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Microscopic phase separation in LaCuO,., induced by the superconducting transition
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The phase separatidRS effect in superconducting LEuG,, , (x<0.04) single crystals with low oxygen
mobility was studied viguSR spectroscopy, high-resolution neutron diffraction, and magnetic susceptibility.
Despite the fact that all crystals are inside the miscibility gap (€4 0.06), only crystals with a sufficiently
large excess oxygen concentrativa 0.04 show a macroscopic phase separation according to the neutron-
diffraction data. However, in all samples a phase transition to an ordered magnetic state was obsgiSBd by
spectroscopy concomitantly with the onset of superconductivity. This effect is treated as a microscopic phase
separation which is possibly driven by superconductii§0163-182@08)02341-§

Although the phenomenon of macroscopic phase separa- In this paper, we present additional experimental data on
tion (PS in La,CuQ, ., was discovered in 1988it has not La,CuQ,_, single crystals, obtained bgxSR and neutron
yet found a generally accepted explanation and the drivingitfraction, which allow us to clarify the problem. The most
force of separation is still the subject of disqussior_l. Recentlyintriguing result is that we observed a coexistence of super-
it was demonstrated that the repeatedly investigaeed., conductivity and an ordered magnetic state without a macro-
Ref. 2 phase diagram of L&uQ,.y, including the so scopic phase separation with essentially close transition tem-

::taggg ?ésecr:bﬂ%%%?ghe(%glr;oégi\)fvi (I)nOfSh ;Spn;; eurgl\:)efrial.z aperatures. This is strong evidence in favor of the existence of

kharov et al® and A. Balagurowet al® that along with the the. so called e!ectroni_c phase §eparation in these crystals
“usual” La,CuQ,,, single crystals demonstrating the phaseWhich is theoretically discussed in Refs. 7,8.

separation into oxygen-rich and oxygen-poor regions, it is TWo kinds of LaCuQ,, 4 superconducting crystals were
possible to prepare crystals that are inside the miscibility gagtudied: macroscopically homogeneous and phase-separated
and which show superconductivity without a macroscopicones. The crystals were prepared by the molten solution
phase separation. The combined analysis of neutron armdethod under thermodynamic equilibrium conditions. De-
1SR data has shown that the phase-separation effect has tails of crystal growth, oxygenating procedure, and high-
even more complicated behavior, namely, a macroscopicallgesolution neutron-diffraction analysis are presented
homogeneous superconducting crystal can be inhomog@lsewheré:* A specific feature of this series of crystals is the
neous on a microscopic leveFinally, we tentatively sug- low oxygen mobility which for the crystals in the<0.03
gested in Ref. 6 that the appearance of a microscopic phasegion of miscibility gap results in the absence of a macro-
separation in LgCuQy,, , happens close to the superconduct-scopic phase separation by oxygen diffusion.

ing transition temperature and, hence, can be connected with Below, we present data for two representative crystals:
the formation of the superconducting and antiferromagnetievith x=0.02 for the nonphase-separated series of samples
(AFM) states. (crystal A) with a superconducting transition temperature
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an indirect confirmation that the system consists of small
superconducting domains separated from each other by weak
links which can be easily destroyed by a small magnetic
field. The effect of quenching is considerably less pro-
nounced in sample B. Similar effects for single crystals of
La,CuQ, ., were observed earliér!

High-resolution neutron diffraction(with Ad/d=0.9
x 10" %) revealed no trace of phase separation in sample A;
neither splitting nor broadening of the neutron-diffraction
peaks was observed, proving that, on a macroscopic scale,
the homogeneous distribution of the excess oxygen in the
crystal is preserved down to the lowest measured tempera-
ture (9 K). In sample B, the phase separation into oxygen-
rich and oxygen-poor phases was observed clearly on
cooling? The relative difference in the elementary lattice pa-
rameters of these two phases amounts to aboul® 2,
which corresponds well with the results obtained for
“usual” La,CuQ,,,." In crystal B, we observed the specific
effect of diffraction peak broadening, the analysis of which
allowed us to conclude that the average dimensions of the
coherent regions of the coexisting phases are nearly the same
and amount to 100 nm along tleeaxis and 150 nm within
the plane. The phase separation process stafis=&50 K
and is complete af=200 K. It is worth mentioning that the
two-step shape of the superconducting transifieig. 1(b)]

FIG. 1. The temperature dependence of the magnetic suscepils possibly connected with a network of coupled supercon-

bility for the La,CuQ, o, (a) and LgCuQ, o4 (b) crystals in different
magnetic fields, andc) at different cooling rates from room tem-

ducting domains of macroscopic size, as mentioned above.
A magnetic state in crystal A was evidenced by the pres-

perature to 100 K for the LG, o, crystal. The magnetic field is  ence of a muon spin precession signal detected in zero ex-
parallel to thec axis of the crystal.

ternal magnetic field (ZR:SR) below 15 K. A correlated
precession of the muon spins is possible only if the surround-
ing Cu moments are ordered coherently on the scale at least

T.=15 K, and with x=0.04 for the phase-separated Of a few lattice constants. The time dependence of the muon

sampleg(crystal B with T,=25 K. The B crystal has been SPin polarizationP(t), projected onto the axis of positron
studied before by high-resolution neutron diffractfolihe ~ Observation, can be described by the function
data on other crystals from these series differ only in minor
details and support the main conclusions of the present work.
The uSR measurements were made using the Generd&(t)=a,;exp(—\t)cog27f t+¢)+ag exp—Not), (1)
Purpose Spectrometer on théV3 surface muon beam line
at PSI (Villigen, Switzerland. The neutron-diffraction ex-
periments were performed at the IBR-2 pulsed reactor ofvhere the precession frequenty=y,B,, is given by the
JINR (Dubna, Russia with the high-resolution Fourier local magnetic fieldB,, acting on the muon which is pro-
diffractometef and the DN-2 instrument equipped with a portional to the staggered magnetization of the copper mag-
two-dimensional position-sensitive detector. The magnetizanetic moments; the precession amplitedes determined by
tion measurements were performed using a custom-made sthe magnetically ordered volume fraction of the crystal and
perconducting quantum interference device magnetoniéter.the direction ofB, . The second component is the sum of the
The magnetic susceptibility measured in external maghonoscillating part of the muon polarization inside the mag-
netic field of 0.1-30 Oe is presented in Fig. 1. The superhetically ordered regions of the crystal and a contribution
conducting diamagnetic response in sample A with an onsdtom the remaining paramagnetic volume. Typical ZBR
transition temperature f.=15 K is low and is suppressed signals observed in sample A are shown in Fig. 2, where the
by a small external field. However, superconducting state iglifference between paramagnetit=€30 and 20 K and the
not destroyed: the susceptibility remains negative and larggagnetically orderedT(=4 K) states of the crystals can be
in comparison with the paramagnetic contribution. The su<learly seen.
perconducting fraction is much larger in sample B and less The amplitudea; assumed a constant value below 15 K,
sensitive to the applied magnetic field. We found that thedemonstrating that the magnetic transition is fully developed.
diamagnetic response in sample A strongly depends on thEhe spontaneous muon-spin precession frequefgyis
cooling rate at the temperatures 100—-300 K, where the oxyshown in Fig. 8a) as a function of temperature. Its tempera-
gen diffusion can g¢Fig. 1(c)]. Quenchingl min from 300 ture dependence and low-temperature vdlye 5 MHz are
down to 100 K the sample to nitrogen temperatures sup-typical for the antiferromagneti¢AFM) state of stoichio-
presses the diamagnetism completely. This observation isetric LaCuQ, . ,'? suggesting that sample A displays the
evidence for the important role of oxygen diffusion and givessame AFM structure. Figure(ly) shows the temperature de-
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FIG. 2. Time dependence of the muon-spin polarizaigt) in )
zero external field above and below the magnetic transitibg ( FIG. 4. The AFM volume fraction of the LEUO, q, crystal
=15 K) for La,CuQ, z,. The data fofT =20 and 30 K are shifted ~seen byuSR (the diamonds, left axjs The area of th¢100 AFM
up along they axis. peak as a function of temperature measured by neutron diffraction

(circles, right axi$ is also shown.

pendence of the precession dampinglt diverges as the _ n ) o
temperature approaches 15 K. This means that the statR? K (see Fig. 2 The origin of this fast depolarization is
AFM-correlated state is destroyed abdug=15 K. No pre- thought to reflect the slowing down of the Cu-spin fluctua-
cession signal was observed above 15 K; however, the pdlons near the phase transition. Thus, the Z5R data un-
larization function possesses a fast decaying COmponeﬁtmblguously prove the presence of static antiferromagnetic

which steadily decreases with increasing temperature up tgrder in part of the crystal volume. The volume fraction oc-
cupied by the AFM phase amounts #50%. This was de-

termined from data measured in a transverse external field of
4 kOe in the temperature range of 3—280 K.

6 a) Unlike the sample A, sample B displays two characteristic
temperatures associated with magnetic ordering. Balqyw

® =230 K, the AFM phase appears only in 10% of the crystal
4 volume and under cooling t6y;=25 K, a sharp increase in
the AFM fraction occurs, which reaches 40% at low tem-
peraturegFig. 4, left axig. The spontaneous muon-spin pre-

2 1 \ cession frequency detected beldy; has, again, values of

' about 5 MHz forT—0 K, typical for AFM LaCuQ,, .

The precession frequency smoothly increases with decreas-
ing temperature, without any peculiarity &, .

To check whether the observed transitions in samples A
and B lead to a true long-range AFM order, we measured the
neutron-diffraction spectra along th&00] direction (Bmab
space groupwith the DN-2 instrumentFig. 5. According
to the uSR data, we expected to find tli#00 magnetic
peak below the magnetic transition beloly=15 K in
10 sample A and belowly;=230 K in sample B. Indeed, in
sample B, this peak was well visible, whereas in sample A,
neutron diffraction revealed no traces of this reflectimset
3 in Fig. 5. The temperature dependence of {10 peak
A area in sample B is shown in Fig. (#ight axi9. Since the

0 4 g 12 16 20 copper magnetic moment does not changégt, according
to the temperature dependence of the muon-spin precession
frequency, one would expect to find an increase in(flG9)

FIG. 3. The spontaneous muon-spin precession frequef@y Peak area belowly, similar to the increase in the AFM
and the precession damping(b) as a function of temperature in fraction detected by SR. However, neutrons do not see any
the LaCuQ, ¢, crystal. peculiarity belowTy,=25 K, whereas the muons see a
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does not have a high enough oxygen excess concentration to
be in the spinodal region and has to split via the nucleation
mechanism — which is not effective at low oxygen mobility.
The oxygen excess concentration in % 0.04 crystal, on
the other hand, places the sample in the spinodal region and
the decay develops independently of the oxygen mobility.
We have carried out a comparative study of the “usual”
La,CuQ, ., single crystal which has larger excess oxygen
mobility. It is macroscopically separated into oxygen-rich
and oxygen-poor phases which has large spatial dimensions
T (>2000 A), and these phases possess ordinary antiferro-
1 2 3 i () 4 5 6 magnetic and superconducting propertiés.
We now discuss the two main experimental results of the
FIG. 5. The diffraction pattern from th¢100] plane for  present work:(i) the appearancéor sharp increase in the
La,CuQ, o, measured alT=10 K. The inset shows fragments of volume fraction of the low-temperature AFM phase when
the diffraction patterns for both L&uQ, o, and LaCuQ, g, near the  the system enters the superconducting state(ajpdhe in-
(100 AFM peak. The position and intensity of ti200) and (400) visibility of this AFM phase to neutron diffraction. We men-
peaks are close for both crystals. tion that a very similar phenomenon has been observed in a
crystal with another oxygen concentration<0.03) > where
a magnetic transition to a short-range spin-glass-like state
was observed to set in the vicinity of the superconducting
transition.
fourfold increase in the AFM fraction. Hence, it seems that  One natural explanation for the observed behavior is that,
the magnetic Bragg peak is associated with those 10% of thefter cooling, the crystals consist of domains of oxygen-rich
sample volume which gives also rise to the spontang@R  and oxygen-poor phases of very small siie the x=0.04
signal belowTy;. As in sample A, we observe that the tran- crystal, there are also metallic regions of larger size due to
sition temperaturél,, seen only byuSR, coincides with the macroscopic PS which produce a robust superconductiv-
the superconducting transition temperature. ity at low temperatures ThenTy, in crystal B corresponds
The main experimental results may be summarized as foko the Nesl temperature of crystal A. The absence of AFM
lows. In crystal A k=0.02) the evolution of a correlated neutron reflections below these temperatures implies that the
muon-spin precession starts Bi=15 K, which coincides sizes of the coherent regions of this AFM phase are very
with the superconducting transition a@t,. Moreover, the small (of the order of several dozens And, therefore, can-
crystal fraction occupied by the AFM phase is close to 50%not be seen as Bragg reflections due to severe broadening.
However, the magnetic state at low temperature does not The coincidence between the temperatures of the mag-
possess true long-range order since the neutron-diffractionetic and superconducting transitions in quite different crys-
study failed to observe the relevant magnetic peak. In crystahls, however, remains surprising. From the fact that the
B (x=0.04), the ordered magnetic state appearsligt  magnetic ordering temperatur€g=15 K for x=0.02(Fig.
=230 K, which can be seen from both tp&R and neutron  2), Ty,=25 K for x=0.04 (Fig. 5, and T;=8 K for x
data. Down to the superconducting transition temperatures=0.03? are always close to the onset of the superconducting
which coincides withT,=25 K, the volume fraction of the regime in all crystals, independent of their actual microstruc-
AFM phase is only~10%, which increases drastically up to ture and characteristic temperatures, we may conclude that
~40% upon further cooling. At the same time the fraction ofthe magnetic ordering or the underlying microscopic PS is,
the sample volume, occupied by the AFM phase with then fact, induced by the superconducting transition. Such a
correlation length sufficiently long to allow for the appear- behavior is predicted by a theoretical stldy which it is
ance of a magnetic Bragg peak, remains at the level ofound that a homogeneous metallic system becomes unstable
~10% in the whole temperature range. in the presence of different competing electronic mecha-
We will start our discussion of the experimental resultsnisms, characterized by long-range or short-range correla-
with a brief sketch of the “temperature-concentration” tions. There it was also shown that the stability regime is
phase diagram of L&uQ, ., .. An earlier experimental study affected by the presence of superconducting pairing. As a
showed the presence of a miscibility gap in a rather wideresult, the superconducting transition may cause a sample,
concentration region. However, when a solid solution dehomogeneously metallic in its normal phase, to split into
composes into two phases, two routes for the decay are pogreakly coupled metallic islands separated from each other
sible: the nucleation and growth mechanism and/or the spirby insulating interlayers which would possesses the magnetic
odal mechanism. Because there is an activation barrier in therder.
former case, the process may be completely quenched in The dependence of the diamagnetic response on the cool-
crystals with low mobility of the dopants. The spinodal de-ing rate even in macroscopically homogeneous crystals
cay does not need an activation process and, hence, inevitareans that the redistribution of the extra oxygen atoms still
bly leads to the development of spatial fluctuations in theexists, but on a microscopic scale. Since the oxygen micro-
composition through the sample. Our belief is that the differinhomogeneity can compensate the loss in Coulomb energy,
ent behavior of the crystals A and B arises from the differenthe system becomes unstable towards an electronic phase
effective decomposition mechanisms: tke=0.02 crystal separation. The phenomenon we found is, perhaps, not di-
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rectly connected with the high-temperature superconductivtivity and is very likely driven by the formation of supercon-
ity and can be a consequence of energy considerations, sindecting and AFM states.

both superconductivity and AFM lower the system energy on L
condition that Coulomb energy is compensated. The authors are grateful to V. G. Simkin and A. V. Pole-

In summary xSR and neutron-diffraction studies show for their help with neutron-diffraction measurements. The
that a microscopic phase separati@s opposed to macro- work was supported by the RFBEGrant Nos. 960217431,
scopic phase separatjom La,CuO,,, single crystals with 96021782;& SNSF (Grant No. 7SUPJ048473and by the
low oxygen mobility appears in parallel with superconduc-HTSC national programiGrant No. 96018
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