 K and
significantly slower with a further lowering of temperatur
When the film, which was cooled before in the absence
field, is heated in magnetic field, the magnetizationMZFC
increases with temperature up to about 40 K in the cours
approaching of the thermodynamic equilibrium~at helium
temperatureMZFC was frozen at a low nonequilibrium
value!. With a further increase of temperature in the regi
of thermodynamic equilibrium (T.40 K!, MZFC rapidly di-
minishes, being practically coincident withMFC.

At low temperaturesMZFC andMFC differ significantly.
As magnetic field increases, the relative differen
(MFC2MZFC)/MFC diminishes~i.e., the magnetic subsystem
approaches equilibrium!. At H.8 kOe the complete equilib
rium is achieved and the difference between the cur
MZFC(T) and MFC(T) disappears. A similar behavior o
magnetization was observed for all of the examined fil
with different oxygen indicesx related to the nonsupercon
ducting magnetically ordered state.

For the reason given below, the nonequilibrium contrib
tion to magnetization should be assigned to large clus
with the momentmlar@mclu . Let us estimatemlar proceeding
from the assumption that the nonequilibrium contribution
responsible for the fact that the magnetization curves, plo
in Fig. 1 at the temperatures 5, 20, 32, and 40 K, have eq
slopes in the region of low fields. In this region magnetiz
tion consists of the equilibrium and nonequilibrium contrib
tions, produced by normal-size and large clusters, resp
tively, and can be presented in the for
M5Ms(Hmclu/3T)1AM lar(Hmlar/3T) with the multiplierA
depending on the degree of equilibrium. With regard to
above analysis of Fig. 4, one can putA50 at 5 K and
A'1 at 40 K. As it is seen from Fig. 1,Ms' 40 G at 5 K
and 25 G at 40 K. The saturation magnetizationM lar , pro-
duced by large clusters, can be estimated from the data
sented in Fig. 1 as the ordinate of the point where the cu
related to 40 K, sharply changes its slope:M lar' 15 G

e

e

FIG. 4. Temperature dependences of ZFC~full symbols! and FC
~open symbols! magnetization of the YBa2Cu3O61x film with
x'0.39 in the fieldHic of the various field strength.
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3880 55S. L. GNATCHENKOet al.
~roughly the same estimation can be achieved from the
given in Fig. 4!. Equating the slopesdM/dH at the tempera-
tures 5 K and 40 K to each other, we obtain the estimat
mlar'5000mB at 40 K. In Ref. 19, the moment of large clu
ters, responsible for the nonequilibrium magnetization, w
estimated in a quite different way to be 7000mB .

Now let us draw attention to the regionT.55 K where
the behavior of magnetization is of quite different kind: ma
netization is almost independent ofT ~Fig. 4! and grows with
increasingx above the pointx'0.39 ~Fig. 3!. The small
contribution to magnetization, weakly dependent on te
perature, should be assigned to very large FM clusters~called
below the giant ones!. The magnetic moment of a giant clu
ter,mgia, can be estimated from below with regard to the
modynamic equilibrium which for sure exists above 50
As it can be seen from Fig. 4 of Ref. 19 for all the oxyg
indices, magnetization decreases less than by 10% as
perature raises from 55 to 75 K, that is by 35%. It follow
from Eq. ~2! that such slow temperature variation of magn
tization corresponds to the regionmgiaH/T.4. At H 5 200
Oe and T5 60 K, we obtainmgia.23104mB so that a giant
cluster involves more than 104 copper ions.

To all appearance, very large clusters are much m
stable than normal-size ones and manifest themselve
high-temperature tails of magnetization~Fig. 4! as well as in
the metal phase where the normal-size clusters contribu
to magnetization strongly diminishes. In particular, gia
clusters seem to be responsible for the residual magne
tion observed in the superconducting phase aboveTc ~Fig.
5!. The stability of very large clusters is originated by the
large bond energy~see Sec. III and Sec. IV!. In Sec. II C it
will be shown that the giant clusters manifest themsel
also under photoillumination.

The volume concentration of clusters, i.e., their contrib
tion to magnetization divided by the cluster moment, can
estimated to be 331019 cm23 ~or 531023 per unit cell! for
normal-size clusters; 331017 cm23 ~or 531025 per unit
cell! for large clusters; and less than 231016 cm23 ~or
331026 per unit cell! for giant clusters. In such a low con

FIG. 5. Temperature dependences of ZFC magnetization of
YBa2Cu3O61x films with different oxygen contentx measured in
the fieldHic of the strength 1 kOe.
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centration, the large and giant clusters for sure cannot m
fest themselves in transport properties.

C. Anomalous effect of photoillumination on magnetization

For the elaboration of the adequate theory of FM cluste
it is of principal importance to trace the variation of magn
tization with an increase of the number of holes per u
volume,nh . In the experiments described in Sec. II A an
Sec. II B thenh varies with oxygen indexx when changing
from sample to sample. In the experiments described be
thenh increases in the same sample via illumination by v
ible light @in the insulating phase, the illumination produces
noticeable increase ofnh Refs. 26–28#.

For the experimental studies of the effect of photoillum
nation on the magnetic properties of YBa2Cu3O61x films,
we used the samples withx close to the point of the metal
insulator transition (xc'0.42). Just in the vicinity of this
point, the strongest change in the electrical conductivity
YBa2Cu3O61x films under photoillumination is observed,

23

and noticeable variations in their magnetic properties can
expected.

The experiments were carried out on the films with ox
gen contentx'0.39 and 0.41. The samples were illuminat
by a He-Ne laser with wavelengthl 5 633 nm. The light
flux density at the sample was about 0.1 W/cm2. In order to
attain a uniform illumination of the sample, the laser bea
was broadened. The exposure time was varied from 1 to
and the illumination dose from 1021 to 631021 photons/
cm2, respectively. The main changes in the magnetic prop
ties of the examined films were observed during the fi
hour of illumination.

The films were exposed to light at room temperature a
then placed in SQUID magnetometer and cooled down to
required temperature. The time between the end of expo
and the moment when the sample reached the tempera
below 200 K did not exceeded 15 minutes. This was ne
gibly small as compared to the relaxation time of photo
duced changes in electrical conductivity~it exceeds 10 hours
at room temperature and significantly increases with low
ing temperature23!.

Figure 6 shows theM (H) dependences for the films wit
x'0.39 and 0.41, measured atT520 K in the field parallel
to c axis before and after the 6 hours photoillumination. As
can be seen in the figure for the film withx'0.39, the mag-
netization curves before and after illumination practically c
incide for H,5 kOe but drastically differ in the region
H.10 kOe, where the magnetic susceptibilityx5dM/dH
of the film threefold diminishes ~from 631024 to
231024) upon illumination.

For the film with x'0.41, photoinduced changes in th
M (H) dependence are observed in the whole region of
plied fields. In strong fields (H.17 kOe!, photoinduced
changes are similar to those for the casex'0.39 (x dimin-
ishes due to illumination from 231024 to 531025). But in
lower fields, the magnetization grows upon illumination by
value almost independent of temperature.

As an example, Fig. 7 showsMZFC(T) dependences mea
sured for the film withx'0.41 in the fieldH56 kOe ~par-
allel to thec axis! before and after illumination. Contrary t
the initial magnetization which noticeably depends on te

e
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55 3881FORMATION AND INTERACTION OF FERROMAGNETIC . . .
perature, the photoinduced addition toMZFC(T) amounts to a
practically constant value of about 12 G which is of the ord
of the initial magnetization. In the lower fieldH5200 Oe the
photoinduced effect displays the same qualitative featu
the illumination results in a temperature independent a
mentation to magnetization near to 1 G, or 20 to 30% of
initial value.19

With regard to its very weak temperature dependence,
photoinduced addition to magnetization atx'0.41 should be
assigned mainly to the contribution of giant clusters. T
suggestion is based on a large binding energy of a g
cluster which, on one hand, impedes its destruction w
raising temperature and, on the other hand, originates its
great equilibrium size exceeding the real one. Under illum
nation the system approaches equilibrium and giant clus
grow ~these mechanisms are considered in Sec. IV!. At
x'0.41 such photoinduced growth of giant clusters reve

FIG. 6. Field dependences of magnetization of t
YBa2Cu3O61x films with x'0.39 andx'0.41, measured befor
and after illumination for 6 h.

FIG. 7. Temperature dependences of ZFC magnetization of
YBa2Cu3O61x film with x'0.41. The dependences 1 and 2 we
measured before and after illumination for 6 h, respectively. T
measurements were carried out in the fieldH56 kOe applied par-
allel to thec axis.
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itself quite distinctly~Fig. 7!, but atx'0.39 their number is
too small for noticeable manifestations under illumination

Note that the photoinduced growth of magnetization, p
sented in Fig. 7 at 20 K, noticeably exceeds the correspo
ing quantity plotted in Fig. 6 forx'0.41 andH56 kOe.
This discrepancy is due to nonequilibrium phenomena ty
cal of large clusters~Sec. II B! and, all the more, of gian
ones~the magnetic states, presented in Figs. 6 and 7, di
by their past history!.

D. Summary of the observed regularities which cannot be
explained within the phase separation approach

~i! As was shown in Sec. II A, the linear field dependen
of magnetization in strong fields, the slope of which is
most independent of temperature~Fig. 1!, cannot be assigned
to the AFM phase or to any paramagnetic contribution
paraprocess.

~ii ! Magnetic susceptibility, related to FM clusters, fa
grows with oxygen index up tox'0.3, becomes almost in
dependent ofx in the interval 0.3<x<0.39 and sharply de-
creases with raisingx above'0.41. However, susceptibility
contains a small contribution~almost independent of tem
perature and related to giant clusters! which generally grows
with x in the whole interval of concentration. The nonmon
tonic x dependence of susceptibility, drastically differe
from a fast monotonic concentration growth of the number
holes, cannot be completely assigned to the destruction
FM clusters by a percolation mechanism,13 which begins to
manifest itself near the insulator-metal transition po
x'0.42.

~iii ! Photoillumination of a sample results in an essen
diminution of magnetic susceptibility in the region of stron
fields despite an increase in the number of holes. Bu
x'0.41, susceptibility in low fields grows due to illumina
tion.

The enumerated features can be explained with allowa
for the motion of holes in long-distance potential wells~Sec.
IV !.

III. THE SIMPLEST THEORY
OF FERROMAGNETIC CLUSTERS FORMED
IN LONG-DISTANCE POTENTIAL WELLS

~1! First we consider the formation of a separate FM clu
ter. For YBa2Cu3O6 (x50), copper spins are antiferromag
netically ordered within the CuO2 plane with the exchange
integralJAFM;0.1 eV. With an increase ofx, in the CuO2
plane oxygen holes appear and originate FM ordering. If o
hole is fixed on an oxygen ion, two adjacent copper ions g
the effective exchange between each other,JFM , amounting
to a few electron volts and meeting the inequality

JAFM!JFM ~3!

(JAFM and JFM are positive quantities and the sign of th
exchange energy is indicated explicitly!.

The subsystem ofN copper ions, perturbed by one ho
fixed on an oxygen ion, contains one two-site FM cluster a
has the magnetic ordering energyEM52NJAFM
2JFM12JAFM'2NJAFM2JFM . For n fixed noninteracting
holes (n!N),

e

e
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EM52NJAFM2nJFM . ~4!

Now we let oxygen holes freely move within th
N-atomic subsystem~effective mass of a hole is near t
unity21!. For simplicity, we assume the holes to be uniform
distributed over oxygen ions and neglect boundary effe
Then the system is in a spatially homogeneous state w
can be either antiferromagnetic with the ordering ene
EAFM52NJAFM or ferromagnetic. In the latter case the F
contribution to energy is the same as in Eq.~4! and the AFM
contribution changes sign; so the total magnetic ordering
ergy is EFM5NJAFM2nJFM . Hence the formation of the
N-site FM cluster is attended by the energy change

Eclu522N@~n/2N!JFM2JAFM#. ~5!

The formation of the FM cluster is energetically favorable
the concentration of holes is large enough that

~n/2N!JFM.JAFM . ~6!

If the total CuO2 plane is considered as a homogeneo
N-site system then the condition~6! cannot be fulfilled be-
cause of a small concentration of holes~less than 0.01 in the
insulating phase!. However, holes can be concentrated with
some smallerN-site regions so that the system meets
condition ~6! and gains a negative energy addition throu
the formation of FM clusters; the rest of the CuO2 plane,
depleted in holes, retains the AFM ordering with the u
changed energy. Within the approach of electronic ph
separation such redistribution of holes is impeded by
attendant raise of Coulomb energy. But within the theory
the impurity phase separation this difficulty is deleted by
simultaneous redistribution of ionic charges.16

In our case, this scheme is modified: excess oxygen
form charged copper-oxygen chains in the CuOx plane irre-
spectively of the magnetic ordering in the CuO2 plane. The
chains create long-distance potential wells for oxygen ho
where they are concentrated and localized. We will show
the behavior of localized holes originates the illusive anom
lies stated in Sec. II D.

At first we consider a separate long-distance poten
well, occupied byn holes and involvingN copper ions in the
CuO2 plane (n!N). If the condition~6! is met then theN
copper spins are orientated parallel to each other and ant
allel to the common direction of then hole spins. The spin
polarization of then holes is for sure energetically favorab
since it entails the energy gain per hole (2JFM) much ex-
ceeding in magnitude the attendant raise,DeF , of the Fermi
energy of holes@DeF is of the order of the Fermi energ
itself which amounts to about 0.2 eV Ref. 29#. The size of a
FM cluster, estimated in Sec. II A as 80 copper ions, roug
corresponds to the area of a long-distance well.

At low temperatures the temperature dependence ofmclu
can be linearized inT:

mclu~T!5mclu~0!~12T/T0!. ~7!

T0 is determined by the easiest way of the destruction o
FM cluster which consists in the spin depolarization of ho
s.
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occupying the highest levels of the long-distance well. T
process is attended by a small energy raise if the spa
extent of a high- energy hole exceeds the cluster size~deter-
mined by the extent of the majority of localized holes!. As it
is seen in Fig. 1, for normal-size clusters~with N'100) T0
is rather small~roughly 200 K!. But when applied to very
large clusters~called the giant clusters in Sec. II B! this easy
mechanism of destruction does not work since the spa
extent of all the localized holes is near to the size of
corresponding broad potential well. Due to this, a very la
cluster has a great binding energy which promotes its th
mal stability and a growth under photoillumination~Sec. II B
and Sec. II C!.

The contribution of all the clusters to magnetization
magnetic field, under equilibrium conditions, is described
the well-known classical formula~2!. As temperature raises
the magnetization diminishes, first, due to the destruction
a cluster@described by Eq.~7!#, and second, through therma
disorientation of clusters@described by Eq.~2!#.

~2! Now we take account of the interaction between F
clusters caused by a weak overlapping of the hole states
calized in adjacent long-distance wellsA andB. Let nA stand
for the common unit vector of the spins ofA holes andnB for
that ofB holes. The exchange energyWAB , originated by the
A-B overlap of the hole wave functions, is positive fo
nA5nB and negative fornA52nB ; it can be presented in
the conventional formWAB5WnAnB . Taking into account
that the magnetic moment of theA or B cluster is antiparallel
to nA or nB , one can write down the energy of two interac
ing clusters in the magnetic fieldH:

EAB5mcluH~nA1nB!1WnAnB . ~8!

One can estimate the magnetic field,H0(W), capable of ori-
entating both the moments,mA andmB , in the same direc-
tion: H0(W);W/M . For the characteristic exchange ener
W;0.1 eV,H0(W)'60 kOe.

The drastically different slopes of the field dependence
magnetization in the regions of weak and strong fields can
attributed to the groups of noninteracting and interact
clusters, respectively. The first group is formed in lon
distance potential wells far enough from their neighbo
such clusters are easily orientated by magnetic field acc
ing to Eq.~2!.

The observed slope of the field dependence of magne
tion in the region of strong fields is caused by the inter
tions between clusters with the overlapping energiesW dis-
tributed in some interval 0,W,Wmax (Wmax.0.1 eV!.
These FM clusters begin to contribute to magnetization
H increases up to the valueH0(W);W/M which is distrib-
uted in the corresponding interval 0,H0,H0max with
H0max5Wmax/M.60 kOe. This mechanism is weakly se
sitive to the field direction and temperature in accordan
with experiment.

First we consider the field dependence of magnetizatio
zero temperature. The energy~8! achieves minimum if the
cluster moments lie in one plane with the vectorH and form
equal angles with it. At the point of the minimum, the ener
of two interacting clusters and their total moment~directed
parallel to the field! are
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EAB52~mcluH !2/2W2W,

mAB5mclu
2H/W for mcluH<2W,

EAB522mcluH1W,

mAB52mclu for mcluH>2W. ~9!

To obtain magnetization, the moment~9! is to be averaged
overW with the weight,w(W), of the distribution of cluster
pairs overW. Let us use the simplest distribution function

w~W!5const@d~W!1g/Wmax# for W<Wmax,

w~W!50 for W.Wmax ~10!

(g is the ratio of the total number of interacting clusters
that of noninteracting ones!. Then magnetization equals

M ~H,T50!5E
0

Wmax
w~W!mAB~W!dW

5nmclu@11~gmcluH/2Wmax!ln~2eWmax/mcluH !#.

~11!

Equation ~11! is applicable forH<2Wmax/mclu @at larger
H magnetization remains equal to the saturation va
nmclu(11g)#.

In the case of a nonzero temperature, the temperat
dependent cluster moment~7! should be substituted fo
mclu in Eq. ~11!. Besides, the thermal disordering of clust
moments is to be allowed for. When applied to the group
noninteracting clusters, this is achieved via substituting th
contribution,nmclu , by the expression~2!.

For the group of interacting clusters, the rigorous allo
ance for thermal disordering is rather a complicated pro
dure which is hardly reasonable with regard for a mo
character of the consideration in whole. Instead of this,
effect of thermal disordering can be taken into account i
simple approximate way. For a givenH, the disordering of a
pair of interacting clusters becomes essential in the regio
large W where the magnetic ordering energ
Eord52(mcluH)

2/2W, is comparable withT. EquatingEord
to bTwith b;1, we obtain the upper boundary,WT , of the
W region where cluster moments are orientated by magn
field:

WT5~mcluH !2/2bT ~b;1!. ~12!

The integration overW in Eq. ~11! must be restricted to the
interval 0<W<WT if WT,Wmax. As a result, magnetiza
tion at a nonzero temperature takes up the form

M ~H,T!

5M0~12T/T0!@coth~h/T!2T/h1~gh/2Wmax!lnj#,

~13!

where
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M05nmclu~0!, h5Hmclu~T!5Hmclu~0!~12T/T0!,

j5eh/bT if h2/2bT<Wmax,

j52eWmax/h if h2/2bT>Wmax but h<2Wmax.

The magnetization~13! achieves saturation ath52Wmax and
remains constant ath.2Wmax.

IV. COMPARISON OF THE THEORY
WITH EXPERIMENT AND EXPLANATION
OF EXPERIMENTAL REGULARITIES

Section II D enumerates experimental features incomp
hensible within the approach of phase separation. Now
will consider these regularities in the same sequence
explain them on the basis of the theory described in Sec
with allowance for the behavior of holes localized in lon
distance potential wells.

( i ) Field and temperature dependences of magnetizat
Let us compare the expression~13! with the experiment at
the concentration pointx'0.39. The best agreement
achieved with the following values of parameter
mclu52.6310218 G cm3, Mo541 G,To5233 K,g55, and
Wmax51 eV. Here themclu value has an effective meaning:
makes allowance for large clusters~Sec. II B! but is much
nearer to the moment of predominating normal clusters~es-
timated in Sec. II A as 1.4310218 G cm3).

The dependence~13! with these values of the paramete
is plotted in Fig. 1 by solid lines. As it is seen in the figur
Eq. ~13! describes main experimental regularities. A fast
crease of magnetization withH, observed in the region o
low fields, is described by the first and second terms
square brackets, and a slow increase of magnetization in
region of strong fields is described by the last term. So
discrepancy of Eq.~13! with the experiment is due to th
linear temperature expansion~7! of the cluster moment and
to neglecting the nonequilibrium contribution of large clu
ters ~Sec. II B!.

( i i ) The concentration evolution of magnetization curv
As oxygen content,x, increases, the number of holesnh
grows simultaneously with the length of the charged copp
oxygen chains, allocated in the CuOx plane and producing
wide potential wells in the CuO2 plane~see Sec. I!. There-
fore, an increase inx is attended by the enhancement of t
overlap of hole states localized in adjacent wide wells. T
entails a decrease in the number of clusters which can
orientated by a given fieldH. In the concentration interva
x<0.3, the overlapping effect is not very significant, a
magnetic susceptibility in the whole region of applied fiel
increases withx due to an increase ofnh . But above the
concentration pointx'0.3, the overlapping grows withx
very fast and originates a decreasingx dependence of sus
ceptibility demonstrated by Fig. 3.

In the insulator-metal transition vicinity, besides this e
fect, the overlap of hole wave functions becomes stro
enough to cause destruction of FM clusters. Indeed, if sp
polarized holes, localized in the potential wellA, noticeably
penetrate to an adjacent wellB with the opposite direction of
hole spin polarization, thenA holes partially compensate th
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action ofB holes organizing theB cluster. Simultaneously
copper ions, lying within theB well, endeavor to change th
polarization direction ofA holes. A diminution of theB clus-
ter and a partial spin depolarization ofA holes, originated by
the former and latter effects, respectively, are enhanced
each other.

Destruction of FM clusters through hole states’ overla
ping should be considered as a particular case of the pe
lative destruction mechanism explored for La2CuO41d
crystals.13,30

Such destruction mechanism seems to affect the clu
bond energy even in the insulating phase near the insula
metal transition. Indeed, at the concentration pointx'0.41
magnetization diminishes with raising temperature mu
faster than atx'0.39.19

Thus, near and above the insulator-metal transition p
magnetization is diminished by both the mechanisms or
nated by the overlap of hole states localized in adjac
minima of the long-distance potential. One of the mec
nisms ~manifesting itself also at lower concentrations! im-
pedes FM clusters to be orientated by magnetic field and
second destroys the clusters. Due to the simultaneous a
of the mechanisms, only a small contribution of giant clu
ters persists in the metal phase~this is evidenced by the
comparison of Figs. 4 and 5!.

In the case of very large clusters the overlapping effec
much weaker for the following reasons. First, the magne
moments of giant clusters are much easier orientated by
than those of normal clusters for the same overlap ene
W. Second, for a very large area of adjacent wells,W is
small since the normalized wavefunction of a localized h
has a very weak tail beyond the well. Due to this, the c
tribution of giant clusters to magnetization generally gro
with x up to the pointx'0.44. Suchx-dependent contribu
tion of giant clusters reveals itself in high temperature ran
~Figs. 3, 5, and 7! and in the total region of temperatures
a photoinduced augmentation of magnetization~Fig. 7!.

( i i i ) The effect of photoillumination.The illumination of
YBCO films affects magnetic structure via two competi
mechanisms. First, photoillumination produces an increas
the number of holes which is noticeable for smallx ~for
instance, the photoinduced increase in the conductivity of
sample withx'0.39 amounted to about 25% at room tem
perature!. Second, photoillumination causes the lengthen
of copper-oxygen chains,28,31 which entails an enhanceme
of the overlap between the hole states, localized in adja
wells, and the corresponding decrease of susceptibility. S
the overlap is highly sensitive to the shape of the lon
distance potential, the second effect generally predomin
and results in a significant diminution of susceptibility in t
range of strong fields where susceptibility is determined
the overlapping.

But in the range of low fields, the first mechanism co
pensates the second one atx'0.39 ~Fig. 6! or even notice-
ably predominates atx'0.41 ~Figs. 6 and 7!. This feature
should be attributed mainly to giant clusters which are
very sensitive to the overlapping effect@see item~ii !#. A
giant cluster is a firmly bound system weakly sensitive a
to thermal disordering~see Sec. III!; therefore, the contribu-
tion of giant clusters to magnetization is almost independ
of temperature. For instance, Fig. 7 demonstrates the
by
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stancy of the photoinduced augmentation of magnetizat
originated by giant clusters, when raising temperature. Th
contribution reveals itself also before illumination as a ba
ground almost independent of temperature.

The photoinduced growth of giant clusters is promoted
their large bond energy and realized through the growth
copper-oxygen chains in the CuOx plane. Such a chain, pro
ducing the potential well where holes concentrate, is a c
stituent of a cluster; it grows under illumination since a gia
cluster has a great bond energy and its enlarging is ther
dynamically favorable. Illumination accelerates the diffusi
of oxygen ions in the CuOx plane which results in approach
ing equilibrium.

These considerations explain why the temperature in
pendent contribution to magnetization becomes noticeabl
a high enough oxygen content (x>0.41) provides the exist-
ence of a sufficient amount of giant clusters~Fig. 7!. In the
metal phase normal clusters do not contribute to magnet
tion due to a strong overlap effect, but giant clusters s
produce magnetization weakly dependent onT ~Fig. 5!.

V. CONCLUSION

There are unambiguous experimental evidences for
formation of FM clusters in YBCO antiferromagnetic ins
lators. The clusters are formed by the concentration of ho
in a general accordance with the phase separation appro
However, field and concentration dependences of magne
tion display some essential features~Sec. II D! which can be
explained only by taking into account the detailed behav
of holes in long-distance potential wells. In that way t
following physical pattern was developed.

An FM cluster is formed in the CuO2 plane by oxygen
holes, localized in a long-distance potential well, involving
few hundreds of the plane lattice sites. Such potential w
exist independently of the magnetic structure; they are c
ated in the CuO2 plane by charged copper-oxygen chain
formed in the CuOx plane by a physical-chemical mech
nism, bearing no direct relation to magnetic ordering.20,28,32

An extremely low mobility of oxygen ions, belonging to th
copper-oxygen chains, is evidenced by their large relaxa
time ~several hours even at room temperature.22! This results
in a high stability of the long-distance potential relief and
a negligibly low mobility of FM clusters formed in its
minima.

For comparison it should be mentioned that
La2CuO41d crystals, where FM clusters are also formed
the CuO2 plane by oxygen holes, the holes concentrate
multaneously with the FM cluster formation and the re
rangement of mobile oxygen ions in the La2O2 plane. In that
case FM clusters have a noticeable mobility commensu
with the mobility of oxygen charges in the La2O2 plane.

13

There is a significant straggling of the clusters over siz
For normal ~predominating! clusters, containing about 10
copper spins, the bond energy amounts roughly to 200
Giant clusters~involving above 104 spins! are bound much
stronger, and their contribution to magnetization is alm
independent of temperature and persists with raisingx even
in the metal phase.

Field and concentration dependence of the FM cluster
havior is to a great extent dictated by the overlap of h
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states, localized in adjacent long-distance potential we
which makes the opposite orientations of their spins en
getically favorable. To orientate parallel the spins toget
with the corresponding cluster moments, a strong eno
field is required. This results in the nearly linear field depe
dence of magnetization in a wide region of strong magn
fields. With raising oxygen index the overlapping effe
grows and near the insulator-metal transition not only dim
d

M

B.

n
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th

H.

Z.
s,
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r
h
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t
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ishes magnetization but also begins to destroy FM clust
Due to this, only a small contribution of giant cluste
~weakly sensitive to the overlapping effect! persists in the
metal phase.

The distribution of clusters over sizes seems to be str
ture sensitive and to mirror the inhomogeneity of sampl
So, magnetic measurements can be used for nondestru
control of samples.
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