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We report the magnetization as a function of magnetic field and temperature for as-grown and

doped La2Cu04. Two samples of La2Cu04 with differing oxygen treatment and a sample of
Lai.995Sr0.005Cu04 exhibited TN of 225, 240, and 215 K, respectively. An anomalous magnetic
field dependence of the magnetization was observed above and below TN for each of these sam-

ples, suggestive of the presence of small ferromagnetically coupled domains present within each of
these samples. Below T~ these ferromagnetic regions appear antiferromagnetic until application
of a critical field switches them to a ferromagnetic domain. Samples of La2- Sr Cu04 with

x 0.05 and 0.15 show no antiferromagnetic ordering and no anomalous ferromagnetic domains.
These anomalous magnetic effects give credence to models of formation of unusual magnetic
domains within these antiferromagnetically coupled materials.

The discovery of superconductivity of doped La2Cu04
by Bednorz and Miiller has stimulated intensive experi-
mental and theoretical study of these and related materi-
als. In order to understand the mechanisms for the novel
high-temperature superconductivity, it is important to elu-
cidate the novel phenomena present across the entire
range of compositions as a function of doping. It has al-
ready been demonstrated that there are unusual two-
dimensional (2D) and three-dimensional (3D) antiferro-
magnetic orderings within the La2Cu04 that are extreme-
ly sensitive to the tetragonal-to-orthorhombic structural
transitions and doping and oxygen deficiencies. 2 s The
temperature dependence of the magnetic susceptibility for
La2Cu04 and lightly doped La2Cu04 reflect the presence
of a 3D antiferromagnetic transition near 250 K, TN de-
pending upon the doping level and oxygen content. 9 Re-
cent neutron diffraction studies of YBa2Cu30s+„with
x 0.0 and 0.15 confirm the existence of loi.g-range
three-dimensional antiferromagnetic ordering in the 1:2:3
compounds as well. '0 These and other experiments have
led to the suggestion that the magnetism underlies the ori-
gin of the high-temperature superconductivity. " '

We report here the results of an extensive study of the
magnetic field and temperature dependence of the magne-
tization of pure and doped La2Cu04. Samples A and B of
La2Cu04, grown under slightly different conditions, have
an antiferromagnetic 3D transition temperature, TN of
225 and 240 K, respectively. Sample C of composition
La1995Sr0005Cu04 has Tv 215 K. Samples D and F, of
composition Lai95Sr005Cu04 and Lat s5Sr0.15Cu04, re-
spectively, show no indication of bulk antiferromagnetic
ordering. Samples with finite Tv displayed an anomalous
magnetic behavior not present in samples that had an ab-
sence of magnetic ordering. For the former samples, for
T) Ttv, the magnetization M versus magnetic field H
studies show a nonlinear behavior consistent with the pres-
ence of small ferromagnetically coupled clusters of spin of
net moment -25ptt. Below Ttv, the M vs H curves at

constant temperature T showed an anomalous increase at
a T-dependent H, . Generally, H, was -60 kG. This be-
havior below TN is in accord with the previously men-
tioned ferromagnetic domains becoming antiferromagnet-
ically coupled into the surrounding lattice below TN, and,
subsequently, undergoing a transition back to the fer-
romagnetic state under application of a sufficiently large
applied field. These results suggest the importance of lo-
cal ferromagnetic order around defects in the otherwise
antiferromagnetically ordered CuO system.

Samples were grown via the solid-state technique. 20

Sample A of La2Cu04 was sintered in oxygen while sam-
ple B of La2Cu04 was sintered in oxygen at 1000'C. The
Sr-doped samples were prepared using the solid-state pro-
cesses. 20 The static magnetic susceptibility was measured
using powdered samples in a previously described Faraday
balance2'22 that allow measurements to fields of 80 kG.

Figure 1 summarizes the temperature dependence of
the magnetic susceptibility for samples A through E, tak-
en at fields of approximately 10 kG. In accord with ear-
lier reports, sample B, sintered in air as opposed to oxygen
(sample A), has a slightly higher Ttv and a sharper three-
dimensional transition. Substitution of 0.005 La with Sr
broadens the 3D transition substantially and shifts it to
even lower temperature. Substitution of 0.05 La with Sr
eliminates the magnetic ordering altogether, and the onset
of a substantial bulk superconductivity is observed at low
temperatures [for samples of lighter doping and undoped
samples, a very small sample (less than 0.0001) of the
sample becomes superconducting at low temperatures,
consistent with earlier reports9]. Increasing the doping
level further to form Lai s5Sro i5Cu04 shifts the Pauli sus-
ceptibility from that observed for the 0.05-Sr sample but
leads to no reappearance of the antiferromagnetic order-
ing.

The magnetization as a function of applied magnetic
field was measured for each of these samples as a function
of temperature. Figure 2 presents a summary of represen-
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FIG. 1. Magnetic susceptibility vs temperature for samples A: La&Cu04, B: La&Cu04,' C: La&.995Srp.o5Cu04, D: Lal.95-

Srs.ssCu04, E: La&.ssSrs. &sCu04. Data are corrected for the core diamagnetization (Ref. 30). Data were acquired at fields of —10.5
kG.

tative data for sample B, La2Cu04. At 300 K, the magne-
tization is linearly proportional to magnetic field as is usu-
al for most materials. As T is lowered toward TN, the low
field (H & 10 kG) susceptibility increases while at higher
fields (H & 30 kG), there is an increasingly obvious sub-
linearity in M vs H, for example, as seen in the 240 K data
indicated in Fig. 2. Decreasing T further to below TN, the
M vs H curves change character. The low-field response
continues to follow that illustrated in Fig. 1, while above a
critical field, H„there is a rapid rise in M as a function of
H followed by a linear increase in M vs H at even higher

fields. It is noted that the high- and low-field M vs H
slopes are nearly identical. For even lower temperatures,
this new anomalous M vs H continues to be observed, al-
though the H, shifts to higher fields with decreasing T, as
seen for example at 120 K, Fig. 2. The inset to Fig. 2
shows a typical sliding derivative of M vs H, dM/dH, il-
lustrated with the 120-K data. It, is noted that the deriva-
tive for H»H, returns to nearly the same value as that
for H((H, . Very similar behavior was observed for sam-
ple A of LazCu04.

A similar series of data taken for sample C, Lal 995-
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FIG. 2. M vs T for sample B of LaqCu04 at representative temperatures. The inset shows the local derivative of M vs 8 at 120 K.
The data for each succeeding curve are displaced by 2 emu G/mol.



MAGNETIC DEFECTS IN La2-~Sr~Cu04-g 903

2.0—
CP

O
E i5—

L&i.uzi S~aoos CuOs
r=6se

O p(
oo 0

0 0
00 0Oo

00 O 00 oooo0 0
0 0

0

65K oooooo

O

oo'& &&
0 ~~v

0 v~~v~~v
!vvvv !

10 20
1 !

30 40
H (KG)

FIG. 3. M vs 0 at representative temperatures for sample C, Lai.99sSr0005Cu04. The local derivative of M vs 8 as a function of 0
is shown in the inset for T 65 K. The data for each succeeding curve are displaced hy 2 emu G/moi.

Sro oMCu04 is shown in Fig. 3. Despite the more gradual
transition to the antiferromagnetic state, a very similar
behavior in M vs H as a function of T is observed, with
very similar magnitudes for the effect. No significant hys-
teresis with magnetic field was observed in the behavior
for any of the samples A through C. Figure 4 summarizes
the T behavior of H, for samples B and C. In both cases,
H, is meaningless until T & T~. Following a rapid rise in

H, as T decreases below TN, H, continues to increase,
essentially linearly with decreasing T, with a slope of——0.12 kG/K.

The origins of this anomalous magnetic phenomena in
pure and doped La2Cu04 are important, especially in the
context of the proposals of role of local magnetic ordering
in the pairing mechanism for high-temperature supercon-
ductivity in these materials. The sublinear behavior of M
vs H for T & Tlv is reminiscent of the behavior of isolated
Curie spins at magnetic fields such that pH-kaT. For a
cluster of spins ferromagnetically coupled to form a mo-
ment NgSpa, the magnetization is expected to follow a
Brillouin function as the applied field is increased. A clus-
ter of -2S ferromagnetically spin- —,

' S would begin to
show sublinear deviations in their M vs H behavior for the
temperatures and magnetic fields used in this experiment.
Further decrease T below Tlv leads to a change in the M
vs H behavior as noted above. The ferromagnetic clusters
no longer appear present at low fields. As H is increased
at constant T, there is a broad increase in M (H) at H,
similar to a spin flop of an antiferromagnetic region to
form a ferromagnetic moment hM. The magnitude of
AM involved in each sample appears independent of T,
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FIG. 4. Variation of H, vs T for samples 8, La2Cu04, and

sample C, Lal.99qSrolCu04.

and corresponds to approximately -(0.02-0.0S)% of the
Cu sites becoming ferromagnetically ordered. The magni-
tude of the ferromagnetic AM observed for H & H, below

T~ is the same as that observed for the sublinear depen-
dence with field of the susceptibility above Tiv. The per-
sistence of anomalous magnetic behavior to T & TN ar-
gues that the broad anomaly in M (H) at H, for T & Tiv

is not a "flop" or canting of all the spins in the ordered an-
tiferromagnetic state.

Spins in the bc plane of La2Cu04 tend to order fer-
romagnetically while there is antiferromagnetic ordering
between new planes. ~ It has been suggested" '9 that
there is strong local coupling among spins within the Cuo
planes. Presence of a single isolated positive hole in the
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lattice may lead to polarization of the neighboring spins in

a ferromagnetic manner. This would enable greater delo-
calization of the individual hole. Alternatively, the local
defect causing the formation of a ferromagnetic cluster
may be a neutral structural defect, for example, an oxygen
or copper vacancy. As T is decreased below T~, the spins
on the surface of the ferromagnetic cluster will interact
with the antiferromagnetically ordered spin lattice sur-
rounding the cluster. This interaction may be sufficient to
drive the local order within the cluster antiferromagnetic
as well. Application of a sufficiently large external mag-
netic field may then drive the cluster ferromagnetic at a
critical field H, . It has been suggested" '9 that the for-
mation of local ferromagnetic order around individual
charge defects may promote pairing into doubly charged
bipolarons of dopant-induced holes in the CuO lanes.
Though dopant-induced24 2s and photoinduced2 ' local
defects have been reported, and the presence of
bipolaron-type defects suggested, '92 we do not observe
any significant increase in the measured hM when our

samples are doped with 0.05 or 0.15 Sr.
In summary, we have reported an anomalous magnetic

field dependence to the temperature dependence of the
magnetization La2Cu04, which disappears upon doping to
composition such that the antiferromagnetic state is no
longer observed. The anomalies reported are consistent
with the presence of a small number of ferromagnetically
coupled domains of spins which become antiferromagneti-
cally coupled into the surrounding lattice below TN.
Upon application of fields greater than H„these localized
domains undergo a transition back to the ferromagnetic
state. The presence of these magnetic defects with the ab-
sence of any significant change in their number due to Sr
doping is important for the understanding of the pairing
mechanisms relevant for this class of high-temperature su-
perconducting materials.
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