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Recent neutron-scattering measurements on the,/Sx, CuQ, system have revealed a drastic change of the
incommensurate static-spin correlations from diagonal in the insulating region to parallel in the superconduct-
ing region. We report the doping dependence of the ordered magnetic moment for the hole concentration
region 0.03x=<0.12, focusing on the relationship between the static magnetism and the superconductivity.
The elastic magnetic cross-section decreases monotonically with increa®ing.03<x=<0.07. We find that
the ordered magnetic momegtvaries from~0.18ug /Cu(x=0.03) to~0.06ug /Cu(x=0.07). No significant
anomaly is observed at the insulator-superconductor boundar.055). The elastic magnetic cross-section
is enhanced in the vicinity of=0.12 where resolution-limited width peaks are observed in neutron-scattering
measurements and where the apparent magnetic and superconducting transitions coincide.
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I. INTRODUCTION ity. However, it is not yet fully understood what the intrinsic

. . . relation is between thstatic moment and the superconduc-
The highT¢ superconducting material ba,SL,CUQ; X~ tivity. Some previous neutron-scattering studies have re-

hibits a remarkable dependence of both its magnetism and ifsorted an enhancement of the static component at the 1/8
conductivity on the hole concentration(Ref. 1) In particu-  hole  concentratiorf** while  other  experimental
lar, the discovery of dynamimcommensuratélC) spin cor-  technique¥ have suggested a competitive relation. On the
relations in superconducting sampiebstimulated investiga-  other hand, coexistence of the superconductivity and static
tions of the correlation between the microscopic magnetisthC magnetic order has been reported in stage-4CL&, . 5

and the high¥ ¢ superconductivity. Specifically, in supercon- by Leeet al ' Furthermore, systematic muon spin resonance
ducting samples inelastic IC magnetic peaks have been of#SR) (Ref. 17 and nuclear magnetic resonaritmeasure-

served by neutron-scattering experiments at the IC position@€Nts from the insulating region to the underdoped super-
with @~45° in polar coordinates as shown in the right insetcondUCtIng region have revealed that stdte quasistatic

. . magnetic order exists up t0=0.10 and that the spin-glass
f?f aigl'el%’(a).in\é\gemrrr?];er:sfj?attre]e(sF?I gpe g;kzatelgtestgfna;;&asordering temperature varies continuously across the
P . . . P - oyste . insulator-superconductor boundaxy-0.055. These results
neutron-scattering experiments in the superconducting regi

Ofliggest that superconductivity and static magnetic order are
by Yamadaet al® revealed that the incommensurabilifyof at ?egast compati%le. y g
the PIC peaksfollows the linear relations=x for 0.06<x To understand the intrinsic relation between the supercon-

<0.12. Very sharpelastic IC magnetic peaks are also ductivity and the static magnetic order we have carried out a

reported® at the same PIC positions only in the vicinity of quantitative comparison of the elastic magnetic neutron-

the special 1/8 hole concentration. scattering cross section over the concentration range 0.03
On the other hand, Wakimotet al®*°found a new class <y<(.12 taking into account the IC peak geometry. We

of elasticIC magnetic peaks in the insulating=0.04 and  deduce the ordered magnetic moment, which contributes to

0.05 samples at the positions widr~90° as shown in the the elastic cross section, and find that the ratio between the

left inset of Fig. 1a). We refer to these peaks as “diagonal” statically ordered and dynamically fluctuating components

incommensuratéDIC) peaks. Matsudat al!! confirmed the changes systematically witk. The C¢* moment in un-

existence of the static DIC phase down to Sr concentrationaoped LaCuO, is known to be~0.6ug/Cu. Throughout

as low asx=0.024 as well as the linear relatidi=x in the  thjs paper, we use Miller indices based on the orthorhombic

insulating DIC phasé’ The detailed nature of the transition gmahstructure.

from the insulator to the superconductor and concomitantly

the DIC to the PIC magnetic phase has been also clarifiedl. EVALUATION OF MAGNETIC MOMENT FOR  x=0.05

recently®®
It is clear from the phenomenological evidence discussed A. Fundamental formula
above that the IC nature of both the “static” and “dynamic”  Before we discuss the dependence of the magnetic mo-

magnetic correlations relates closely to the superconductivment, we first present in this section the evaluation procedure
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FIG. 1. x dependence af) superconducting transition tempera-
ture T obtained from Ref. 23 ang@) magnetic moment. The insets
show the IC peak geometries in reciprocal space. Moment value for
x=0.12 is reported in Ref. 22. Solid and dashed lines are guides tﬁ

the eye.

for the magnetic moment in LasSr, o=CuQ,. Once the mo-
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whereB is the extinction factor for the nuclear Bragg peak
and the ratioA is a constant that can be determined experi-
mentally. The indicesM and N mean magnetic and nuclear
scattering, respectively. From Ed4) and(2), the magnetic
momentu can be described as

_ A|FN|§aI
p2f2(Q)n*(sirfB)|F(h,k,1|?

2
"

B. Integrated intensity

In order to determine the parametdr we made scans
across the IC magnetic peaks and {882 nuclear Bragg
peak without changing the spectrometer configuration using
the samex=0.05 crystal studied in Ref. 10. The measure-
ments were performed on the BT9 thermal-neutron triple-
axis spectrometer installed at the NIST research reactor with
the collimation sequence 220'-S-20"-open and an inci-
dent neutron energy of 14.6 meV. A pyrolytic graphite filter
was installed to eliminate contamination from higher-order
neutrons. For the evaluation (|2, and|Fy|2,,, we uti-
zed the (002 peak that was found to have a small extinc-
tion factor 8~1) in a preliminary crystallographic experi-
ment. Actual scan profiles of tH@02) peak and the IC peaks
are shown in Figs. (@) and 2Zb), respectively. The scan tra-

ment inx=0.05 has been determined, the moments in theq ory for Fig. Zb) is shown in the upper panel. Both scans
x=0.03 and 0.04 samples can be estimated from the relatiVgere made by changing only the sample rotation amgle

integrated intensity of the magnetic IC peaks as discussed in Usually, integrated intensities for “resolution-limited”

the next section.

From the definition of the magnetic-structure factor, thef
calculated integrated intensity of the magnetic peaks can
described using the magnetic moments below.

|Ful2a=p2F2(Q)n2u?sir? B|F (h,k,1) 2.

b

peaks, such as nuclear Bragg peaks, can be directly obtained
rom w scans with F|2,.=R/1(»)dw. HereR is the Lor-

&ntz factor 1/sin(@) where 29 is the scattering angle and
I(w) is the measured intensity. However, the IC magnetic
peaks inx=0.05 have widths that are larger than the resolu-
tion. This is schematically illustrated in Fig. 3. If the peak
width «, is larger than the resolution widiv,, the integra-

In this formula, pf(Q) is the neutron magnetic-scattering tion along the one-dimensional trajectory shown by an arrow

length, wherep=0.2696 cm forS=1/2 spins.f(Q) is the
Q-dependent magnetic form factor for theCuspin that has
been previously measuréd.The parametersh, 3, and

gives the integrated intensity only of the A part of the peak
cone, and the intensities in the B parts will be missed.
In our measurements of the IC peaks aro(t@D), the «,

F(h,k,1) represent the number of spins in a magnetic unitand W, values are 0.094 and 0.0165 A respectively, and
cell, the angle of the G spins with respect to the scatter- «p, is 0.045 A%, In this configuration, the actual in-plane
ing vector, and the magnetic-structure factor, respectivelyintegrated intensity for one IC peak should be described as
The spin structure in the=0.05 sample at low temperatures |F'|3,=1.6Rf1(»)dw. The factor 1.6 is the volume ratio of

can be understood by a spin-glass cluster m8delwhich
each cluster has the undoped,CaO,-type spin structure

the total peak cone and thepart in Fig. 3.
The same consideration must be taken into account for the

with random spin orientation in the plane. With this struc- peak width along the direction perpendicular to the scattering

ture, n=4

and F(hk,l)=1+e Tkt _g-mi(htk)

plane, that is, the* direction. As reported in Ref. 10, the

—e m(0+M Since the spin direction in each cluster is ran-dependence of the IC peak in tixe=0.05 sample is very
dom, the factor sif3 in Eq. (1) should be modified to be broad. Thence, we should utilize the intensity integrated over
(sirB)=1/2, where() means an average over all of the the Brillouin zone, that is, for- 1<L<1. From the vertical

clusters.

instrumental resolutiori~0.13 A™1), the correction factor

The relation between the calculated and observed intefor the peak spread along tie& direction is estimated to be

grated intensities is

4(+0.5), which multiplies/F'|3,.
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FIG. 3. Schematic illustration showing the broad peak and in-
strumental resolutiorx, and x,, correspond to the full width at the
half maximum of the IC magnetic peak along the orthorhonaic
andb* axis. W, is the instrumental resolution width along th&
axis.
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L error bars in Fig. (b). Forx=0.06 and 0.07, the-correction

20 25 factor of 4(x0.5) was utilized.
The resultant magnetic moments together with thatxfor

FIG. 2. Peak profiles of) the (002) peak andb) the IC elastic = 0-12 reported by Kimurat al?? are summarized in Fig.
magnetic peaks forx=0.05. Both are measured by changing 1(0). Figure 1a) shows thex dependence of ¢ reported by
sample-rotation angle. The scan profile fofb) is shown in the left T akagiet al*® First we discuss the dependence of the mag-
upper panel. Solid lines are fits by the Gaussian function. netic moment near the insulator-superconductor boungary

~0.055. The magnetic moment decreases monotonically
across the boundary although we cannot exclude the possi-
kbiIity of a small drop at the boundary. In a previous study in
the lightly doped region, it was reported that the elastic mag-
netic cross section was constant for G08<0.05 and sud-
denly decreased at the insulator-superconductor bours@iary.
However, in that analysis, the integration of the cross section
was made only along the one-dimensional scan so that the
Ill. RESULTS AND DISCUSSION cross section outside the instrumental resolution was not
. _ properly taken into account. Moreover, the correct IC peak
The magnetic properties of the=0.03 and 0.04 samples geometry was not known at that time.

are essentially the same as those of the0.0Sllsystem Other characteristics of the elastic IC peak have been
showing spin-glass behavidrand the DIC peak&:"* These reported® to be continuous across the insulator-
f_acts suggest the same mag_netic structure in these Comp0§hperconductor boundary, such as the peak width and the
tions. Therefore, the magnetic momentsi@ro.gs and 0.04  gnset temperatures where the elastic IC peaks become ob-
can be estimated by a direct comparisonRf|5,s normal-  servable. Thus, the only dramatic change in the magnetic
ized by sample volume. For=0.06 and 0.07, we also com- state at the boundary is the change of the IC modulation
pared the normalizeffFy |2, from the elastic cross sections direction. This collection of evidence suggests that it is the
reported in Ref. 13 that demonstrated that tke0.06 transition from the DIC to PIC magnetic state rather than any
sample shows DIC and PIC components while x3€0.07  decrease of the static ordered component that strongly corre-
sample shows only PIC components. The magnetic momeniates with superconductivity.
for these compositions are also evaluated from their normal- In Fig. 1(b) we draw the dashed line as a guide to the eye
ized |F |3, calculated by summation of the integrated in- so that the moment has a sharp maximunxai.12 since
tensities of all the IC peaks arour@00). the sharp and intense IC elastic peaks have only been ob-
We note that théd. dependence of the IC peaks in tke served in the vicinity ok=0.128 It should be noted that the
=0.024 material as reported by Matsuegal!! is clearer ordered phases in samples with 0s08<0.07 compared
than that in thex=0.05 sample. This means that the correc-with that in x=0.12 are different. The former has a small
tion factor for the peak spread along ttie direction should  correlation lengtté~ 20 A, while the latter shows resolution-
decrease with decreasimgThence, we estimated the correc- limited peaks that correspond =200 A. Such a long-
tion factors forx=0.03 and 0.04 to be between 3 and 4,range ordered state might affect the superconductivity differ-
where the lower value 3 was calculated from thelepen- ently from the quasistatic glassy state observed in €03
dence ofx=0.024. The ambiguity of this factor is shown as <0.07. Further study of the intrinsic difference between

To evaluate the parameteA, we utilized |Fy|2,<
=3|F’|2,s, Where the summation is made for every IC pea
around thg100) position for all orthorhombic twin domains.
With the procedure above and E@), we finally obtained
u~0.13(=0.02)ug/Cu for x=0.05.
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