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Formation and interaction of ferromagnetic clusters in antiferromagnetic YBa,Cu 30 ¢, films
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The magnetization of YBgCu;Og, . 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 CuQ, plane(where the clusters are formeoly charged copper-oxygen chaialocated in the CuQplane
where excess oxygen ions are incorporatédsignificant straggling of ferromagnetic clusters over sifesn
100 to 1@ or more spins per clustewas discovered, the properties of clusters being essentially dependent on
their size.[S0163-18207)04405-9

I. INTRODUCTION AND PROBLEM STATEMENT dence of magnetization at low temperatures, were associated
with a latent ferromagnetisi2®~8 Recently, the authot$
During past vyears, the magnetic structure ofhave obtained quite distinct evidences of the existence of FM
YBa,CuOg.  (YBCO) dielectrics was an object of rather clusters in YBCO dielectrics. In general features, these ex-
intensive studie$-8 The problem is complicated enough and perimental data agree with the conception of phase
from the nowaday point of view consists mainly in the fol- separatiort?~18
lowing. However, some essential regularities, experimentally ob-
At x=0, a YBa,Cu;0¢, crystal is known to be an an- served in Ref. 19, cannot be explained within the phase sepa-
tiferromagnet(AFM) (with copper spins antiferromagneti- ration approach in its present form. For instance, the mag-
cally ordered within the Cu@plane, with the exchange in- netic susceptibility of YBaCu;Og., , insulators grows with
tegraldaem~ 0.1 eV). The AFM exchange of two Cif ions  x only for x<<0.3 and diminishes with increasing for
is realized through the chemically inactive closed-shéil O x>0.39 despite a fast attendant increase of the number of
ion lying between them. With an increase ®f in the holes. The conception of phase separation is also insufficient
CuG, plane oxygen holes appear which locally destroy theto explain the field dependence of magnetization in a wide
AFM ordering. An oxygen ion with a trapped hal®@ ~ with  range of magnetic fields. Thesand some othe¢mualitative
the configuration of chemically active Cétrongly interacts discrepancies indicate on the existence of un unknown addi-
with two adjacent Cé" ions. The interaction energy is mini- tional mechanism involved in the formation of FM clusters
mized if the O" and CU#" spins are antiparallel, so that the in YBCO insulators.
spins of the involved copper ions are parallel to each other. The present paper is concerned with the identification of
So, in the presence of an oxygen hole the effective exchanggich mechanism. With that end in view, the authors drew
energy of C#* spins,Jgy has the opposite sign and a much attention to another sphere of phenomena common for
greater magnitude as comparedJig, .22t Jpy is of the  YBa,CusOg. x Crystals. It is well knowf that excess oxy-
order of a chemical bond energy, i.e., a few electron volts. lIgen ions & ions per unit ce)l form charged copper-oxygen
follows that one delocalized hole can destroy the AFM or-chains Cé* 02~ Cu?*...02~Cu?* in the CuQ, plane that
dering of a large number<(|Jgy/Jarm|) Of copper spins. is parallel to the Cu@ plane. As was shown in Ref. 21 and
With an increase ok and of hole concentration, the ten- in Ref. 22, hole movement and electronic properties are es-
dency to the ferromagneti®&M) ordering grows and entails sentially affected by the long-distance modulation of Cou-
the formation of FM clusters in the CyQplane. This phe- lomb potential, produced in the Cy(plane by the chains
nomenon was treated in the terms of phase separktioh. (even a point excess charge lying in the Gu@ane creates
According to this approach, it is energetically favorable forin the CuG, plane a potential well with the halfwidth seven
oxygen holes to concentrate in some regions and organiZémes exceeding the interatomic distandeor instance, the
their ferromagnetic microphase, whereas the AFM phase peinsulator-metal transitiofobserved ak~0.42) is connected
sists in the rest of material depleted in holes. with the concentration evolution of the long-distance poten-
Some indications on a latent ferromagnetism, i.e., the extial. In the insulating phasex 0.42) oxygen holes are lo-
istence of spatial regions with a nonzero magnetic momentalized in long-distance wells. As oxygen context, in-
appeared even in early papers concerning the magnetic propreases, the chains lengthen, the wells broaden, and the
erties of YBCO crystal$=3 The second magnetic transition mobility threshold of holes lowers. Simultaneously the num-
close to 40 K, as well as a strongly nonlinear field depenber of holes in the Cu®@ plane grows, and at~0.42 their
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Fermi level intersects the mobility threshold.
As it is shown below, the formation of FM clusters is 80

closely connected with the concentration and motion of holes

in the long-distance potential wells. In order to explore this

sphere of phenomena, we shall, first, experimentally examine 60

magnetic properties of YBCO insulators with a particular

attention to all the anomalous features from the point of view ©
of the phase separation approd8ec. ). All the qualitative - 40

discrepancies between the experiment and this approach are
pointed out in Sec. Il via the primary analysis of the experi- :
mental results. Based on these data, we shall develop in Sec. 20
Il the simplest theory, which complement the phase separa- b
tion conception by taking into account peculiarities of hole P
motion in long-distance potential wells. The theory will natu- o¥
rally explain all the illusive anomalies in the observed mag-
netic propertiegSec. 1\).

FIG. 1. Field dependences of magnetization of the
Il. EXPERIMENTAL RESULTS YBa,Cu;0g. « film with x~0.39 for H|c at various temperatures.
AND THEIR PHYSICAL MEANING Solid curves were calculated using Ef3).

We ha\ée per(fjormed mfeasurem(_ants_ of tr;e field and tMgere geposited on one of them. Then both the samples were
perature dependences of magnetization of ¥B#0O¢.x  annealed simultaneously under the same conditions. After

films with various oxygen content. The magnetization wasyq annealing, the contact-free sample was used for magnetic
measured by a superconducting quantum interference deviggeasyrements and the sample with silver contacts for the
(SQUID) magnetometefMPMS Quantum Designin mag-  yaasyrements of electric conductivity by the four probe
netic field which was varied in the intervakOH<50 kOe | aihod.

and directed parallel or perpendicular to thexis. The mea- The metal-insulator transition in the examined films was
surements were carried out in the temperature ranggpserved atx~0.42. The temperature dependence of the

4.5<T<150 K. i ) electrical conductivity of the film withk~0.39 was typical
The YBa,CusOg. films (about 150 nm thickwere de- ¢ 5 semiconductordsgy/ o4 ,~21). The dependence(T)
posited by laser ablation on thi601 SrTiO3 substrates 0.3 ¢ the film with x~041 was of metal type

mm thic_k. Thec axis of th_e films i_s normal to their surface. (0300/ 74 ~0.2) but the transition to superconducting state
YBCO films of the mentioned thickness are transparent Qs ot observed in this film even at the liquid helium tem-

visible light which renders the possibility to expose them ©perature. The film withk~0.44 had superconducting transi-
a uniform photoillumination. Another advantage of thin films tion at T.~10 K.
consists in an easy possibility to change oxygen content by "¢ fielq and temperature dependences of magnetization

annealing_ir_l vacuum. . ' were investigated for the films with oxygen content in the
In the initial state before annealing, all the films wererange 0.2x<0.6. The total magnetic moment of a

superconc_jucting with the transition te_mperat[frce=88 to YBa,CwO¢,  film together with the SrTiQ substrate was

20 }TI wh|c_h_ corr%spo?dz to oxygen |_r(1jdzx= 0_'3 to 1]; A measured. The magnetic moment of the film was determined

small transition wi tt{o. about 1 K provi €d evidence for a by subtracting the diamagnetic contribution of the substrate

high degree of perfection and homogeneity of the sampleg,, the measured value of the total magnetic moment. For

The samples with the required lowered oxygen content werg, . s -

: o purpose, the magnetic susceptibility of the pure SgTiO
prepared by annealing at the temperature 300-330 °C 'Bubstrate was measured and found to be equal to
vacuum(about 10? mm Hg under permanent evacuation. —1.13x10"7 emu/Oe g

The oxygen content in the annealed films was determined
independently in two ways. First, the lattice parametaf _ L )
the films was measured by x-ray diffraction method, and the /- Fiéld dependences of magnetization and cluster size.
c-versusx dependence, given in Refs. 23 and 24, was used. Nonmonotone concentration dependence of susceptibility
Secondx was inferred from the superconducting transition The field dependencedd(H), of the magnetization of
temperaturdl . with the use of its concentration dependenceannealed YBaCu;Og ., films were measured upon cooling
taken from Ref. 25T was found from the temperature de- the film to required temperature in zero magnetic figdd-
pendence of the magnetization of the film, measured in loviween the consecutive measurements the sample was heated
magnetic fields, and from the temperature dependence of it to 100 K. TheM(H) curves were measured in the course
electrical conductivityr. For the films in the insulatinghon-  of increasing the field from 0 up to 50 kOe and of its subse-
superconductingphase, oxygen content was determined us-quent decrease down to zero.
ing the x-ray data and the measure(lT) dependence with First we focus attention on the concentration point
allowance for its concentration evolutiéh. x~0.39, which relates to the insulating AFM-ordered phase
To provide the possibility of the simultaneous magneticbut provides large enough magnetization to be examined in
and electric measurements, two samples of area of about Odktail when varying field and temperature. Figure 1 shows
cm? were initially cut from the same film and silver contacts severalM (H) dependences measured at different tempera-
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The moments of copper ions, belonging to the GuO
plane, should also be taken into account. If their orientation
is not fixed by the crystalline field, they make a paramagnetic
contribution to susceptibility pars~ (1£/3T) (M o/3). Even at
5 K, xparadoes not exceed 18 which is twenty times less
than the observed susceptibility in the region of low fields. In
the region of strong fields, the observed slope of the magne-
tization curvegFig. 1) is almost independent of temperature
s for 5<T<60 K and therefore cannot be assignedxig,
20 39‘; “““ (although at 5 Kyparais near to the observed slope
Based on these considerations, the observed field depen-
dence of magnetization should be assigned to FM clusters.
2 With this in view, let us consider the physical meaning of
L the magnetization curves presented in Fig. 1. The curves
5 10 15 20 exhibit two contributions drastically different in the character
H (kOe) of field behavior. One of therttalled below the first contri-
bution) increases rapidly witiH and achieves saturation in
FIG. 2. Field dependences of magnetization of thelow fields. The second contribution manifests itself in strong
YBa,CuOg .  film with x~0.39 measured &t=6 K in increasing fields and slowly(almost linearly grows with increasing
and decreasing magnetic figitll c. The hysteresis loop of magne- field. As it is seen from Fig. 1, the second contribution is
tization is shown in the inset, where Eq(2) with  nearly independent of temperature below 60 K, whereas the
Mg,=1.4<10"'® G cn? is plotted by solid line. first contribution noticeably decreases with raising tempera-
ture. The saturation valu®/ s, of the first contribution(ob-
tures in the field parallel to the axis. The figure presents the tained via extrapolating the linear part of the magnetization
measurements in increasing field. The abscissa is the interngljrve toH =0) fast diminishes with raising temperature up
field to 55 K and slowly decreases with a further increase of tem-
B perature(see Fig. 9 of Ref. 19
Hi=H=4mNgM, @ Now we will analyze the field dependence of the first
with the demagnetizing factaXy. In this way account is contribution in order to derive the magnetic momeny,,,
taken of the demagnetization effect which is noticeable forof a FM cluster. As was pointed out, the observed magneti-
smallH if H is parallel to thec axis[in this case the demag- zation practically does not depend on the magnetic field ori-
netizing factoN in Eq. (1) is close to unity whereas it turns entation. It follows that the energy of the interaction between
to zero for the in-plane orientation &f]. a cluster and the lattice is independent of the cluster moment
Similar M(H) dependences were obtained also fororientation. So, magnetic fielth turns the magnetic mo-
H.Lc. In this case the field dependences of magnetizationnents of noninteracting clusters similarly to those of free
plotted in the axedM versusH=H;, practically coincide paramagnetic atoms with large classical moments and pro-
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with the curves of Fig. 1. duces the equilibrium magnetization
As an example, Fig. 2 presents tHedependence of mag-
netization for the in-plane orientation &f at T=6 K. The M=McothmyH/T)-T/mgy,H}, Mg=nmy,, (2

figure shows theM (H) curves measured in increasing and
decreasing field. These curves coincide within the error ofvheren is the number of clusters per unit volume.
measurements in the regiéh>8 kOe, while in lower fields Fitting Eq. (2) to the experimentaM(H) dependence
a hysteresis is observed. The hysteresis loop of magnetizglotted in the inset of Fig. 2, we obtain the magnetic moment
tion is shown in the inset of Fig. 2. The magnetization of aof a cluster at T= 6 K: my,=1.4X10" 8 G cnf=150u5.
film does not vanish after decreasing the field down to zeroThe straggling, corresponding to hysteresis, is small, since
The remanent magnetizatioh),, reaches abdu® G for  the nonequilibrium contribution to magnetizatignonsid-
x~0.39 at liquid helium temperature. With raising tempera-ered in Sec. Il B is actually frozen at low temperatures in
ture the remanent magnetization diminishes an@i>ab0 K low fields. (With raising temperature the nonequilibrium
becomes less than 1 G. At low temperatures, the remanegpntribution becomes unfrozen which hinders the use of the
magnetization persists for a long time. The remanent magnenagnetization curves, related to higher temperatures, for the
tization was observed in all of the examined nonsuperconestimation of mg,.) Taking for the atomic moment
ducting films, the maximum being achievedxat 0.39. #=19ug, the number of copper ions in a cluster is
Before analyzing the presented results, let us show tha¥~80. Clusters witiN~100 (called normal-size clusters in
the observed magnetization should be attributed to FM cluseontrast to giant clusters witN~10* considered beloyw
ters. Indeed, the contribution of the AFM phase to magnetienake a dominant contribution to magnetization Tex 40 K
susceptibility iSy apm~ Mot/ Iaem~ 102 (Mo~ 300 G is  [at higher temperatures normal-size clusters are destroyed,
the total magnetic moment of copper ions per unit volumejudging from a strong temperature decreasd/iofRef. 19.
u~1.9ug is the moment of one Cu ion,?® g is the Bohr The magnetization magnitude of YB@u;Og. , films de-
magnetonJ gy~ 0.1 eV is the AFM exchange enengyrhe  pends on oxygen content. Figure 3 showsxhiependences
observed susceptibility, estimated from the data presented iof magnetization. As it is seen from Fig. 3, for low tempera-
Fig. 1, is at least two orders of magnitude greater. tures (T=20 K) the magnetization depends monmonoti-
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FIG. 3. Concentration dependences of magnetization in the
fields 40 kOe and 200 Oe perpendiculactaxis. Two upper curves €quilibrium state of the magnetic subsystétire equilibrium
relate to the temperature poifit=20 K and the lower curve to Magnetization depends only éhandT). During the cooling
T=70 K (main contribution to magnetization is made by normal- of the film in magnetic field, the magnetizatiol rc in-
size clusters in the former case and by very large clusters in thereases rapidly in the temperature intervakdio<50 K and
latten. Lines are guides for the eyes. significantly slower with a further lowering of temperature.

When the film, which was cooled before in the absence of

cally and in a similar way in low and strong fields. In the field, is heated in magnetic field, the magnetizatidgc
interval 0.2<x< 0.3 the magnetization increases witmore  increases with temperature up to about 40 K in the course of
than twofold. Asx raises from 0.30 to 0.39, the magnetiza- approaching of the thermodynamic equilibriug@at helium
tion remains practically invariable. A further increasexof temperatureMzec was frozen at a low nonequilibrium
results in a sharp decrease of magnetization. Note that thealug. With a further increase of temperature in the region
concentration of holes rapidly grows within the total ex-  Of thermodynamic equilibriumT>40 K), Mz rapidly di-
amined interval of concentrations, in particular just in theminishes, being practically coincident witWgc.
vicinity of the insulator-metal transition where magnetization At low temperaturesM ;. and Mg differ significantly.
sharply diminishes with raising. Indeed, the conductivity of As magnetic field increases, the relative difference
the film, measured at 4.2 K, grows from k20° (Mgc—Mgzrd)/Mgc diminishes(i.e., the magnetic subsystem
Q 'm™ to 25x10°Q "t m~?! and to infinity (supercon- approaches equilibriumAt H>8 kOe the complete equilib-
ductance asx varies from 0.39 to 0.41 and to 0.44, respec-fium is achieved and the difference between the curves
tively. Mzeo(T) and M(T) disappears. A similar behavior of
magnetization was observed for all of the examined films
with different oxygen indicex related to the nonsupercon-
ducting magnetically ordered state.

For the reason given below, the nonequilibrium contribu-

Magnetization curves presented in Fig. 1 reveal an untion to magnetization should be assigned to large clusters
usual behavior in the region of low fields where their slope iswith the momenin,;,>m,,,. Let us estimaten,,, proceeding
almost independent of temperature up to 40 K. As it isfrom the assumption that the nonequilibrium contribution is
shown below, this feature originates from a nonequilibriumresponsible for the fact that the magnetization curves, plotted
contribution to magnetization in low fields. In order to ex- in Fig. 1 at the temperatures 5, 20, 32, and 40 K, have equal
plore such nonequilibrium phenomena, the temperature deslopes in the region of low fields. In this region magnetiza-
pendence of magnetization was examined in fixed low fieldsion consists of the equilibrium and nonequilibrium contribu-
applied parallel or perpendicular to tkeaxis. tions, produced by normal-size and large clusters, respec-

The measurements of magnetization were carried out itively, and can be presented in the form
the course of heating of the sample which was cooled befort = M4(Hm/3T) + AM,,(Hm,/3T) with the multiplier A
to the liquid helium temperature in zero magnetic figlle  depending on the degree of equilibrium. With regard to the
M2ec(T) dependencdsand in the course of cooling of the above analysis of Fig. 4, one can pAt=0 at 5 K and
sample in magnetic fielfthe M (T) dependencds A~1 at 40 K. As it is seen from Fig. M.~ 40 G at 5 K

Figure 4, related to the magnetically ordered film withand 25 G at 40 K. The saturation magnetizatidg,, pro-
x=~0.39 (nonsuperconducting shows typicalM ;-(T) and duced by large clusters, can be estimated from the data pre-
Meo(T) dependences. A clearly manifested difference besented in Fig. 1 as the ordinate of the point where the curve,
tween theM z(T) andM(T) curves evidences for a non- related to 40 K, sharply changes its slopd;,~ 15 G

B. Temperature dependence of magnetization.
Manifestations of very large clusters
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centration, the large and giant clusters for sure cannot mani-

2.5 fest themselves in transport properties.
50 [0-44
‘ ke : 7 C. Anomalous effect of photoillumination on magnetization
15F 17 ? For the elaboration of the adequate theory of FM clusters,
) 4 it is of principal importance to trace the variation of magne-
~ 40 L tization with an increase of the number of holes per unit
= volume, n,,. In the experiments described in Sec. Il A and
05 L ’ Hlle, ZFC Sec. Il B then;, varies with oxygen index when ch'anging
from sample to sample. In the experiments described below
0o - the ny, increases in the same sample via illumination by vis-
' x=0.56 ible light[in the insulating phase, the illumination produces a
| noticeable increase of, Refs. 26—-28
—0.55 T T, Y= For the experimental studies of the effect of photoillumi-
T (K) nation on the magnetic properties of YR2U;O¢_ , films,

we used the samples withclose to the point of the metal-
FIG. 5. Temperature dependences of ZFC magnetization of th#sulator transition X,~0.42). Just in the vicinity of this

YBa,Cu;04_ « films with different oxygen content measured in  point, the strongest change in the electrical conductivity of
the fieldH| c of the strength 1 kOe. YBa,Cuz0¢_ « films under photoillumination is observéd,

and noticeable variations in their magnetic properties can be
pected.
The experiments were carried out on the films with oxy-
gen contenk~0.39 and 0.41. The samples were illuminated
nby a He-Ne laser with wavelength = 633 nm. The light
flux density at the sample was about 0.1 Wfcrim order to

(roughly the same estimation can be achieved from the daf®
given in Fig. 4. Equating the slopedsM/dH at the tempera-
tures 5 K and 40 K to each other, we obtain the estimatio
m,5~5000ug at 40 K. In Ref. 19, the moment of large clus-
ters, responsible for the nonequilibrium magnetization, Wagain 5 yniform illumination of the sample, the laser beam
estimated in a quite different way to be 7000, was broadened. The exposure time was varied from 1 to 6 h
Now let us draw attention to the region>55 K where g the illumination dose from #bto 6x 107! photons/
the behavior of magnetization is of quite different kind: mag-cne, respectively. The main changes in the magnetic proper-
netization is almost independentBf(Fig. 4) and grows with  ties of the examined films were observed during the first
increasingx above the pointk~0.39 (Fig. 3. The small  hour of illumination.
contribution to magnetization, weakly dependent on tem- The films were exposed to light at room temperature and
perature, should be assigned to very large FM clugtaited  then placed in SQUID magnetometer and cooled down to the
below the giant on@sThe magnetic moment of a giant clus- required temperature. The time between the end of exposure
ter, mg,, can be estimated from below with regard to ther-and the moment when the sample reached the temperature
modynamic equilibrium which for sure exists above 50 K.below 200 K did not exceeded 15 minutes. This was negli-
As it can be seen from Fig. 4 of Ref. 19 for all the oxygengibly small as compared to the relaxation time of photoin-
indices, magnetization decreases less than by 10% as tefuced changes in electrical conductivittexceeds 10 hours
perature raises from 55 to 75 K, that is by 35%. It follows at room temperature and significantly increases with lower-
from Eq.(2) that such slow temperature variation of magne-ing temperature).

tization corresponds to the regiomH/T>4. AtH = 200 Figure 6 shows thé&(H) dependences for the films with
Oe and T= 60 K, we Obtai”“gia>2><104MB so that a giant X~0.39 and 0.41, measured Bt 20 K in the field parallel
cluster involves more than {@opper ions. to ¢ axis before and after the 6 hours photoillumination. As it

To all appearance, very large clusters are much moréan be seen in the figure for the film wit0.39, the mag-
stable than normal-size ones and manifest themselves ipetization curves before and after illumination practically co-
high-temperature tails of magnetizatifig. 4) as well as in  incide for H<5 kOe but drastically differ in the region
the metal phase where the normal-size clusters contributiod >10 kOe, where the magnetic susceptibiljy=dM/dH
to magnetization strongly diminishes. In particular, giantof the film threefold diminishes(from 6x10°* to
clusters seem to be responsible for the residual magnetiz&x 10~ *) upon illumination.
tion observed in the superconducting phase abbvéFig. For the film with x~0.41, photoinduced changes in the
5). The stability of very large clusters is originated by their M(H) dependence are observed in the whole region of ap-
large bond energysee Sec. Il and Sec. WIn Sec. I C it  plied fields. In strong fields H>17 kO, photoinduced
will be shown that the giant clusters manifest themselveshanges are similar to those for the case0.39 (y dimin-
also under photoillumination. ishes due to illumination from 210~ * to 5x10™°). But in

The volume concentration of clusters, i.e., their contribu-lower fields, the magnetization grows upon illumination by a
tion to magnetization divided by the cluster moment, can bevalue almost independent of temperature.
estimated to be 8 10'° cm™~2 (or 5% 102 per unit cel) for As an example, Fig. 7 showd ;- T) dependences mea-
normal-size clusters; 810" cm™3 (or 5x10°° per unit  sured for the film withx~0.41 in the fieldH =6 kOe (par-
cell) for large clusters; and less thanx20'® cm™2 (or allel to thec axis) before and after illumination. Contrary to
3% 10 © per unit cel) for giant clusters. In such a low con- the initial magnetization which noticeably depends on tem-



60

540

20

FIG. 6.

FORMATION AND INTERACTION OF FERROMAGNETIC ...

n'*"‘

* *
QQ.,gbBSoooooooooOO

0 ® 0.41

* before illumingtion
o after illumination
1 1 1 1

Field dependences of
YBa,CuyOg . films with x~0.39 andx~0.41, measured before

10 20 30 40 50
H (kOe)

and after illumination for 6 h.

perature, the photoinduced additionMg..(T) amounts to a
practically constant value of about 12 G which is of the orde
of the initial magnetization. In the lower field=200 Oe the

photoinduced effect displays the same qualitative feature
the illumination results in a temperature independent au

magnetization of
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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, pre-
sented in Fig. 7 at 20 K, noticeably exceeds the correspond-
ing quantity plotted in Fig. 6 fox~0.41 andH=6 kOe.
This discrepancy is due to nonequilibrium phenomena typi-
cal of large clustergSec. Il B and, all the more, of giant
ones(the magnetic states, presented in Figs. 6 and 7, differ
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. Il A, the linear field dependence
of magnetization in strong fields, the slope of which is al-
most independent of temperatufég. 1), cannot be assigned
to the AFM phase or to any paramagnetic contribution or

the paraprocess.

(i) Magnetic susceptibility, related to FM clusters, fast
grows with oxygen index up t@~0.3, becomes almost in-
dependent ok in the interval 0.3<x=<0.39 and sharply de-
creases with raising above~0.41. However, susceptibility
contains a small contributiofalmost independent of tem-
perature and related to giant clusjendich generally grows
with x in the whole interval of concentration. The nonmono-

Yonic x dependence of susceptibility, drastically different
Yrom a fast monotonic concentration growth of the number of

mentation to magnetization near to 1 G, or 20 to 30% of itﬁ1

L 19 oles, cannot be completely assigned to the destruction of
initial value:

. . FM clusters by a percolation mechani$fyhich begins to
W't.h regard to Its very weak temperature dependence, thﬁ1anifest itself near the insulator-metal transition point
photoinduced addition to magnetizationxat 0.41 should be x~0.42

aSS|gnet(_j mc_aunlljy todthe conltr|but|%n gf giant C|USteer' Th|s (iii) Photoillumination of a sample results in an essential
suggestion IS based on a ‘argeé binding energy ot a 918 %iminution of magnetic susceptibility in the region of strong
cluster which, on one hand, impedes its destruction Whe[ﬁelds despite an increase in the number of holes. But at

raising temperature and, on th_e other hand, originates _its VeY~0.41 susceptibility in low fields grows due to illumina-
great equilibrium size exceeding the real one. Under illumi-; '

nation the system approaches equilibrium and giant clusters

; : . The enumerated features can be explained with allowance
grow (these mechanisms are considered in Seq. A P

for the motion of holes in long-distance potential weBec.

x~0.41 such photoinduced growth of giant clusters revealsfv)
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lll. THE SIMPLEST THEORY
OF FERROMAGNETIC CLUSTERS FORMED
IN LONG-DISTANCE POTENTIAL WELLS

(1) First we consider the formation of a separate FM clus-
ter. For YBaCu304 (x=0), copper spins are antiferromag-
netically ordered within the Cu@plane with the exchange
integral Japm~0.1 eV. With an increase of, in the CuQ,
plane oxygen holes appear and originate FM ordering. If one
hole is fixed on an oxygen ion, two adjacent copper ions gain
the effective exchange between each otigy,, amounting
to a few electron volts and meeting the inequality

Iarm<Jem ()

(Jaem @nd Jgy, are positive quantities and the sign of the
exchange energy is indicated explicjtly

FIG. 7. Temperature dependences of ZFC magnetization of the 1he subsystem ol copper ions, perturbed by one hole

YBa,Cu305., film with x~0.41. The dependences 1 and 2 were fixed on an oxygen ion, contains one two-site FM cluster and
measured before and after illumination for 6 h, respectively. Thhas the magnetic ordering energyEy=—NJapym
measurements were carried out in the fielet 6 kOe applied par- —Jem+2Japm=~ —NJIapm— Jem . FOr v fixed noninteracting
allel to thec axis. holes w<N),



3882 S. L. GNATCHENKO et al. 55

Ey=—NJary— vJeu - (4) occupying the highest levels of the long-distance well. This
process is attended by a small energy raise if the spatial
Now we let oxygen holes freely move within the extent of a high- energy hole exceeds the cluster @eéter-
N-atomic subsystenteffective mass of a hole is near to mined by the extent of the majority of localized holeAs it
unity?). For simplicity, we assume the holes to be uniformly is seen in Fig. 1, for normal-size clusteisith N~100) T,
distributed over oxygen ions and neglect boundary effectss rather small(roughly 200 K. But when applied to very
Then the system is in a spatially homogeneous state whiclarge clustergcalled the giant clusters in Sec. 1) Ehis easy
can be either antiferromagnetic with the ordering energymechanism of destruction does not work since the spatial
Earm= — NJapm Or ferromagnetic. In the latter case the FM extent of all the localized holes is near to the size of the
contribution to energy is the same as in E&).and the AFM  corresponding broad potential well. Due to this, a very large
contribution changes sign; so the total magnetic ordering ercluster has a great binding energy which promotes its ther-
ergy is Epy=NJaem— vJem. Hence the formation of the mal stability and a growth under photoilluminati¢®ec. 11 B
N-site FM cluster is attended by the energy change and Sec. Il G.
The contribution of all the clusters to magnetization in
magnetic field, under equilibrium conditions, is described by

Ecu=—2N[(»/2N)Jem— Jprm]- ) the well-known classical formulé). As temperature raises,
The formation of the FM cluster is energetically favorable if ("€ magnetization diminishes, first, due to the destruction of
the concentration of holes is large enough that a clustef{described by Eq(7)], and second, through thermal

disorientation of clustergdescribed by Eq(2)].
(2) Now we take account of the interaction between FM
(vI2N)Iepm™> I pmm - (6) clusters caused by a weak overlapping of the hole states lo-
calized in adjacent long-distance wesandB. Let n, stand
If the total CuG; plane is considered as a homogeneousor the common unit vector of the spins Afholes andg for
N-site system then the conditid6) cannot be fulfilled be- that ofB holes. The exchange energysg, originated by the
cause of a small concentration of holésss than 0.01 in the A-B overlap of the hole wave functions, is positive for
insulating phase However, holes can be concentrated withinn,=ng and negative fon,=—ng; it can be presented in
some smalleiN-site regions so that the system meets thethe conventional formW,g=Wn,ng. Taking into account
condition (6) and gains a negative energy addition throughthat the magnetic moment of tieor B cluster is antiparallel
the formation of FM clusters; the rest of the Cu@lane, ton, or ng, one can write down the energy of two interact-
depleted in hOleS, retains the AFM Ordering with the Un-ing clusters in the magnetic field:
changed energy. Within the approach of electronic phase
separation such redistribution of holes is impeded by the

attendant raise of Coulomb energy. But within the theory of Eag= Mg H(Na+Ng) +Wnang. (8
the impurity phase separation this difficulty is deleted by the
simultaneous redistribution of ionic chard@s. One can estimate the magnetic fighth(W), capable of ori-

In our case, this scheme is mo_difit_ad: excess oxygen io”éntating both the momentsy, andmg, in the same direc-
form charged copper-oxygen chains in the Guilane irre- o 1y (W) ~W/M. For the characteristic exchange energy
spectively of the magnetic ordering in the Cu@lane. The \v_ 0 1 eV Ho(W)~60 kOe.
chains create long-distance potential wells for oxygen holes g grastically different slopes of the field dependence of

where they are concentrated and localized. We will show tha, 5 gnetization in the regions of weak and strong fields can be
the behavior of localized holes originates the illusive anomaxiributed to the groups of noninteracting and interacting

lies stated in Sec. Il D. , _clusters, respectively. The first group is formed in long-
At first we consider a separate long-distance potentiagjistance potential wells far enough from their neighbors:

well, occupied by holes and involvindN copper ions inthe  g;ch clusters are easily orientated by magnetic field accord-
CuO, plane <N). If the condition(6) is met then theN ing to Eq.(2).

copper spins are orientated parallel to each other and antipar-"the ghserved slope of the field dependence of magnetiza-
allel to the common direction of the hole spins. The spin  {jon in the region of strong fields is caused by the interac-
polarization of thev holes is for sure energetically favorable s petween clusters with the overlapping eneryiesis-
since it entails the energy gain per hole Jgv) much ex-  yipyted in some interval @W<W,., (W, o>0.1 eV).
ceeding in magnitude the attendant raiseg, of the Fermi  These FM clusters begin to contribute to magnetization as
energy of hole§ Aeg is of the order of the Fermi energy 4 increases up to the valiy(W)~W/M which is distrib-
itself which amounts to about 0.2 eV Ref.]29he size of a | ;teq in the corresponding  interval <tH o <H g, With

FM cluster, estimated in Sec. Il A as 80 copper ions, rougthHOmaX: W, /M>60 kOe. This mechanism is weakly sen-

corresponds to the area of a long-distance well. sitive to the field direction and temperature in accordance
At low temperatures the temperature dependenc@f  \yith experiment.
can be linearized if: First we consider the field dependence of magnetization at
zero temperature. The ener¢®) achieves minimum if the
Ma(T) =My (0)(1—T/To). @) cluster moments lie in one plane with the vedtband form

equal angles with it. At the point of the minimum, the energy
T, is determined by the easiest way of the destruction of af two interacting clusters and their total momédirected
FM cluster which consists in the spin depolarization of holesparallel to the field are
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EAB:_(mcIuH)zlzw_Wv Mo=nmg,(0), h=Hmgy,(T)=Hm,(0)(1-T/Ty),
Mag= Mg 2H/W  for mgyH=2W, E=elbT if h%2bT<W, .,
Eag=—2mgH+W, £=2eWph/h  if h?/20T=W,,, but h<2W, ..

Mag=2mg, for myH=2W. ) 'rrehmearir:]zasgggrt]lzglﬁnitsz g\(jc:z\x/.es saturation at=2W,,,,and
To obtain magnetization, the momef@® is to be averaged

over W with the weight,p(W), of the distribution of cluster IV. COMPARISON OF THE THEORY
pairs overW. Let us use the simplest distribution function: WITH EXPERIMENT AND EXPLANATION
OF EXPERIMENTAL REGULARITIES

¢(W)=consfS(W)+ y/Wpa] - fOr W=Winay, Section 1l D enumerates experimental features incompre-

hensible within the approach of phase separation. Now we
e(W)=0 for W>W,, (100  will consider these regularities in the same sequence and
] ] ) ) explain them on the basis of the theory described in Sec. IlI
(v is the ratio of the total number of interacting clusters towith allowance for the behavior of holes localized in long-
that of noninteracting ongsThen magnetization equals distance potential wells.

(i) Field and temperature dependences of magnetization.

Wimax Let us compare the expressiéh3d) with the experiment at
M(H,T=0)= Jo @(W)mag(W)dW the concentration poink~0.39. The best agreement is
achieved with the following values of parameters:

=nmg[ 1+ (ymMgH2W;0 IN(2€ Wi/ Mg H) 1. Mg,=2.6X10 8 G cn?, M,=41 G,T,=233 K, y=5, and

(11) W, =1 eV. Here than,, value has an effective meaning: it
makes allowance for large clustefSec. 1l B but is much
Equation (11) is applicable forH=2W,,.,/my, [at larger nearer to the moment of predominating normal clustess
H magnetization remains equal to the saturation valudimated in Sec. Il A as 141078 G cn?).
nmg,(1+ )] The dependenc€ld) with these values of the parameters
In the case of a nonzero temperature, the temperaturds plotted in Fig. 1 by solid lines. As it is seen in the figure,
dependent cluster momeri¥) should be substituted for Ed.(13) describes main experimental regularities. A fast in-
mg, in Eq. (11). Besides, the thermal disordering of cluster crease of magnetization witH, observed in the region of
moments is to be allowed for. When applied to the group ofow fields, is described by the first and second terms in
noninteracting clusters, this is achieved via substituting theigquare brackets, and a slow increase of magnetization in the
contribution,nm,, by the expressio(2). region of strong fields is described by the last term. Some
For the group of interacting clusters, the rigorous allow-discrepancy of Eq(13) with the experiment is due to the
ance for thermal disordering is rather a complicated procelinear temperature expansi@i) of the cluster moment and
dure which is hardly reasonable with regard for a modelto neglecting the nonequilibrium contribution of large clus-
character of the consideration in whole. Instead of this, théers(Sec. Il B.
effect of thermal disordering can be taken into account in a (ii) The concentration evolution of magnetization curves.
simple approximate way. For a givéh the disordering of a As oxygen contentx, increases, the number of holeg
pair of interacting clusters becomes essential in the region gfrows simultaneously with the length of the charged copper-
large W where the magnetic ordering energy, oxygen chains, allocated in the Cy@lane and producing
Eorg= — (MguH)2/2W, is comparable withl. EquatingE,,y  Wide potential wells in the Cu@plane(see Sec.)l There-
to bT with b~ 1, we obtain the upper boundan;, of the  fore, an increase im is attended by the enhancement of the
W region where cluster moments are orientated by magnetieverlap of hole states localized in adjacent wide wells. This
field: entails a decrease in the number of clusters which can be
orientated by a given fieltH. In the concentration interval
_ 2 _ x=<0.3, the overlapping effect is not very significant, and
Wr=(ma,H)720T - (b~1). (12 magnetic susceptibility in the whole region of applied fields
The integration oveWV in Eq. (11) must be restricted to the increases wittx due to an increase af;,. But above the
interval OsW<W; if Wr<W,,.. As a result, magnetiza- concentration poinx~0.3, the overlapping grows with

tion at a nonzero temperature takes up the form very fast and originates a decreasxglependence of sus-
ceptibility demonstrated by Fig. 3.
M(H,T) In the insulator-metal transition vicinity, besides this ef-

fect, the overlap of hole wave functions becomes strong
=My(1-=T/T)[coth h/T)=T/h+(yh/l2W,,0In€],  enough to cause destruction of FM clusters. Indeed, if spin-
13 polarized holes, localized in the potential wall noticeably
penetrate to an adjacent w8lwith the opposite direction of
where hole spin polarization, theA holes partially compensate the
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action of B holes organizing th@& cluster. Simultaneously stancy of the photoinduced augmentation of magnetization,
copper ions, lying within thé well, endeavor to change the originated by giant clusters, when raising temperature. Their
polarization direction oA holes. A diminution of thé8 clus-  contribution reveals itself also before illumination as a back-
ter and a partial spin depolarization Afholes, originated by ~ground almost independent of temperature.
the former and latter effects, respectively, are enhanced by The photoinduced growth of giant clusters is promoted by
each other. their large bond energy and realized through the growth of
Destruction of FM clusters through hole states’ overlap-COPPer-oxygen chains in the Cy@lane. Such a chain, pro-
ping should be considered as a particular case of the percécing the potential well where holes concentrate, is a con-
lative destruction mechanism explored for JcuO,, s  Stituent of a cluster; it grows under illumination since a giant
crystals!3% cluster has a great bond energy and its enlarging is thermo-
Such destruction mechanism seems to affect the clustélynamically favorable. lllumination accelerates the diffusion
bond energy even in the insulating phase near the insulator@f 0xygen ions in the CuQplane which results in approach-
metal transition. Indeed, at the concentration poist0.41  ing equilibrium. _ _ _
magnetization diminishes with raising temperature much These considerations explain why the temperature inde-
faster than ak~0.391° pendent contribution to magnetization becomes noticeable as
Thus, near and above the insulator-metal transition poin@ Nigh enough oxygen content#0.41) provides the exist-
magnetization is diminished by both the mechanisms origi€nce of a sufficient amount of giant clust¢fsg. 7). In the
nated by the overlap of hole states localized in adjacen@eta| phase normal clusters do not contnpute to magnetiza-
minima of the long-distance potential. One of the mechafion due to a strong overlap effect, but giant clusters still
nisms (manifesting itself also at lower concentratipris-  Produce magnetization weakly dependentTo(Fig. 5).
pedes FM clusters to be orientated by magnetic field and the
second destroys the clusters. Due to the s_imultangous action V. CONCLUSION
of the mechanisms, only a small contribution of giant clus-
ters persists in the metal phaghis is evidenced by the There are unambiguous experimental evidences for the
comparison of Figs. 4 and)5 formation of FM clusters in YBCO antiferromagnetic insu-
In the case of very large clusters the overlapping effect idators. The clusters are formed by the concentration of holes
much weaker for the following reasons. First, the magnetidn a general accordance with the phase separation approach.
moments of giant clusters are much easier orientated by fieldowever, field and concentration dependences of magnetiza-
than those of normal clusters for the same overlap energion display some essential featu@ec. 1l D) which can be
W. Second, for a very large area of adjacent wells,is  explained only by taking into account the detailed behavior
small since the normalized wavefunction of a localized holeof holes in long-distance potential wells. In that way the
has a very weak tail beyond the well. Due to this, the confollowing physical pattern was developed.
tribution of giant clusters to magnetization generally grows An FM cluster is formed in the Cu@plane by oxygen
with x up to the pointx~0.44. Suchx-dependent contribu- holes, localized in a long-distance potential well, involving a
tion of giant clusters reveals itself in high temperature rangdew hundreds of the plane lattice sites. Such potential wells
(Figs. 3, 5, and )and in the total region of temperatures asexist independently of the magnetic structure; they are cre-
a photoinduced augmentation of magnetizatiBig. 7). ated in the CuQ plane by charged copper-oxygen chains,
(iii) The effect of photoilluminatiorhe illumination of  formed in the CuQ plane by a physical-chemical mecha-
YBCO films affects magnetic structure via two competingnism, bearing no direct relation to magnetic ordefhg’3?
mechanisms. First, photoillumination produces an increase iAn extremely low mobility of oxygen ions, belonging to the
the number of holes which is noticeable for small(for  copper-oxygen chains, is evidenced by their large relaxation
instance, the photoinduced increase in the conductivity of théime (several hours even at room temperaﬁﬁe‘[his results
sample withx~0.39 amounted to about 25% at room tem-in a high stability of the long-distance potential relief and in
perature¢. Second, photoillumination causes the lengtheninga negligibly low mobility of FM clusters formed in its
of copper-oxygen chairf§;>* which entails an enhancement minima.
of the overlap between the hole states, localized in adjacent For comparison it should be mentioned that in
wells, and the corresponding decrease of susceptibility. Sincea,CuQy, 5 crystals, where FM clusters are also formed in
the overlap is highly sensitive to the shape of the longthe CuQO, plane by oxygen holes, the holes concentrate si-
distance potential, the second effect generally predominatesultaneously with the FM cluster formation and the rear-
and results in a significant diminution of susceptibility in the rangement of mobile oxygen ions in the 4@, plane. In that
range of strong fields where susceptibility is determined bycase FM clusters have a noticeable mobility commensurate
the overlapping. with the mobility of oxygen charges in the L@, plane'®
But in the range of low fields, the first mechanism com- There is a significant straggling of the clusters over sizes.
pensates the second onexat0.39 (Fig. 6) or even notice- For normal (predominating clusters, containing about 100
ably predominates at~0.41 (Figs. 6 and Y. This feature copper spins, the bond energy amounts roughly to 200 K.
should be attributed mainly to giant clusters which are nofGiant clustersinvolving above 16 sping are bound much
very sensitive to the overlapping effeiee item(ii)]. A stronger, and their contribution to magnetization is almost
giant cluster is a firmly bound system weakly sensitive alsdndependent of temperature and persists with raigimyen
to thermal disorderingsee Sec. I}, therefore, the contribu- in the metal phase.
tion of giant clusters to magnetization is almost independent Field and concentration dependence of the FM cluster be-
of temperature. For instance, Fig. 7 demonstrates the corravior is to a great extent dictated by the overlap of hole
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states, localized in adjacent long-distance potential wellsishes magnetization but also begins to destroy FM clusters.
which makes the opposite orientations of their spins enerbue to this, only a small contribution of giant clusters
getically favorable. To orientate parallel the spins togethefweakly sensitive to the overlapping effeqiersists in the
with the corresponding cluster moments, a strong enougmetal phase.

field is required. This results in the nearly linear field depen- The distribution of clusters over sizes seems to be struc-
dence of magnetization in a wide region of strong magneti¢ure sensitive and to mirror the inhomogeneity of samples.
fields. With raising oxygen index the overlapping effect So, magnetic measurements can be used for nondestructive
grows and near the insulator-metal transition not only dimin-control of samples.
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