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Observation of incommensurate magnetic correlations at the lower critical concentration
for superconductivity in La,_,Sr,Cu0O, (x=0.05
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Neutron-scattering experiments have been performed on lightly doped$@CuQ, single crystals in both
the insulating ¥=0.03,0.04,0.05) and superconducting=(0.06) regions. Elastic magnetic peaks are ob-
served at low temperatures in all samples with the maximum peak linewidth occurring at the critical concen-
tration x,=0.05. Incommensurate peaks are observed onk=a2.05, the positions of which are rotated by
45° in reciprocal space aboutr(7) from those observed fok=0.06 in the superconducting phase.
[S0163-182699)50126-4

The interplay between magnetism and superconductivityickelates Notably, the Ni system is insulating in both the
has been a central issue in research on Aigeuperconduc- commensurate and incommensurate magnetic pRases.
tivity for over a decade. Recently Yamadaal® carried out The magnetic properties of lightly doped (0<0%

a systematic series of neutron-scattering experiments of0.07) LSCO have been studied by various technigjires
La,_,Sr,CuQ, (LSCO) over a wide range of Sr composi- cluding neutron scatteringf 4 SR (Refs. 7 and § and con-
tions to study the evolution of the dynamical spin fluctua-ventional magnetic measuremeits! Keimer et al® re-
tions in the presence of a varying hole concentration. In thesported that at temperature$<20 K, La ¢gSlh LU0,
experiments the fluctuations appear as four incommensurathibits a broad commensuraf€) elastic peak centered at
(.IC) inelgstic magnetic peaks _centered_ on the_ reciprocal Iat(%'%), which they ascribed to spins freezing into a spin-glass
tice position @r,7) (square lattice _notatlon, unit I_a_tnce CON- (5G) phase. Chotet al° studied the same sample using a
stan}. Indexed on a tetragonal unit cell, the positions of thesuperconducting quantum interference devB®UID) mag-
four IC peaks are¥* 6,3), and ,3 = 6).*[See Fig. 1d).]  netometer and confirmed that the sample indeed exhibited all
The results of Yamadat al* have clarified how the incom- the features expected for a canonical SG transitioff At
mensurabilitys changes with hole concentratiomafter the  =7.2 K. The same SG behavior is observed in the crystals
onset of superconductivity above the critical concentratiorused in the present study 0.03,0.04,0.05}* Niedermayer
x.~0.05 shown in Fig. (). Motivated by the pioneering et al® performed a systematjeSR study over a wide range
work of Tranquadaet al2 in which elastic magnetic peaks of x and found a magnetic transition to a SG-like state for
were observed in Nd-doped LSCO, Suzakial.and Kimura  0.02<x=<0.10, which extends well into the superconducting
etal? performed neutron-scattering measurements omegime.

La; geShy 1LLCUQ, [T (onset)=31 K] and also found sharp What is the relationship between the broad C elastic peak
elastic magnetic peaks at these same IC positions with that x~0.04 observed by Keimast al® and the sharp IC elas-
magnetic transition temperaturg, equal toT.. Kimura tic peaks observed by Kimuet al? that appear to exist only

et al* also found that the sharp elastic IC peaks were venyn the vicinity of x=0.12? In this paper, we try to develop a
weak in a sample witlx=0.10 and not observable at all in connection between these two important regions by perform-
an optimally doped sample witk=0.15, implying that the ing comprehensive neutron-scattering experiments on single
magnetic long-range order exists only in a very narrow concrystals of LSCO withx=0.03, 0.04, 0.05, and 0.06, that
centration range near=0.12. Analogous behavior has been bracket the lower critical concentration for superconductiv-
seen in the system La,SrNiO,, . In that case, for hole ity, x.~0.05. Our most important and surprising result is that
concentrationsn,=x+2y=0.11, dynamic incommensurate in the sample withk=0.05, which is insulating at low tem-
peaks are also observed, albeit at the positichs €/2,% peratures, we observe sharp elastic magnetic peaks, albeit at
+¢€/2), that is, rotated by 45° with respect to those inthe positions § = /2,5 * €/2), that is, like those in insulating
La; xSr,CuQy .,y . Static order, either short or long range, is La, ,SiNiO,,, (Ref. 5 rather than those in super-
also observed at these positions at low temperatures in theonducting La_,Sr,Cu0,.° Thus, the commensurate-
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FIG. 1. Hole concentration dependence(@fthe incommensu-
rability & of the spin fluctuations, an¢b) the neutron-scattering 1
linewidth of the magnetic IC or C peaks aroungl, (3, —0.3). In jg'z ol 5 ol 02
(a), the dashed line correspondsde x, whereas the solid line is a ’ ’ g (rlu) ) ’
guide to the eye. The inset shows the IC peak positions in the Gy
superconducting phase. For=0.05, the IC peak positions are ro- 03 02 01 0 01 02 03
tated, as described in the text, howewkestill represents the mag- Inverse length (A—l)

nitude of the IC wave vector from3(3). In (b), the solid and )

dashed lines are guides to the eye. In both figures, the closed sym- FIG. 2. Elastic peak profiles measured arougd ¢, —0.3) at

bols represent the elastic componef®efs. 6 and 8 The open  T=2 K using the SPINS spectrometer. We use the {22,

circles correspond to the widths of 2-3.5 meV excitationsTat 1/2+a/y2, —0.3) notation to allow a direct comparison &ffor

=T, (Ref. 1. The double circles ax=0.05 denote the new IC Xx=0.05 with that forx=0.06 in the tetragonal unit cell. The solid

elastic peaks. curves are the results of least squares fits assuming a single Lo-

rentzian function fox=0.03 and 0.04, and a triple Lorentzian func-

o ) ) tion (two sharp incommensurate peaks and one broad commensu-

incommensurate transition in ka Sr,CuQ,, which coin-  rate peak for x=0.05. The small horizontal bars indicate the in-

cides with the onset of superconductivity, proceeds via &trumental resolution width.

more elaborate route than previously assumed. This mani-
festly represents a major challenge for all theories of fiigh- and 5.0 K forx=0.03, 0.04, and 0.05, respectively. Com-
superconductivity. bined with theT, values of the powdered samplesye have
Single crystals of La ,Sr,CuQ, with x=0.03, 0.04, constructed a universal curve fog vs x. Using this univer-
0.05, and 0.06, which were typically 6 mm in diameter andsal curve, we infer that the actual hole concentration of the
30 mm in length, were grown by the traveling-solvent La, o¢Sr 0,CUQ, single crystal studied by Keimet al® and
floating-zone method. The as-grown crystals were annealeGhouet al®is closer ton,=0.027. In contrast to the other
in flowing argon to reduce the excess oxygen. We performedrystals, thex=0.06 sample shows superconductivity below
x-ray and neutron-diffraction measurements on powdered ;=12 K.
and single crystal samples, respectively. The results show the The neutron-scattering experiments were carried out on
presence of no secondary phases and a good mosaic sprehd SPINS cold neutron triple-axis spectrometer located at
[0.3°-0.5° full width at half maximunfFWHM)], indicat-  the NIST Center for Neutron Research, and on the HER cold
ing a high sample quality. Measurements of the latticeneutron triple-axis spectrometer located at the JAERI
constantsand the structural phase-transition temperatlices JRR-3M reactor. Pyrolytic graphite crystals were used to
(Ref. 6 as well as direct iodometric titration all confirm that monochromate and analyze the neutron energies, and a Be
the effectivex values are essentially the same as the nomindiilter was used to remove contamination from higher-order
ones. neutron energies. The energy resolution was about 0.25 meV
The magnetic susceptibilities of the=0.03, 0.04, and FWHM for both spectrometers. The crystals were oriented so
0.05 samples were fitted to the canonical model of the SGs to give access to either théd b 1) or (h k0) zone.
order parameter. From this we determiriggto be 6.3, 5.5, Throughout this paper we will index reflections using the
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FIG. 4. Temperature dependence of the elastic peak intensity
FIG. 3. Elastic peak profiles aroung,) in the (h k 0) zone  measured at¥, %, —0.3). The dashed lines indicate background

measured in th&=0.05 sample af=2 K using the HER spec- levels. The solid lines are guides to the eye. The estimated onset
trometer. In(a), we use the (1/2 q/\/ﬁ, 1/2— q/\/i, 0) notation.  temperatures of the elastic peak are indicated by arrows. The uni-
The solid lines are the results of least squares fits assuming a tripleersal curves foff; and T, are shown in the inset. The triangle in
Lorentzian function foa), and a single Lorentzian function f¢). the inset represents the datum of Keimne¢ml. (Ref. 8.
The dashed lines ifa) show the individual peak components of the
triple Lorentzian function. The small bars indicate the instrumentaldependence, indicating a predominantly two-dimensional
resolutiong width. (2D) magnetic character. To our surprise, however, the peak
profile suddenly changes at=0.05. Two new IC peaks ap-
pear in addition to the C one, all of which can be fitted to a
.sum of three Lorentzians. As may be inferred from the scan

peaks appear at the incommensurate reciprocal lattice pos['t?’ajectory shown in the inset of Fig(@, these new IC elas-
; pp o Cc peaks appear to be rotated by 45° in reciprocal space
tions shown in Fig. (a).! For x less than the critical concen- = " PP y p p

1 1 H
trationx,~ 0.05 anelasticpeak appears at tteommensurate 200Ut G,2) from those in L ggS.1Cu0;. Moreovgr, they
position (¢,1) as shown in Figs. @ and Zb). We plot in resemble the elastic peaks found in,LaSKNiO,4,, .> None

) : . of the IC peaks, nor the C peak, shows any signifidant
Fig. 1(b) the half width at half maximumHWHM) of the dependence fox=0.05, that is, the scattering is purely 2D.

elastic and inelastic peaks. These widths are related to, but To verify the reciprocal space positions of these new IC

t_echmcally d|st|n_ct fr_om, the mstantaneous inverse corr.elabeaks’ we remounted the=0.05 sample in the K k 0)
tion length x which is measured in an energy integrating

N imeritd A b in Fig.(b). the I zone. In this case, the long axis of the resolution ellipse is
heutron experimerit. AS may be seen in Fig. ), the line along thel direction, thence giving a cleaner signal from the
widths are sharply peaked =t .

- ) . . incommensurate peaks. As is clearly shown in Fig. 3, the
To examine the elastic peaks belawin more detail, we

measured the peak profile for each crystal in theh(l) elastic signal consists of one broad C peak and two sharp IC
zone. As shown in Fig. 2. the C peaks B2 K for x peaks, the positions of which are indeed rotated by 45° about

=0.03 and 0.04 are reasonably well fitted with a single z.2). The peaks are well fitted using a superposition of

Lorentzian convoluted with the instrumental resolution func-thrée Lorentzians for scan No. 1, and a single Lorentzian for
tion. For thex=0.03 sample there is a small shoulder visible Sc@n No. 2. Here we define the incommensurabiiior x

on the low-Q side due to the orthorhombic splitting. We also=0.05 as the distance from the IC peak position o3( in
confirmed that the C peak for=0.04 shows only a weak reciprocal lattice unitér.l.u.) using the tetragonal notation to

tetragonall 4/mmmcrystallographic structure.
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maintain consistency with the prior definition & for x not the charge peaks to rotate by 45°. Observations of either
=0.06 in Lg_,Sr,CuQ, . The results so obtained are plot- the associated charge peaks or a strong imbalance in the
ted in Fig. 1. The presence of a commensurate peak in theagnetic peak intensities would choose unambiguously be-
x=0.05 sample may be due to a slight inhomogeneity in thdween the diagonal stripe and grid models.
Sr concentration. We also carried out some brief elastic mea- According to theuSR study by Niedermayeet al.” the
surements on the=0.06 crystal. We find weak and some- dependence of 4 on hole concentration is almost the same
what broad elastic scattering at low temperatures atgthe @S that of our crystalgshown in the inset of Fig.)4 How-
positions which are identical to those shown for the inelasti€Ver: they observed no clear signalsTgf. A possible ex-
scattering in Fig. ). Thus, the new IC peaks observed in pIanat_lon for this fact is that the observation time constant of
the x=0.05 sample are confined to a very narrow range in S(+SR IS much longer than that of neutron scattering. Thus,
concentrations, just at the insulator to superconductor trans h? static™ antiferromagnetic correlations reported here
tion. might exist .mstantaneously anq b(_a observable only b_y neu-
The temperature dependences of the peak intensities fgélrron scattering. If this speculation is correct, the elastic sig-

. _nhals must bequasielasticrather than truly elastic.

x=0.03 and 0.05 at¥,3,—0.3) are shown in Fig. 4. Esti-
mates for the onset temperatufes, where the elastic com- ~ We thank V. J. Emery, Y. Fujii, H. Fukuyama, S.
ponents first appear, are indicated by arrows. We have drawfi@warazaki, P. A. Lee, K. Machida, K. Nemoto, M. On-
a universal curve for the dependence of 4 using all of the ~ 0dera, and J. M. Tranquada. The present work was supported
data available at present, and this is shown in the inset gy the U.S.-Japan Cooperative Research Program on Neu-
Fig. 4. The “x=0.04" sample of Keimeet al® actually sits  tron Scattering. The_ Wo_rl_< at Tohoku has been supported by a
at X,¢=0.027 on this universal curve as well as on the as.Grant-in-Aid for Scientific Research_ of Monbusho and the
sociated curves for the HWHNkee Fig. 1b)] and T, (see Core Resea_rch for Evolutional Science an_d Techonology
the inset of Fig. #as we already mentioned. (CREST Project sponsored by the Japan Science and Tech-

Our results show that fundamental changes in the mag?°logy Corporation. The work at MIT was supported by the
netic properties of LSCO take placexat=0.05. This is most NSF under Grant No. DMR97-04532 and by the MRSEC
clearly demonstrated by the sudden appearance of new jgrogram of the National Science Foundation under Award

satellite peaks that are rotated by 45° with respect to thosBO: DMR98-08941. The work at Brookhaven National
. 1 o Laboratory was carried out under Contract No. DE-AC02-
that exist forx=0.06 about §,3) at this critical concentra-

. o2 . , .. 98CH10886, Division of Material Science, U.S. Department
tion. There are two possible interpretations of this new dif-

. o ; of Energy. SPINS is supported by the NSF under Grant No.
fraction pattern. The first is that kgsSto 0sCUQ, has a diag-  p\vR94-23101.

onal stripe pattertf identical to that in La_(StNiO,y . In Note added in proofln recent work, we have found that
the notation where the peaks are dtHe/2,;*+€/2), the there is a distinct imbalance in the relative intensities of the
measured incommensurability corresponds &=0.06 four incommensurate peaks. Specifically, our new data imply
+0.005™ close to, but slightly larger than,=0.05. We that La o:SK, ,<CuQ, has a diagonal stripe structure. The two
note thate=ny, is also observed in La,SKNiO,,, in the  peaks characterizing the stripe structure appear as four in-
incommensurate phase0.11)° The second is that the commensurate peaks because of the orthorhombic twin
stripes form a square grid; this will cause the magnetic bupopulation.
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