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Enhancement of static antiferromagnetic correlations by magnetic field in a superconductor
La,_,Sr,CuO, with x=0.12
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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 ingdSa, 1,.Cu0, (T.=12K). Under
the field applied perpendicular to the Cu@lane its superconductivity is severely suppressed at 10 T. The
intensity of incommensurate elastic magnetic peaks aroun@rthg point is, on the other hand, significantly
increased at 10 T by as much as 50% of that of O T.

Neutron-scattering experiments on oxide highsuper- shows a superconducting transition |t of 12 K (onse}.
conductors, in particular, those on the ,LaSr,Cu0O, The temperaturd; observed is considerably lower than that
(LSCO) systent? have revealed the existence of dynamicalof the compounds described above. This suggests that the
incommensurate spin fluctuations coexisting with the supersuperconductivity of this sample is strongly suppressed cor-
conductivity. At present it is considered that such spin fluc-responding with the; problem in the related systems. The
tuations would play an important role for the high-super-  static antiferromagnetic correlations of this sample were in-
conductivity. Recent neutron-scattering studies ornvestigated by neutron scattering in connection with its char-
La,_,Sr,CuQ,, however, showed thatatic (or quasistati¢  acteristic superconductivity. The results showed that the
long-range antiferromagnetic correlations, which also coexisinagnetic onset temperatufg, is about 25 K and is a little
with the superconductivity, appear in the compounds with lower than that of the ordinary sample. Small shifts from the

of around 0.12* These magnetic correlations are of a Iong conventional incommensurate positions <= % 0), etc.,

period with the incommensurability similar to that observed,yere also observed as in excess-oxygen dope@u@, .,
for _the dynamical spin fluctuatlons. The e>_<per|ments furtherret. 6 and in La_,SLCuO, grown at the oxygen
indicate that the antiferromagnetic correlations of these COMatmospheré. The details of the magnetic ordering of this
pounds show a long-ranged character in the £plane but  sample will be shown elsewhefdn the present work, ef-
only a short-ranged one between the planes. The form of thigacts of magnetic field on the superconductivity and static
coexistence of the incommensurate magnetic ordering angntiferromagnetic correlations of this compound have been
the superconductivity is, however, not clear at present.  studied up to 10 T. Under this high field the superconductiv-
The static antiferromagnetic correlations in the oxide su-ity and the static antiferromagnetic correlations are strongly
perconductors were first observed in,lga,Ndy ,Sr,CuQ,  affected. The results obtained here show aspects of the anti-
(x=0.12) in the studies of the so-callggroblem® Around  ferromagnetic correlations of these superconducting com-
this hole concentration the superconductivity is dramaticallypounds.
suppressed, and such suppression is enhanced by a tetragonaA single crystal withx=0.12 was grown with great care
structure induced at low temperatures. In the Nd-doped comnby the traveling-solvent-floating-zor@SF2) method under
pound, a charge ordering is also clearly observed with thishe air—the mixture gas of oxygen 20% and nitrogen 80%
incommensurate magnetic order. These results were henedth the flow rate of about 100 cc/min. The speed of the
interpreted as “the stripe ordering,” in which antiferromag- crystal growth was 0.4 mm/h, which was two or three times
netically ordered regions are separated by charged domaslower than the usual cases. The size obtained was about 7
walls that act as magnetic antiphase boundaries. mm in diameter and 30 mm in length. The sample was then
The static antiferromagnetic correlations found in the su-annealed at 900 °C for 4 days fully under the oxygen atmo-
perconducting La ,Sr,CuQ, system also may be directly sphere. The superconducting transition temperafyeof
related with this stripe ordering. For the samples with this sample was determined by a magnetization measurement
~0.12, the superconducting transition temperaliyéonsej  with a superconducting quantum interference device
is ordinarily observed at around 32 K, showing a small dip in(SQUID) magnetometer. From an additional increase of the
the curve which represents vs Sr concentratior. In these  elastic constant in the mixed state under magnetic fields, the
compounds the antiferromagnetic correlations are observedblume fraction of the superconductivity was estimated to be
below T,, (the magnetic onset temperaturef around 32 more than 80%. As mentioned beforig,of 12 K determined
K—almost the same temperature as th&jr.* Quite re- is rather low compared with that of the sample grown in the
cently, a compound with the same concentratiorwas  oxygen atmosphere. This loW is not due to simple impu-
grown very carefully under the air. This sample was therrity effects since any other impurity elements were not de-
annealed at the oxygen atmosphere as usual; however, tiécted in the ICRinductive coupled plasmapectroscopy.
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To examine effects of magnetic field on the superconduc- 3
tivity of the sample, electrical resistivity was measured under
the fields up® 8 T generated by a superconducting magnet.
Measurements were carried out in the Gu@ane by the
conventional four-probe dc method. Magnetic fields were ap- 2r
plied vertically to this Cu®@ plane. After field cooling the
resistivity was measured under magnetic field with increas-
ing temperature.

Neutron-scattering experiments were performed on the
triple-axis spectrometer TAS-2 installed at the thermal neu-
tron guide of JRR-3M of Japan Atomic Energy Research
Institute (JAERI). The sample placed in an Al can filled with
He gas was mounted in a conventional cryostat, and was 0 L et .
cooled down to 4.2 K. The scattering measurements were 0 10 20 30 40 50
done with the initial energ¥; of 14.7 meV under the dif- T (K)
fraction arrangement. The monochromator was a set of py-
rolytic graphite(PG) crystals, and the collimation was blank
;1P7 é(g}?er:’o\?vgrsor;é?;gobé?;rgQ:?é4gan23?;lz)zzi}g:ﬁgé h e\évere applied vertically to this plane. The inset shows the magneti-
higher-order harmonics. The scattering plane was set in theatlon measured at 20 G after cooling in zero field.

CuG, plane, which was denoted as theK0) plane in the _ ) ) o
tetragonal notation. In this setting the lattice constants detefUre: Here fields were applied up 8 T in the direction
mined werea (=b)=3.772A in the high-temperature te- _per.pend|cular to the_CuppIane. The inset of this flgure
tragonal(HTT) phase at room temperature. Upon cooling thelndicates the mag_netlzatlon_measured at 20 G, sh_owmg that
system undergoes a structural transition to the lowiN€ superconducting transition temperatle(onsel is 12
temperature orthorhombit. TO) phase. In the present work K The resistivity observed indicates an upturn Wlth decreas-
the tetragonal notation was conventionally used as in Ref. N9 {émperature. This feature can be related with the strong
even though the system is orthorhombic at low temperatureSUPPression of the superconductivity due to the localization

The transition temperature observed for this structuraPf hole?,s. The zero-field resistivity at 50 K is about
transition was the same as that in the previous repohis 210 °Q cm, which is rather high—about f|1\£e times larger
implies that the Sr concentratioris very close to the nomi- than that of the nominally identical 'crystall’s. This resis-
nal one. As will be shown later, furthermore, the incommen-tivity is, however, still six times higher than that of Nd
surability of the static magnetic correlations also shows thag®doped LSCO sample that shows a similar severe suppres-

. . . 1. 13 .
the Sr content is consistent with 0.12. The crystal mosaic i§10n Of the superconductivity near= 3; = thus the high re-

0.4° full width at half maximum, and two twin domains SiStivity may not be explained simply by tieproblem. The
populate almost equally. The crystallographic characteristic§ifference in the resistivity in these compounds should be
of the sample therefore indicate that the present compourgfarified further. o _
has the same quality as the crystals studied béfditee in- With increasing magnetic field, as was observed in the
homogeneity of this single crystal has not been observed ufgSistivity of other samples witk=0.12,“ the temperature
to now in the careful crystallographic studies. Here it shouldVhere the resistivity begins to fall decreases significantly and
be noted that &, of around 10 K has not been reported the width at this transition does not show any appreciable
before for crystals of LSCO with around=0.12; however broadening. These results sharply contrast with the field de-
in the literature such a lowl. was found for powder perjdence of the resistivity of the optimum doped samples, in
samples. Since the powder samples are generally less pronlé’h'Ch the temperature where the resistivity starts to fall does
to inhomogeneities or residual stresses, the wof the not change but the width at the transition broadens remark-
present crystal may not be due to these extrinsic effects"’.‘bly; Since thege features are attnputgd to strong supercon-
However, further characterization of this unique crystalducting fluctuations under magnetic field, the results ob-
would be necessary. tained suggest that these fluctuations are fairly suppressed at
Neutron-scattering experiments under magnetic fielgdhis hole conpentratlon c_Jf 0.12. Such a suppression of the
were performed up to 10 T using a new type of Sp|it_pairsuperconductlng fluc_tuatlons may be relatt_ad to an appear-
superconducting magnet cooled by cryocoof@rghe field ~ ance of the static antiferromagnetic correlations observing at
was applied vertically to the scattering plane. The experiX~0-12. As shown in the electrical resistivity at 0 T, the
ment under magnetic field was carried out after field cooling €Mperature where the resistivity falls to the zero value is 12
In these experiments the magnetic field was not changed ify» Which corresponds well with the onset superconducting
the superconducting state: that is, the field was alway&ansition temperatur&.. Under high fields, this tempera-
changed after the temperature was warmed up to 35 K, wefHré where the resistivity reaches zero, that is, the ohget
above its superconducting transition temperature. Tempera€comes fairly low. Under the field of 10 T the superconduc-
tures under magnetic fields were measured by a Cernox thetiVity is very severely suppressed.
mometer of Lake Shore Cryotronics, Inc. The antiferromagnetic peaks were observed at four
The resistivity in the Cu@ plane p,, measured under reciprocal lattice points of {¥&3+80) and G+
magnetic fields is shown in Fig. 1 as a function of tempera-X 3 + & 0)—the incommensurate positions around ther)

T T
La, Sr,CuO, x=0.12 ]
H 1 CuO, plane

8T &
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FIG. 1. Temperature dependence of the resistivity in the LuO
plane of La_,Sr,CuQ, with x=0.12. Magnetic fields up to 8 T



PRB 62

500

400

300

200

Counts/20min

100

RAPID COMMUNICATIONS

ENHANCEMENT OF STATIC ANTIFERROMAGNETC . .. R14 679

0.46 0.48 0.50 0.52 0.54
h in (£,0.380) (rlu)

400

300

200

Counts/20min

100

FIG. 2. Intensities of antiferromagnetic peaks of, LgSr,CuO,
with x=0.12 measured at 4.2 K under magnetic field of 0 and 10
at two different positions. Each scan was performed along the line
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FIG. 3. Intensities around thg020 nuclear peak of
La,_,SrCuQ, with x=0.12 under magnetic field of 0 and 10 T.

Here the background intensities measured at 35 K were sub-
tracted for each scan. In the profile of the scattering intensity
small shoulders around the main antiferromagnetic peaks are
observed. The origin of the shoulders is, however, unclear. In
the present experimental conditions the resolution is esti-
mated to be at about 0.012A When the magnetic peaks
are fitted to a Gaussian function, these peaks are found to be
only a little broader than the resolution limit. TheSR ex-
periments, on the other hand, indicated that the magnetic
transition temperatur@ ,, observed is lower than that mea-
sured in neutron scatterif§and therefore the static antifer-
romagnetic correlations still fluctuate in time. In neutron-
scattering experiments the time constant is rather fast and the
resolutions have widths for space and energy. Thus the anti-
ferromagnetic correlations observed in neutron scattering
should be considered as a quasistatic ordering which fluctu-
ates in space and time in some extent.

As shown clearly in the lower panel of this figure, the
intensity under 10 T ak=0.620 is considerably increased
compared with that under O T. The width of the diffraction
peak also increases a little under magnetic field. Thus, the
increase in the integrated intensity is rather large and esti-

Tmated to be about 5&12)% of the intensity at 0 T. The
gnhancement for the intensity kat=0.380 under 10 T shown

in the reciprocal space indicated in the inset. The background inl? the upper panel is also apparent; however, the increase in
tensities measured at 35 K were subtracted.

point, as was shown in the previous studiésThese posi-

the intensity is a little small. In this case the intensity is
increased at the rate of about(3®)%. The experiments at

the other two incommensurate positionsH{ & 3 + §0) also

tions are indicated in the insets of Fig. 2. Here, the incomypqyed the similar enhancement of the intensity. Within the
mensurate wave vector was determined to be 0.120 eyperimental accuracy the positions where the magnetic

(+£0.002). The wave vectof shows a shift from the con-

peaks appear were not changed by magnetic field.

ventional incommensurate position, and was obtained to be Figure 3 shows the scans around the nuclear [@&k0)

0.004(£0.00) at 4 K. The incommensurability is consis-
tent with that of La_,Sr,CuQ, with x=0.12 and of T,

under 0 and 10 T. The peak position and the intensity were
not changed under these fields within the experimental accu-

=32K, which was grown and annealed under the oxygenacy. This result indicates that there are no appreciable

atmosphere. However, the value &fs a little smaller than

changes in the crystal lattices and also in the conditions of

that of the sample grown under the oxygen atmosphere. Thige sample. It is noted that the sample was not moved under
shift is fairly small, and at present the physical meaning ofihe field. Thus the changes in the magnetic intensity shown

this shift is

not clear.

above are intrinsic in the system.

Figure 2 shows the intensities of these antiferromagnetic These experimental results indicate that under the mag-
peaks measured at 4.2 K under magnetic fields of 0 and 10 Thetic field of 10 T the superconductivity is severely sup-

These intensities were measured at arouhd § 3 + < 0)

pressed and, on the other hand, the static antiferromagnetic

along the lines in the reciprocal space indicated in the insetorrelations are strongly enhanced. Such a large enhance-
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ment of the static magnetic correlations could be explainedortexes the normal state is produced over the correlation
by the suppression of spin fluctuations along the direction ofength. There the energy of the spin fluctuations would be-
the magnetic field. Since the field of 10 T corresponds tg=ome low. The spin fluctuations with these low energies can
about 0.6 meV in energy, the weight of the spin fluctuationd?® suppressed by magnetic field as was mentioned above,
with the low energies~below around 1 meywould be and the static antiferromagnetic correlations will be en-

effectively increased. The suppression of these spin quctua{lanCEd' Such an antiferromagnetic order induced in the vor-
tions can be observed as a stafiir quasistatic magnetic ex cores was recently discussed in theoretical consideration

o : . . * on thed-wave superconductivity’
ordering in the neutron-scattering experiment with the finite " 15" -onclude neutron-scattering experiments on newly

energy resolution. The increase of the low-energy spin ﬂucgrown La_,Sr,Cu0, x=0.12, with the lowT, of 12 K
tuations, on the other hand, may break the superconductinghowed that the static antiferromagnetic correlations are sig-
Cooper pairing and lead to the suppression of the supercomificantly enhanced under magnetic field of 10 T. At this
ductivity of the system. The remarkable effects observed arfield the superconductivity of the system is severely sup-
due to the matching of the energy scale among hiflgh  pressed. Sinc&, is fairly low in this system, the weight of
magnetic field(10 T~0.6 me\}, the low superconducting the spin fluctuations with low energies would be effectively
transition temperaturél2 K~1 meV), and the energy width increased by the field of 10 T. The enhancement of the static
of the elastic neutron scatteriigr0.8 me\j. It is pointed out  antiferromagnetic correlations can be explained by the sup-
here that vortexes also can induce a magnetic ordering. In theression of these spin fluctuations under magnetic field.
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