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We report on the formation of conducting phases in
slightly doped La,CuQ, samples by the existence of a
percolative phase separation. Phase separation can be
quenched by rapid cooling and can be restored by the
application of a 3 T magnetic field. Magnetically polar-
izable quasiparticles are shown to be formed by hole dop-
ing which fuse to form percolative conducting and below
37 K superconducting phases.

1. Introduction

La,CuQ, is the parent compound for the layered copper
oxide systems which become superconducting around
40 K. Superconductivity is achieved by either doping with
Ba or Sr into the La-sites [1] or by introducing an excess
of oxygen viz. raising the oxygen stoichiometry above the
level required for formal charge compensation and form-
ing compounds La,CuO, . ; with d up to ~0.05 [2], [3],
[4]. Surprisingly, only little variation of the transition
temperature 7, with the actual oxygen content is found.
Oxygen doping, e.g. by high-pressure oxygen annealing
[5], like cation doping, has a strong influence on the
magnetic properties. Already small doping concentra-
tions destroy the antiferromagnetic ordering of the Cu
moments.

It is experimentally now well established by neutron
scattering measurements on powders [6], and single crys-
tals [7], anisotropic electronic transport and magnetic
susceptibility [8], '*La NMR [9] that in La,CuO,, ; on
cooling below room temperature a phase separation oc-
curs which generates domains of essentially stoichiomet-
ric insulating La,CuO, and domains of conducting and
superconducting areas, the latter showing onset of su-
perconductivity at about 40 K. Jorgensen et al. [6] ob-
serve a reversible phase separation below 320 K, Chail-
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lout et al. [7] report the onset of the phase separation at
about 280 K, and completion below about 230K for a
sample with d ~0.032. A number of other authors have
delt with the phase separation problem, too [10].

The pertinent question in all these scenarios is, how-
ever, (i) is the phase separation diffusion controlled, (i)
is there a characteristic temperature for the onset of phase
separation. This motivated us to perform field dependent
magnetization measurements on both, oxygen enriched
and Sr doped La,CuQ, samples under various conditions.
The conclusions drawn from the experimental results are
in agreement with the model of percolative conducting
and superconducting phase formation proposed theo-
retically before [11].

2. Experimental

La,Cu0O,, ; powder samples were prepared from the
oxides by the standard procedure [12]. In the follow-
ing we refer to it as the ‘as-prepared’ sample. Part of
the ‘as-prepared’ sample was outgassed in high
vacuum 10 °mbar at temperatures given below.
La,_ St CuO,, ; was synthesized from CuO, La,0, and
SrCO; at 1050° followed by an oxygen anncaling at
700 °C. The powder samples were filled into thin walled
Suprasil quartz containers and immersed in fast drying
lacquer to prevent preferred orientation of the grains. The
magnetizations of the quartz sample holders were meas-
ured in separate runs and subtracted.

The temperature dependence of magnetizations were
measured with a S.H.E. VTS SQUID susceptometer. Spe-
cial attention was paid to the thermal history of the
samples. ‘Fast zero-field cooling’ (‘zfc quenching’) of
the samples was achieved by rapidly lowering the sample
within less than 30 s into the cryostat which was held at
the temperature T,. This procedure allowed quenching
rates of the order of 10 K s™'. At the temperature, T,, a
magnetic field of about 90 G was applied and subse-
quently the temperature was lowered and magnetizations
were determined. Magnetization data were taken after
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equilibrating the sample to the desired (lower) tempera-
tures for about 900 s and averaging ten independent mag-
netization readings. Full acquisition of one data point
typically was accomplished after 1500s. The field de-
pendence of the magnetizations were determined with a
MPMS Quantum design magnetometer.
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Fig. 1. a Magnetization of an ‘as-prepared’ La,CuQ,, ; sample as
a function of the temperature. The starting temperatures 7, to which
the sample was quenched from room temperature are indicated.
The uppermost curve was obtained after quenching the sample to
5K and slowly heating to room temperature. Beginning from the
lowest data set each curve was shifted upwards by a value of
5% 1077 emug~' compared to the preceding one. The measuring
field was 90 G, arrows indicate the direction of temperature change
during the measurement. b Dependence of the Meissner signal of
La,CuQO,. ; on the starting temperature 7,

3. Results

Temperature dependence

The essential results of the magnetization measurements
are summarized in Fig. 1a. Below 37 K, the ‘as-prepared’
sample of La,CuO,, ; exhibits a sharp transition from
the paramagnetic to a diamagnetic magnetization appar-
ently indicating the presence of superconductivity in our
sample giving rise to the Meissner type flux expulsion.
The fractional volume of the superconductivity in our
sample is estimated from the maximal diamagnetic frac-
tion in the magnetization, —2x10 ®emug™’, and
amounts to about 200 ppm. Maxima in the magnetization
curves at around 240 K indicate the onset of long-range
antiferromagnetic ordering characterized by the Néel
temperature 7.

The diamagnetic fraction in the magnetization strongly
depends on the temperature 7, to which the sample was
rapidly quenched. Slow cooling began at the ‘starting’
temperature 7, from wherecon magnetization data were
acquired during slow cooling temperature scans. Note
that a sudden decrease of the diamagnetic fraction by
about one and a half orders of magnitude occurs at values
of 7, in the range of 200-250 K (Fig. 1b).

Surprisingly, the zfc sample quenched to 5 K (Fig. 1a,
uppermost curve) shows a very small diamagnetic {rac-
tion only. This is in contrast to the usual behaviour of
bulk high-7, superconductors where flux expulsion after
zfe (‘shielding’) yields a much higher diamagnetic signal
than for fc (field cooled) samples (‘Meissner effect’). If,
however, zero field cooling was performed slowly with
the same temperature interval step sequence, including
equilibration, as before the diagmagnetic shielding signal
became maximal (Fig. 2). This observation clearly dem-
onstrates that the superconducting fraction of the sample
strongly depends on the thermal treatment.

In addition we have performed zfc and fc temperature
scans, both by slowly cooling down with the temperature
interval step sequence as before. The fc diamagnetic frac-
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Fig. 2. Magnetization of the La,CuQ,_ ; sample as a function of
the temperature. Arrows indicate the direction of the temperature
variation. The zfc magnetization curve was measured after the sam-
ple had been cooled slowly from room temperature to 5 K by using
the same temperature interval step sequence, including equilibra-
tion, as in the subsequent heating (or cooling) cycles and with
application of a measuring field of 90 G



tion was observed to be only slightly smaller than the zfc
diamagnetic signal, again in contrast to what is observed
usually in bulk high-7, superconductors. However, a small
difference in the fc and zfc magnetizations is observed
above T, up to room temperature, a feature which became
even more pronounced in the Sr doped samples to be
discussed below.

A similar dependence of the diamagnetic Meissner sig-
nal of a La,CuQ,, ; sample on the temperature I, was
reported before by Yoshizaki et al. [14] which was in-
terpreted as anomalous enhancement of the supercon-
ducting fractional volume due to field cooling of the sam-
ple. This interpretation is not confirmed by our results.
In particular, the authors obtained less diamagnetic
shielding after zero-field cooling to 5 K and subsequent
data acquisition while raising the temperature. Our re-
sults, however, clearly show that by slow zf cooling the
formation of superconductivity is favoured and the dia-
magnetic fraction of the sample can be enlarged. Since
no details about cooling conditions were given by
Yoshizaki et al., we assume that their zfc curve corre-
sponds to our zf quenched measurement (uppermost curve
m Fig. 1a).

For the ‘as-prepared’ La,Cu0Q, . ; sample the appear-
ance of superconductivity is intimately related to the pres-
ence of excess oxygen in the sample. We observed that
the Meissner signal completely vanishes after the sample
has been vacuum annealed at 500 °C for 12 h. Simulta-
neously, the paramagnetic background magnetization at
high temperatures is considerably reduced and the high
temperature magnetization maximum indicating antifer-
romagnetic long-rang ordering shifted from 240(5) K, for
the as-prepared sample, to 291(5) K for the vacuum an-
nealed sample (Fig.3). The latter effect is well known
and has been taken as evidence for a strong reduction of
excess oxygen for the outgassed sample [15].

Since we have no direct determination of the excess
oxygen content J of the as-prepared sample an estimate
of & was attempted by using the 7, vs J relationship
proposed by Saylor et al. [15]. Taking the maximum tem-
perature 7., =240(5) K as the onset of long-range or-

max

dering viz. as the Néel temperature, Fig. 1 in [15] suggest

—~ 1
+ [~ as prepared ——vac annealed
B S —— S

E ,,’" ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
ow Or— :l' g "_.,_._ g’
' ! £6 50 0 S E
(@] - ! [Tm o o K 148
= f o F~%° e
- { = pec’ Leve =
= 1+ |/ Tsl.... . o 1z
:Ej / g N %, . 3‘?
= L /’ < P SR £ SN
NG . =200 250 360>
s TIK}

Z 2 ! 1 | 1 | f

0 150 300

T(K)

Fig. 3. fc magnetizations as a function of temperature of the
‘as-prepared’ La,CuO, , ; sample and after it was outgassed in high
vacuum at 500 °C for 12 h. The insert shows the section around the
Néel temperatures on an enlarged scale
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0 =0.017(2) for our sample. According to this relation
the excess oxygen content é of the 500 °C vacuum an-
necaled sample is less than 0.007.

In the oxygen rich ‘as-prepared’ sample the results in
Fig. 1 clearly prove that the phase separation leading to
superconducting domains is critically affected by the ther-
mal treatment of the sample. Superconductivity, for ex-
ample, can almost completely be suppressed by rapid tem-
perature quenching of the sample. Slow cooling (some
hours, as provided in the slow cooling procedures), on
the other hand, supports the formation of the supercon-
ducting domains. Related observations have been re-
ported recently for YBa,Cu,O,_; by Veal et al. [16].
They have detected a rise of the superconducting tran-
sition temperature by as much as 15K after room-tem-
perature anncaling of quenched oxygen-deficient samples
of YBa,Cu,0, ; for several days. We note that in the
La,CuO, s as well as in the YBa,Cu,;0, ; compounds
annealing effects appear in a similar temperature range.

Field dependence

The formation of superconducting phases in La,CuO,, 4
not only depends on the thermal treatment of the sample
but can also be initiated by application of sizeable mag-
netic fields. This is demonstrated in Fig. 4. After quench-
ing the sample from room temperature to 220 K the sam-
ple was exposed to a + 3 Tesla magnetic field for a du-
ration of 5h. Then the field was turned off and a meas-
uring field of 90 G was applied. Magnetizations were
recorded during slow fc runs. For reference the sample
was again quenched to and held at 220 K in zero field
for 5 h. The sign of the field in Fig. 4 refers to the direction
of the measuring field. If the large polarization field and
the measuring field are parallel ( + ) the high temperature
paramagnetic magnetization is enhanced and if both are
antiparallel (—) a significant reduction of the paramag-
netic signal is observed. The superconducting (diamag-
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Fig. 4. fc magnetizations as a function of temperature of the ‘as-
prepared’ La,CuO, . ; sample and after quenching the sample from
temperature to 220 K and applying a magnetic field of +3 Tesla
for 5h. The sign refers to the direction of the measuring field. The
reference (indicated by 0) was held at 220K for 5h in zero field.
The length of the bars gives the maximal diamagnetic fraction ob-
tained with the indicated polarization field



322

M/ {ugH) (1077 emu g7}

TU’

|

£

QO

[Te]

& 20/ —

= L (d)

T |

= Ly

~

10 1 ! L 1 n

= 150 300
TIK)

Fig. 5. fc and zfc magnetizations of the ‘as-prepared’ La,CuO, ;
sample a and moderately Sr doped samples La,  Sr CuO, (b:
x=0.02; ¢c: x=0.04; d: x=0.06) as a function of the temperature.
Arrows indicate the direction of the temperature variation. The zfc
magnetization curve was measured after the sample had been cooled
slowly from room temperature to 5 K by using the same temperature
interval step sequence, including equilibration, as in the subsequent
heating (or cooling) cycles and with applied magnetic field. The
Néel temperatures 7T, for the ‘as-prepared’ sample and for
La, 43S10,CuQ, are indicated. Note: The zero of ordinate for
La, ¢,51,0sCuQO, has been suppressed

netic) fraction of the sample exposed to the polarization
field is about 20% larger than that of the reference sample
when no polarizing field is applied. This observation is
independent of the direction of the polarization field with
respect to the measuring field. Performing the same po-
larizing field procedure at a holding temperature of 180 K
does not change the diamagnetic fraction, whereas, a rem-
nant paramagnetic polarization is obtained like before.
Finally, we turn to the results obtained for the Sr
doped samples (Fig. 5). As can be seen from Figs. 5b-5d
the diamagnetic fraction increases with higher Sr con-
tents. The most obvious feature is the distinct separation
between the fc and the zfc magnetization both for the ‘as-
prepared’ La,CuQ,, ;, and the Sr doped samples in the
same temperature range. It is important to note that this
temperature range is well above any of the Néel temper-
atures in the Sr doped samples. This rules out any ar-
gument relating the observed phenomena to spin canting

or other antiferromagnetic ordering mechanisms [17]. The
magnitude of the fc-zfc separation hints at a strong cor-
relation between the amount of holes induced by the dop-
ing and the observed magnetic polarization. We find that
the ‘as-prepared’ La,CuQ,,; sample shows quantita-
tively similar behaviour as the La, 44Sr, ,,CuO, sample.

4. Discussion

The measurements presented in this article clearly prove
that in the investigated samples diffusion processes of
magnetic quasiparticles take place which can be influ-
enced either by thermal treatment (fast and slow cooling)
or by magnetic field. Under slow cooling conditions the
diffusion process occurs in all the samples in the tem-
perature range from around 300 K down to about 200 K.
It can very effectively be suppressed by a fast cooling
(quenching) procedure. The result of the diffusion is the
appearance of a diamagnetic signal below 7, caused by
the formation of a conducting and below T, supercon-
ducting phase. The diamagnetic signal and the corre-
sponding superconducting phase is larger the more com-
plete the diffusion process was, 1.¢. the longer the system
was kept at a temperature between 200 and 250 K. At
higher temperatures thermal fluctuations destroy the con-
ducting phase.

Our current understanding of the observed phenom-
ena is as follows. Magnetic quasiparticles are formed by
the interaction of the added holes with the antiferrom-
agnetic background. These magnetic quasiparticles can
partially combine by a diffusion controlled process into
a conducting and below T superconducting phase which
gives rise to the observed diamagnetic signal. This con-
ducting phase is of fractal nature and forms a metallic
percolative network. Not all the quasiparticles, however,
combine into this phase but rather coexist with single
magnetic quasiparticles which give rise to the observed
paramagnetic behaviour. The equilibrium between these
two subsystems can be shifted by thermal treatment of
the samples. With increasing temperature thermal fluc-
tuations gradually destroy the conducting (supercon-
ducting) phase and breaking it up into magnetic quasi-
particles. This can best be seen in Fig. 2, 5S¢ and 5d where,
when starting at low temperatures (5 K), a monotonic
increase in the paramagnetic signal (lower curves) is ob-
served. Application of a weak magnetic field (e.g. the
measuring field of a few hundred Gauss) during the cool-
ing procedure seems to increase the paramagnetic signal
with a corresponding decrease of the superconducting
phase as seen in the low temperature part of Fig. 2 (dashed
line). In contrast to this increase the application of a
strong magnetic field (e.g. 43 T) enlarges the supercon-
ducting phase as seen in Fig. 4. There the sample was
quenched to 220 K in order to suppress the diffusion of
the quasiparticles. Then, by applying a strong magnetic
field (3 T) a polarization of the magnetic quasiparticles
is observed and in addition an increase of the supercon-
ducting (diamagnetic) phase. The magnetic field ob-
viously supports the formation of the superconducting
phase by increasing the diffusion constant of the quasi-



particles. This interpretation agrees also with the magne-
toresistance data where for the case of La,CuO,, ; a
remarkable increase in the conductivity for 7> 120K
and an applied field >3 T was found [13]. These tem-
peratures and field values coincide with ours. Since the
conductivity is of diffusive character and therefore pro-
portional to the diffusion constant according to the Ein-
stein relation we arrive at the conclusion that both, the
phase separation as well as the conduction process are
due to the diffusion of magnetic quasiparticles.

Let us now discuss in more detail the Sr doped sam-
ples. In the La, _ Sr,CuO, system the holes created by
Sr doping form magnetic quasiparticles which can diffuse.
Diffusion of the Sr counterion at the relevant tempera-
tures is negligibly small. Because of the Coulomb binding
energy between counterion and quasiparticle, the diffu-
sion process 18 limited and affords a certain activation
energy. Only small conducting microphases can therefore
be formed in the low doping regime. Since Sr is randomly
distributed (and not diffusing) a considerable dispersion
of size and distribution of physical properties of these
microphases results. The experimental evidence for this
dispersion can be seen e.g. in Fig. 5¢ in the temperature
range 25-35 K. The transition region around T is smeared
out, no sharp transition is observed. These observations
depend also strongly on the sample treatment as can be
seen by comparing the slow zfc and fc curves. It is also
observed that the diffusion process can be very effectively
suppressed by fast cooling demonstrating that the mo-
bility of the quasiparticles is largely reduced.

In the low doping regime the microphases are distrib-
uted in the sample and do not suppress bulk antiferro-
magnetic order. For higher doping microphase clusters
grow and start to become connected destroying long-
range antiferromagnetic order [18]. In this higher doping
regime where no long-range antiferromagnetic order ex-
ists anymore, nonhomogeneous large fractal or perco-
lative clusters of conducting (superconducting ) phases are
formed. A clustering or percolation of this type, however,
can only take place when the subunit i.e. the magnetic
quasiparticle has a considerable size (several lattice units).
In such a diffusion controlled clustering process there is
no critical phase transition temperature, but merely a
temperature region where the conducting phase (delo-
calized holes) coexists with a noncondensed phase con-
sisting of separated magnetic quasiparticles.

In the case of excess oxygen doping (La,CuO,_ ;) the
same magnetic quasiparticles are formed as with stron-
tium doping. Therefore basically the same features are
observed. Again diffusion of the excess oxygen at the
temperatures discussed here is too low to play any essen-
tial role. However, the binding energy of these quasi-
particles to the counterions seems to be much smaller
than in the strontium doped case. This follows from the
very sharp drop of the magnetization below 7, in the
La,CuO, . s sample (Fig. 5a) compared with the much
smoother decrease in the Sr doped samples (Fig. 5b and
5c) although the total amount of holes is even larger in
the Sr doped samples. This can only be understood on
the basis that larger and more homogeneous conducting
(superconducting ) phases are formed in the oxygen doped
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case. In order to allow for this the diffusion process has
to be more effective.

There have been observations that hydrogen diffusion
plays a certain role in La,CuQO,, ; [19] at the tempera-
tures discussed here. Currently there is not clear evidence
that the diffusion of the magnetic quasiparticles is influ-
enced in any way by this hydrogen. Further investigations
have to clarify this point.

The results presented above are in good agreement
with the model proposed earlier [11] in order to explain
the doping mechanisms in high-7, superconductivity in
the cuprate systems. There it was shown that by hole
doping of the antiferromagnetically ordered systems small
ferromagnetic clusters with a size of 10 to 20 parallel Cu
spins are created. This process is favoured since the loss
of exchange energy due to magnetic disorder is exceeded
by the gain due to lowering of the kinetic energy. These
clusters are rather large and heavy and are expected to
have low mobility. At higher hole conentrations the clus-
ters start to form large fractal or percolative clusters.
Within this percolation picture the experimentally ob-
tained magnetic and conductive phase diagrams can be
understood very naturally by assuming a single cluster
size which comprises 10 to 15 Cu spins [18, 20].

In order to obtain an experimental value for the total
spin of the magnetic quasiparticles we have performed
magnetic susceptibility measurements versus magnetic
field on the La, 4451, 4, CuO, sample with a Néel temper-
ature T,=7 K (Fig. 5b) for different temperatures. The
sample was chosen because our available magnetic fields
were limited to 5T. Alignment of particles with the ex-
pected magnetic moment <10 u, can appreciably be
achiecved at these fields only for temperatures 75,

< T'< 50 K. The temperature must also be higher than
T, otherwise the internal field caused by the long-range
magnetic order suppresses spin alignment. The results are
presented in Fig. 6. Fitting the experimental field de-
pendences of the susceptibility with a differentiated Bril-
louin function leads to magnetic moments on the order
of 10 u, for the magnetic quasiparticles. By using a g-
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Fig. 6. Susceptibilities dM/dH of La, 4Sry,,CuO, as a function
of the magnetic field. The indicated temperatures correspond to
the final temperature which was reached under zfc from room
temperature
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value of 2.2 and taking into account a reduction factor
of 0.63 due to quantum fluctuations we estimate the size
of the magnetic quasiparticles to about 15 copper spins.
This result agrees very well with the cluster size estimation
(N=13 copper spins) obtained from the percolation
model [11, 18].

5. Conclusions

Our analysis of temperature and field dependent magnetic
measurements establishes the formation of a percolative
phase separation in the La,CuQ, system. Hole doping of
this system creates magnetic quasiparticles (of the order
of 15 copper spins) which can form large fractal clusters
of high conductivity and which become superconducting
below T ~40 K. The formation of this percolative con-
ducting phase is controlled by the diffusion of the mag-
netic quasiparticles. The diffusion process can be
quenched by rapid cooling below 200 K. There is no crit-
ical temperature for the phase separation but rather a
temperature range (200-300 K) where the separation sets
in. A coexistence region occurs where the highly con-
ducting (metallic) phase and noncondensed magnetic
quasiparticles compete. The bonding between these two
phases is influenced by large magnetic fields (several
Tesla) and thermal treatment, basically by influencing the
diffusion constant of the magnetic quasiparticles. We be-
lieve that these mechanisms apply as well to all other
high-T, superconductors based on cuprate layers.

We thank E. Briicher and M. Gehrke for help with the magneti-
zation measurements. Prof. Reinen (U Marburg) kindly provided
the Sr doped samples. The work is supported by the Bundes-
ministerium fiir Forschung und Technologie and by the Land Baden-
Wiirttemberg.
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Note added in proof. After submission of the paper we became aware
of the work by Pouchard and co-workers [21] in which it was
demonstrated that O~ diffusion is still possible at the relevant tem-
peratures above 220 K.



