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Enhancement of static antiferromagnetic correlations by magnetic field in a superconductor
La2ÀxSrxCuO4 with xÄ0.12
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Elastic neutron-scattering experiments have been performed to study effects of high magnetic field on static
antiferromagnetic correlations coexisting with the superconductivity in La1.88Sr0.12CuO4 (Tc512 K). Under
the field applied perpendicular to the CuO2 plane its superconductivity is severely suppressed at 10 T. The
intensity of incommensurate elastic magnetic peaks around the~p,p! point is, on the other hand, significantly
increased at 10 T by as much as 50% of that of 0 T.
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Neutron-scattering experiments on oxide high-Tc super-
conductors, in particular, those on the La22xSrxCuO4

~LSCO! system1,2 have revealed the existence of dynamic
incommensurate spin fluctuations coexisting with the sup
conductivity. At present it is considered that such spin flu
tuations would play an important role for the high-Tc super-
conductivity. Recent neutron-scattering studies
La22xSrxCuO4, however, showed thatstatic ~or quasistatic!
long-range antiferromagnetic correlations, which also coe
with the superconductivity, appear in the compounds witx
of around 0.12.3,4 These magnetic correlations are of a lo
period with the incommensurability similar to that observ
for the dynamical spin fluctuations. The experiments furt
indicate that the antiferromagnetic correlations of these c
pounds show a long-ranged character in the CuO2 plane but
only a short-ranged one between the planes. The form of
coexistence of the incommensurate magnetic ordering
the superconductivity is, however, not clear at present.

The static antiferromagnetic correlations in the oxide
perconductors were first observed in La1.62xNd0.4SrxCuO4
(x50.12) in the studies of the so-called1

8 problem.5 Around
this hole concentration the superconductivity is dramatica
suppressed, and such suppression is enhanced by a tetra
structure induced at low temperatures. In the Nd-doped c
pound, a charge ordering is also clearly observed with
incommensurate magnetic order. These results were h
interpreted as ‘‘the stripe ordering,’’ in which antiferroma
netically ordered regions are separated by charged dom
walls that act as magnetic antiphase boundaries.

The static antiferromagnetic correlations found in the
perconducting La22xSrxCuO4 system also may be directl
related with this stripe ordering. For the samples withx
;0.12, the superconducting transition temperatureTc ~onset!
is ordinarily observed at around 32 K, showing a small dip
the curve which representsTc vs Sr concentrationx. In these
compounds the antiferromagnetic correlations are obse
below Tm ~the magnetic onset temperature! of around 32
K—almost the same temperature as theirTc .4 Quite re-
cently, a compound with the same concentrationx was
grown very carefully under the air. This sample was th
annealed at the oxygen atmosphere as usual; howeve
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shows a superconducting transition atTc of 12 K ~onset!.
The temperatureTc observed is considerably lower than th
of the compounds described above. This suggests that
superconductivity of this sample is strongly suppressed c
responding with the1

8 problem in the related systems. Th
static antiferromagnetic correlations of this sample were
vestigated by neutron scattering in connection with its ch
acteristic superconductivity. The results showed that
magnetic onset temperatureTm is about 25 K and is a little
lower than that of the ordinary sample. Small shifts from t

conventional incommensurate positions, (1
2 2« 1

2 0), etc.,
were also observed as in excess-oxygen doped La2CuO41y

~Ref. 6! and in La22xSrxCuO4 grown at the oxygen
atmosphere.7 The details of the magnetic ordering of th
sample will be shown elsewhere.8 In the present work, ef-
fects of magnetic field on the superconductivity and sta
antiferromagnetic correlations of this compound have b
studied up to 10 T. Under this high field the superconduc
ity and the static antiferromagnetic correlations are stron
affected. The results obtained here show aspects of the
ferromagnetic correlations of these superconducting co
pounds.

A single crystal withx50.12 was grown with great car
by the traveling-solvent-floating-zone~TSFZ! method under
the air—the mixture gas of oxygen 20% and nitrogen 80
with the flow rate of about 100 cc/min. The speed of t
crystal growth was 0.4 mm/h, which was two or three tim
slower than the usual cases. The size obtained was abo
mm in diameter and 30 mm in length. The sample was th
annealed at 900 °C for 4 days fully under the oxygen atm
sphere. The superconducting transition temperatureTc of
this sample was determined by a magnetization measurem
with a superconducting quantum interference dev
~SQUID! magnetometer. From an additional increase of
elastic constant in the mixed state under magnetic fields,
volume fraction of the superconductivity was estimated to
more than 80%. As mentioned before,Tc of 12 K determined
is rather low compared with that of the sample grown in t
oxygen atmosphere. This lowTc is not due to simple impu-
rity effects since any other impurity elements were not d
tected in the ICP~inductive coupled plasma! spectroscopy.
R14 677 ©2000 The American Physical Society
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To examine effects of magnetic field on the supercond
tivity of the sample, electrical resistivity was measured un
the fields up to 8 T generated by a superconducting magn
Measurements were carried out in the CuO2 plane by the
conventional four-probe dc method. Magnetic fields were
plied vertically to this CuO2 plane. After field cooling the
resistivity was measured under magnetic field with incre
ing temperature.

Neutron-scattering experiments were performed on
triple-axis spectrometer TAS-2 installed at the thermal n
tron guide of JRR-3M of Japan Atomic Energy Resea
Institute~JAERI!. The sample placed in an Al can filled wit
He gas was mounted in a conventional cryostat, and
cooled down to 4.2 K. The scattering measurements w
done with the initial energyEi of 14.7 meV under the dif-
fraction arrangement. The monochromator was a set of
rolytic graphite~PG! crystals, and the collimation was blan
;178-~monochromator!-408-~sample!-408- ~analyzer! - blank.
A PG filter was placed before the sample to eliminate
higher-order harmonics. The scattering plane was set in
CuO2 plane, which was denoted as the (h k 0) plane in the
tetragonal notation. In this setting the lattice constants de
mined werea (5b)53.772 Å in the high-temperature te
tragonal~HTT! phase at room temperature. Upon cooling t
system undergoes a structural transition to the lo
temperature orthorhombic~LTO! phase. In the present wor
the tetragonal notation was conventionally used as in Re
even though the system is orthorhombic at low temperatu

The transition temperature observed for this structu
transition was the same as that in the previous report.7 This
implies that the Sr concentrationx is very close to the nomi-
nal one. As will be shown later, furthermore, the incomme
surability of the static magnetic correlations also shows t
the Sr content is consistent with 0.12. The crystal mosai
0.4° full width at half maximum, and two twin domain
populate almost equally. The crystallographic characteris
of the sample therefore indicate that the present compo
has the same quality as the crystals studied before.7 The in-
homogeneity of this single crystal has not been observed
to now in the careful crystallographic studies. Here it sho
be noted that aTc of around 10 K has not been reporte
before for crystals of LSCO with aroundx50.12; however,
in the literature such a lowTc was found for powder
samples.9 Since the powder samples are generally less pr
to inhomogeneities or residual stresses, the lowTc of the
present crystal may not be due to these extrinsic effe
However, further characterization of this unique crys
would be necessary.

Neutron-scattering experiments under magnetic fie
were performed up to 10 T using a new type of split-p
superconducting magnet cooled by cryocoolers.10 The field
was applied vertically to the scattering plane. The exp
ment under magnetic field was carried out after field cooli
In these experiments the magnetic field was not change
the superconducting state; that is, the field was alw
changed after the temperature was warmed up to 35 K,
above its superconducting transition temperature. Temp
tures under magnetic fields were measured by a Cernox
mometer of Lake Shore Cryotronics, Inc.

The resistivity in the CuO2 plane rab measured unde
magnetic fields is shown in Fig. 1 as a function of tempe
-
r
t.
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ture. Here fields were applied up to 8 T in the direction
perpendicular to the CuO2 plane. The inset of this figure
indicates the magnetization measured at 20 G, showing
the superconducting transition temperatureTc ~onset! is 12
K. The resistivity observed indicates an upturn with decre
ing temperature. This feature can be related with the str
suppression of the superconductivity due to the localizat
of holes. The zero-field resistivity at 50 K is abo
231023 V cm, which is rather high—about five times larg
than that of the nominally identical crystals.11,12 This resis-
tivity is, however, still six times higher than that of N
codoped LSCO sample that shows a similar severe supp
sion of the superconductivity nearx5 1

8 ;13 thus the high re-
sistivity may not be explained simply by the18 problem. The
difference in the resistivity in these compounds should
clarified further.

With increasing magnetic field, as was observed in
resistivity of other samples withx50.12,12 the temperature
where the resistivity begins to fall decreases significantly a
the width at this transition does not show any apprecia
broadening. These results sharply contrast with the field
pendence of the resistivity of the optimum doped samples
which the temperature where the resistivity starts to fall d
not change but the width at the transition broadens rem
ably. Since these features are attributed to strong super
ducting fluctuations under magnetic field, the results o
tained suggest that these fluctuations are fairly suppresse
this hole concentration of 0.12. Such a suppression of
superconducting fluctuations may be related to an app
ance of the static antiferromagnetic correlations observin
x;0.12. As shown in the electrical resistivity at 0 T, th
temperature where the resistivity falls to the zero value is
K, which corresponds well with the onset superconduct
transition temperatureTc . Under high fields, this tempera
ture where the resistivity reaches zero, that is, the onseTc
becomes fairly low. Under the field of 10 T the supercondu
tivity is very severely suppressed.

The antiferromagnetic peaks were observed at f

reciprocal lattice points of (12 7« 1
2 6d 0) and (12 7d

3 1
2 6« 0)—the incommensurate positions around the~p,p!

FIG. 1. Temperature dependence of the resistivity in the Cu2

plane of La22xSrxCuO4 with x50.12. Magnetic fields up to 8 T
were applied vertically to this plane. The inset shows the magn
zation measured at 20 G after cooling in zero field.
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point, as was shown in the previous studies.6,7 These posi-
tions are indicated in the insets of Fig. 2. Here, the inco
mensurate wave vector« was determined to be 0.12
(60.002). The wave vectord shows a shift from the con
ventional incommensurate position, and was obtained to
0.004~60.001! at 4 K. The incommensurability« is consis-
tent with that of La22xSrxCuO4 with x50.12 and ofTc
532 K, which was grown and annealed under the oxyg
atmosphere. However, the value ofd is a little smaller than
that of the sample grown under the oxygen atmosphere.
shift is fairly small, and at present the physical meaning
this shift is not clear.

Figure 2 shows the intensities of these antiferromagn
peaks measured at 4.2 K under magnetic fields of 0 and 1

These intensities were measured at around (1
2 7d 1

2 6« 0)
along the lines in the reciprocal space indicated in the in

FIG. 2. Intensities of antiferromagnetic peaks of La22xSrxCuO4

with x50.12 measured at 4.2 K under magnetic field of 0 and 1
at two different positions. Each scan was performed along the l
in the reciprocal space indicated in the inset. The background
tensities measured at 35 K were subtracted.
-
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Here the background intensities measured at 35 K were
tracted for each scan. In the profile of the scattering inten
small shoulders around the main antiferromagnetic peaks
observed. The origin of the shoulders is, however, unclear
the present experimental conditions the resolution is e
mated to be at about 0.012 Å21. When the magnetic peak
are fitted to a Gaussian function, these peaks are found t
only a little broader than the resolution limit. ThemSR ex-
periments, on the other hand, indicated that the magn
transition temperatureTm observed is lower than that mea
sured in neutron scattering,14 and therefore the static antifer
romagnetic correlations still fluctuate in time. In neutro
scattering experiments the time constant is rather fast and
resolutions have widths for space and energy. Thus the a
ferromagnetic correlations observed in neutron scatte
should be considered as a quasistatic ordering which flu
ates in space and time in some extent.

As shown clearly in the lower panel of this figure, th
intensity under 10 T atk50.620 is considerably increase
compared with that under 0 T. The width of the diffractio
peak also increases a little under magnetic field. Thus,
increase in the integrated intensity is rather large and e
mated to be about 50~612!% of the intensity at 0 T. The
enhancement for the intensity atk50.380 under 10 T shown
in the upper panel is also apparent; however, the increas
the intensity is a little small. In this case the intensity
increased at the rate of about 30~69!%. The experiments a

the other two incommensurate positions (1
2 7 « 1

2 6d 0) also
showed the similar enhancement of the intensity. Within
experimental accuracy the positions where the magn
peaks appear were not changed by magnetic field.

Figure 3 shows the scans around the nuclear peak~0 2 0!
under 0 and 10 T. The peak position and the intensity w
not changed under these fields within the experimental ac
racy. This result indicates that there are no apprecia
changes in the crystal lattices and also in the conditions
the sample. It is noted that the sample was not moved un
the field. Thus the changes in the magnetic intensity sho
above are intrinsic in the system.

These experimental results indicate that under the m
netic field of 10 T the superconductivity is severely su
pressed and, on the other hand, the static antiferromagn
correlations are strongly enhanced. Such a large enha

T
s

n-

FIG. 3. Intensities around the~0 2 0! nuclear peak of
La22xSrxCuO4 with x50.12 under magnetic field of 0 and 10 T.
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ment of the static magnetic correlations could be explai
by the suppression of spin fluctuations along the direction
the magnetic field. Since the field of 10 T corresponds
about 0.6 meV in energy, the weight of the spin fluctuatio
with the low energies~;below around 1 meV! would be
effectively increased. The suppression of these spin fluc
tions can be observed as a static~or quasistatic! magnetic
ordering in the neutron-scattering experiment with the fin
energy resolution. The increase of the low-energy spin fl
tuations, on the other hand, may break the superconduc
Cooper pairing and lead to the suppression of the super
ductivity of the system. The remarkable effects observed
due to the matching of the energy scale among thehigh
magnetic field~10 T;0.6 meV!, the low superconducting
transition temperature~12 K;1 meV!, and the energy width
of the elastic neutron scattering~;0.8 meV!. It is pointed out
here that vortexes also can induce a magnetic ordering. In
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tron Radiation Research Institute, Kouto, Mikazuki-cho, Sa
gun, Hyogo 679-5198, Japan.
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and the static antiferromagnetic correlations will be e
hanced. Such an antiferromagnetic order induced in the
tex cores was recently discussed in theoretical considera
on thed-wave superconductivity.15

To conclude, neutron-scattering experiments on ne
grown La22xSrxCuO4, x50.12, with the lowTc of 12 K
showed that the static antiferromagnetic correlations are
nificantly enhanced under magnetic field of 10 T. At th
field the superconductivity of the system is severely s
pressed. SinceTc is fairly low in this system, the weight o
the spin fluctuations with low energies would be effective
increased by the field of 10 T. The enhancement of the st
antiferromagnetic correlations can be explained by the s
pression of these spin fluctuations under magnetic field.
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