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Phase separation and weak ferromagnetism in lightly-oxygen-doped L&uO,., single crystals in
low magnetic fields
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Ferromagnetic regions formed in lightly-oxygen-doped@z0, . , single crystals have been detected by
measuring magnetic susceptibility in low<60 Oe) magnetic fields. These regions produce a characteristic
curve of x(T,H) (symmetric in shape approaching a maximum value-dfo—°> emu/g—enormous for this
system which is observed only at sufficiently low magnetic fields. Time and frequency dependengi€E)of
along with x-ray diffraction data provide evidence in favor of a contribution from oxygen ordering to this
effect. Crystals with differing excess oxygen content and mobility have been studied and the largest effect has
been found in crystals with high oxygen mobility entering the superconducting state.
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The idea that the conduction electron may create a ferrod.5 mm/h or by the molten solutiofMS) method® Crystals
magnetic (FM) region inside an antiferromagneti@&FM) grown by FZM can be easily doped with oxygen up to the
semiconductor was suggested almost 30 years'dgor  appearance of superconductivityith TS"®=40 K). In con-
high-temperature superconductqtdTSC’s) it was shown trast, it is very hard to insert extra oxygen in crystals grown
that for the holes introduced into the CuO plane it is enerby the MS method and to create a noticeable excess oxygen
getically favorable to be surrounded by a ferromagneticallycontent they were oxygenated in a homemade high-pressure
ordered clustef.However, there is as yet no experimental cell. In the present work we studied three crystals with dif-
information on the direct observation of the ferromagneticferent oxygen content: two dielectrics L1 and L2 grown by
moment in lightly doped copper oxides at low magneticthe MS method and one superconductor L3 grown by FZM.
fields. The main problem is that one has to measure a spe-1 is the as-grown crystal witfiy=240 K and experienced
cific magnetic susceptibility of T0' CGSM units of small no oxygen treatment. L2 was oxygenated in the high pres-
samples(some cubic millimetepsat temperatures of 200— sure cell(Po =3 kbar, T=600 °Q for two days and had
300 K in a magnetic field of less than 50 Oe. Superconductsome additional treatment at low temperatures after that. The
ing quantum interference devices have a low sensitivit 3 crystal was treated in an oxygen atmosphere
threshold but are very susceptible to changes in ambient PP ;=5 bar, T=500 °Q for some hours and according to
rameters and the field must be substantially increased in omagnetic measurements contained about 10% of the super-
der to work confidently at temperatures of 200—-350 K whereconducting phase. All three crystals were thoroughly studied
the transition to the N state and phase separation occur inpy x-ray diffraction, on the base of which the excess oxygen
La,CuQ,, .3 There is an elegant way to increase the sencontent was estimated to be 0.606.003, 0.016: 0.003, and
sitivity of a magnetometer with the aid of double synchro-0.013+0.003 for the L1, L2, and L3 crystals, respectively.
nous detectiofi.” During the measurements, the sample, lo-  Figure 1 shows normal-stayg(T) data for the supercon-
cated in a weak ac magnetic fielil=h, sin(wt), moves ducting L3(a) and dielectric L2(b) crystals with increasing
periodically from one detection coil into another, the coilsdc magnetic fieldH from 0 up to 450 Oe. The huge suscep-
being connected in opposite directions to one another. As #bility, in maximum almost an order of magnitude larger
result, amplitude modulation of the high frequency signalthan in the paramagnetic state, is observed foClugd, g13
arises. The degree of modulation is proportionalytg. In  crystal [Fig. 1(@] when only a weak ac magnetic field is
our measurementy,=0.1-30 Oe,w=100 Hz-10 kHz, and applied. This effect is observed only when the field is paral-
the sample vibrates with a frequency of 2.5 Hz. The temperalel to thec axis (Bmabspace group In an applied dc mag-
ture was varied over the range 4.2—350 K and a dc magneticetic fieldH =20 Oe the peak decreases to a marked degree
field of 0—450 Oe was applied parallel and perpendicular tand inH=100 Oe the peak becomes the same as is observed
the ac field. With this technique we observed a FM transitiorin the AFM state in a strong magnetic field. The lowest curve
in lightly doped LaCuQ,,, in low magnetic fields and in Fig. 1(a) was taken when the magnetic fieldc and ag
showed that oxygen ordering is an essential factor to produceas applied in the CuO plane and shows no noticeable de-
the phenomenon. pendence on the dc magnetic field in the region of 0-450 Oe.

The LaCuQ,, , single crystals used in the present work The sample L3 is superconducting as is seen from the inset
were either grown by the floating zone meth@8ZM) under  of Fig. 1(a). The dielectric crystal L2 displays the same ef-
oxygen pressures of 8 atm at a crystallization rate of abouiect[Fig. 1(b)] in the same magnetic-field interval and addi-
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e S0 oo an field H. One can see the universal behavigr,~H” with the A
K Temperature (K) value presented for each sample.
tr oxygen-doped are measured in a magnetic field of 400—450
oo Oe[Figs. Xa) and Xb)]. The asymmetric shape is character-
Hod00 06 istic of the Nel state with canting magnetic moments in
La,CuQ,. . This canting, together with the exponential
temperature dependence of the two-dimensional correlation
0L length, accounts quantitatively for the asymmetric suscepti-

100 150 200 250 300 bility peak at the Nel temperaturé®'* The as-grown dielec-
tric crystal L1 displays the same effect of anomalous en-
) A hancement of susceptibility in low magnetic fields but the
FIG. 1. (8) The magnetic susceptibility(T) of the supercon-  effact is smaller than for the oxygenated crystals L2 and L3.
ducting L3 crystal measured in dc magnetic fields<(® The magnetic-field dependence of the maximuny@F) for
<450 Oe) for theHllc andHIllab orientationg(for the Hllab orien- all three crystals is shown in Fig. 2 whegg corresponds to
tation the susceptibility does not change with the dc magnetic fieldthe peak at the AFM transition in high magnetic fields cor-
so only one curve is shownThe inset shows the diamagnetic re- Lo (o tg the background value. All crystals demonstrate the
sponse of the same crystéh) The magnetic susceptibility(T) of . | behavior X ~HA with A depending on the oxy-
the dielectric L2 crystal presented for the lowest and highest magl_mlversa € N max . . p . 9 . y
netic fieldsH =0 (solid line) andH = 400 Oe(experimental poins 3¢ content. The next important finding is the time depen-
The inset shows the magnetic susceptibility of L2 after high-dence of the main Peak which is pOSSIbIe' to observg even at
temperature annealing in an inert atmosph@re 700 °C,t=101).  '00M temperaturgFig. 3a)], because the time scale is large
The amplitude of the ac magnetic field wag=3 Oe. enough in this case. In Fig. 3_(_jat_a are _presented for the L2
crystal where the oxygen mobility is sufficiently low that the
tionally to the main peak at 240 K, demonstrates one morexygen diffusion and oxygen ordering take a long enough
peak at low temperatures nebe 110 K signaling the pres- time to be observed. The process can be speeded up by heat-
ence of a magnetic transition. This small peak is also sensing the crystal to 100—200 °Qvhere there is not yet any
tive to the applied magnetic field, implying that both peaksoxygen depletion and only redistribution occurBhese vari-
have a similar origin(see below One can observe that at ous temperature data sets allow us to evaluate the oxygen
low magnetic fields the main peak has a symmetric shapactivation energy and relaxation time by using the equations
resembling a ferromagnetic transition while with increasingyxmax=xo expt/7) and =714 expE,/T). The activation en-
magnetic field this peak approaches its asymmetric shape. érgy E,=0.28 eV is in good agreement with the rough esti-
is worth mentioning that annealed in an inert atmospheremate(0.25 eV} obtained in a%.a NQR study? and with the
and thus stoichiometric, crystdlset of Fig. 1b)] have the value (0.24 e\) obtained from a static magnetic susceptibil-
same intensity and the shape of the AFM peak as théty study®
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0.052 can be changed easily and reversibly at rather low oxygen
» pressures. The whole T=x” phase diagram of crystals
grown by the MS method is quite different because of their
low oxygen mobility. L1 and L2 belong to this series of
samples. It is known that sample quality is crucial for the
oxygen diffusion process. In Ref. 13 it was shown that oxy-
gen insertion in LgCuQy, ., thin films first happens mainly
- along planar faults and dislocations and only after this does a
I MR very slow oxygen diffusion along the interstitial sites take
I j 1 place. So we do expect diminished oxygen mobility in high-
quality single crystals because of the lack of structural chan-
nels for diffusion process. As a result, it was possible to get
macroscopically nonseparated superconducting crystals
whose excess oxygen concentration is inside the miscibility
0.040 - ' ' gap'*!® That is why the appearance of superconductivity is
16 20 24 28 not only a question of excess oxygen contérystals L2
Amax (10 €mu/g) and L3 have close concentration of oxygdmut of oxygen
FIG. 3. (8 The time evolution of the magnetic susceptibility Mobility as well. This mobility to some extent is important
x(T) of (L2). Between the measurements the crystal was kept ator other properties, e.g., the time dependence of the suscep-
room temperature(b) The orthorhombicity —a) andc-axis pa- tibility (Fig. 3) clearly shows that oxygen orderirighich is
rameter for L2 as a function of susceptibility peak intensity. Thedependent of the oxygen diffusipaffects the peak intensity.
lines are drawn as a guide for the eye. That is why the maximum effect is observed in the crystal
with highest oxygen mobilityL 3) where extra oxygen atoms

In addition, the lattice parameters were also measured@n freely diffuse. The frequency dependence of the peak
simultaneously with the susceptibility. FigurébBshows the ~ Intensity (Fig. 4) also can be explained in this framework,
lattice parameters as a function of susceptibility peak intenP€ng largest in L3 and at least two times slower in L1. It
sity, with the time as a hidden parameter. While orthorhom¥@s shown in Ref. 16 for systems having a relaxation-time
bicity (b—a) goes up with time, the-axis value remains the distribution 7g,...,7may that the dependence of the physical
same within the measured experimental error. The lattefluantities on the time, in contrast to the usual relaxation law
shows that the excess oxygen content is conserved in tHd () =M(0)exp(-t/7), is given by M(t)=M(0)exp[-(t/
sample, whereas thé ¢ a) dependence is a sign of oxygen 7)’1, where 0< y<'1. Such a relaxation law was observed in
ordering at room temperature. spin glass_es. This spm-glass-l_lke behav_lor is expected for the

With our modulation technique it is possible to carry out ¢ryStals with low oxygen mobility to which L1 belongs. As
ac susceptibility measurements at different frequencies. ThgPNcemns the microscopic mechanism responsible for the pro-
ferromagnetic peak grows with decreasing frequency and ageSS of susceptibility enhancement, it is worth considering
proaches extremely high values of &50 ° emu/g for the ©N€ connected with the oxygen ordering, taking into account
L3 crystal. Figure 4 shows the frequency dependence of thif'e time dependence of the lattice paramefgig. 3(b)].
normalized(to the maximum at 100 Hzsusceptibility on all Upon being mtroduged into the Cy@lane, holes form a
three crystals measured. ferromagnetic clustért’ due to a local ferromagnetic ex-

The crystals used in the present work have different exchange coupling between Cu spins. A specific property of
cess oxygen mobility. The highest is in the crystal grown byoXygen-doped L&uO, ., is that there are two inequivalent
the FZM (L3) where a superconducting response was obpositions §,%,z) and ¢,3,2) in the Bmabspace group for
served in as-grown samples and the excess oxygen contesxtra oxygen in the lattic® In each position the oxygen
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hole creates a ferromagnetic ordering of the copper spins ithe Cu spins in the AF lattice. The moment can also be
its immediate environment but these magnetic moments arevaluated from the change of the orthorombicity with oxy-
opposite to each other for the two positions. So if the extregen orderin'g['Fig. 3b)] if one takes into account that the
oxygen atoms occupy these positions with equal probabilityprthorhombicity parameter is directly Connectgd with the tilt-
all ferromagnetic moments over the crystal are cancelled. Iing angle 9 of the CuQ octahedra: if—a)~ 9 (Ref. 20
turn, if these occupancies are different, a noncompensate’nd in turn, this tilting angle is proportional to the canting
moment is expected to appear. The situation is close to thafagnetic moment of the Cu spin. The calculation gives a
in ferrimagnetic substances. In this case the magnetic-fielf’@gnetic moment of 10" w,, which is very close to the
dependence can be treated as a phase transition in the magoment deduced from th&1(H) dependence. The main
netic field with different critical indices for different duestion left una_lnswereddln this p|ctucrje IS hOW and to Wh.at
samples. These critical indices highlight the differences beEXt%nto magnetlstrﬁ an ts_,upercon tUCt'\(’j'ty ((:joe>t<_ls_tt Irt]
tween the different crystals. The maximal critical exponentlo?:/ duo 535 Ss'ggﬁ] toehg]?g?ﬁécs?n?gnﬁgusg_ﬁgﬂa sui%tl;/(;gu?:e q
A:bl'l't[FlgL.32(a)] ISI n ﬂ:ﬁ E%Stal with :_he h|ghe:;_ox3|/_(i:]en into the AFM matrix. The experimental fact is that the effect
goallclag d(y s)aitLTzftg(Ijn?n Io%v mngn:ggeﬂg d@oil?ae o;y)é en orOf anomalous susceptibility is only observed in lightly doped
: . e PAYIET P a,CuQ x<0.015), while for the phase separated
dering plays in some sense the role of a magnetic field 'réazmple?v)\(/itk(] the Iarg()er oxygen content 0?04 well ir?side
a!lgm_ng the ferromagnetic moments. The lower the oxygenpq miscibility gap (0.0& x<0.06) the ordinary weak asym-
diffusion and excess oxygen content, the more the OXygepetric AFM peak is observed in a weak ac magnetic fféld.
impurity atoms in the lattice are scattered and the larger thge most intriguing question here is when and how the
magnetic field that is needed to align the magnetic momentgrossover from the weak FM to ordinary AFM state happens
In the framework of this treatment it is possible to explain;, phase-separated crystals in the weak magnetic fields.
the presence of the second magnetic peak at 110 K as a result|, conclusion, we have observed a weak ferromagnetic

of_magnetic comp_ensation in a fe_rrimagnetic lattice. Ear”ertransition in lightly doped LgCuQ;., , single crystals in low
this peak was assigned to a freezing of small fluctuations of,,gnetic fields using ac magnetic susceptibility. The transi-
the Cu spind® The present explanation of this low- tion has been observed in both phase-separétegercon-

temperature magnetic transition seems more natural. ducting and non-phase-separatetielectrig crystals and the
One can evaluate the magnetic moment for the ferromags¢act is suggested to be due to oxygen ordering in
netic state from the magnetic-field dependence of the SuscepPy,cuo,,
«-

tibility (Fig. 2 and orthorombicityfFig. 3(b)]. M(H) can be

deduced from the magnetic-field dependence of the suscep- We are grateful to Professor S. N. Barilo and Professor A.
tibility simply by integratingx(H). The saturation moment M. Balbashov for providing the L&uQ,_, single crystals.

for L2 calculated for each Cu atom is<QL0 ® u, by this  This work was supported by the Russian State Program on
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