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Observation of modulated magnetic long-range order in La ggSrp 1 LU0,
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Magnetic superlattice peaks are observed in single-crystal neutron-diffraction measurements on orthorhom-
bic La, g¢S1y 1CUQ, at reciprocal points of1/2+¢,1/2,0 and (1/2,1/2+¢,0) in the tetragonal notation where
€=0.126+0.003. The La NMR measurement reveals a broadening of the field-swept spectrum-bé&fok¢
corresponding to the existence of magnetic order. The remarkable softening of longitudinal sound waves along
[110] is observed in the same crystal. The features observed in the neutron diffraction, NMR, and ultrasonic
measurements suggest that the dynamical incommensurate spin correlation is pinned by a lattice instability
toward the low-temperature tetragonal phase.
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It is well known in La_,Ba,CuQ, aroundx=0.12 that acceptance angle of scattered beam is BBe single crystal
the superconducting transition temperatiieis extremely for the neutron measurement is sealed in an aluminum con-
suppressed.In this concentration region of, a structural tainer with He gas. Field-swept spectra BfLa NMR are
phase transition occurs from the orthorhombic ph&®IT, measured with a fixed frequency of 32.57 MHz on the
the space grouBmal to the low-temperature tetragonal sample cut from the same single crystal used for the neutron
phase(TLT, the space group4,/ncm) at T,~70 K (Ref.  measurement~0.7x3.4X5.0 mm. The sound velocity/s
2) and anomalous behavior is observed in the transport props measured by the phase comparison method with~th2
erties, such as the thermoelectric power and the Hall coeffiMHz longitudinal waves generated by the Z-cut LiNpO
cient nearT,.2 In addition, the existence of magnetic order transducer. The sample for this measurement has a length of
below ~36 K is indicated from the measurements @8R ~4 mm along[110], and was cut from the same single-
and NMR aroundx=0.12*° In La,_,Sr,CuQ,, the struc- crystal rod grown for the measurement of neutron diffraction
tural phase transition to the TLT phase is not observed aand NMR.
least down to 4.2 ¥ but the suppression df, (Ref. 7) is Neutron diffraction studies are performed in thiekQ)
observed and magnetic order below36 K is apparent zone. All indexes in this report are defined as the notation in
around x=0.115%"1! Recently, Tranquadat al. observed the tetragonal I@/mmmn). Figure Xa) shows the (ik0) re-
magnetic superlattice peaks belevb0 K by the elastic neu- ciprocal plane and the scan direction for the neutron scatter-
tron scattering measurement in,La,Nd, ,Sr,CuQ, which  ing. Figure 1b) shows theq spectrum observed at 2.1 K by
undergoes the structural phase transition to the TLT phase the scan alongl/2+h,1/2,0), asndicated in Fig. {a). The
~70 K2~ They proposed the model of the magnetic struc-sloped background is subtracted from the data by the least-
ture that the modulated antiferromagnetic order is pinned angquares fit with the Gaussian function plus background. With
stabilized in the TLT phase but not in the OMT phase. Thethe diagonal scan alon@/2,1/2+h,0), we confirmed the ex-
purpose of the present study is to search for the magnetistence of four incommensurate peaks(B2+¢,1/2,0 and
order in the OMT phase predicted from NMR an8R study  (1/2,1/2£¢,0) as shown in Fig. (). These peak splittings
in a single crystal of La_,Sr,CuQ, (x~0.12), in which the  around(1/2,1/2,0 reciprocal point suggest a modulated an-
magnetic structure is unknown. tiferromagnetic order with the incommensurabiliy0.126

A single crystal of~7 mm in diameter ane-40 mm in  =0.003. In the whole region of superconducting phase of
length is grown by TSFZ method. The details of sampleLa,_,Sr,CuQ,, the dynamical incommensurate spin fluctua-
growth are given elsewhel The crystal is annealed under tions are observed in the inelastic neutron measureffient.
1 bar of oxygen gas flowing at 900 °C for 100%Zero-field = The incommensurability of the antiferromagnetic order ob-
cooled diamagnetization decreases rapidly with increasingerved in this study is really close to that of the inelastic
temperature af~26 K, reflecting the well-known anoma- magnetic peaks of LiggSr, 1CuQ,, though the incommen-
lous suppression of . aroundx=0.12. Neutron scattering surability of the inelastic peaks increases monotonically with
measurement is carried out using the KSD double-axis spedacreasing Sr concentrationand tends to saturate aboxe
trometer installed in the JRR-3M Guide Hall at the JAERI in ~0.12.

Tokai, Japan. The incident neutron beam has a wavelength of The scans through one of the magnetic superlattice peaks
1.53 A, obtained using a RG02 monochromator. The hori- at temperatures of 2.1, 40, and 60 K are shown in Fig. 2. The
zontal divergence of incident neutron beam is &Ad the solid lines are the results of the least-squares fit. The peak
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FIG. 1. () The diagram of ikO) reciprocal plane. The scan rhombic as determined by the Rietveld analysis of the neu-
direction on the neutron diffraction {d/2+h, 1/2,0 as indicated by  tron powder diffraction data and no evidence for the decrease
the arrow. Closed circles represent the reflection points of magnetig the orthorhombicity is observéd. For this reason, we
superlattice peaks. Open circles correspond to Bragg peBks. carried out the ultrasonic measurement using the single crys-
Scan t_hrough magne_tic superlattice peaks along the direction indiy| 1o detect the infinitesimal change or instability of the
cated in(a) at 2.1 K in L3 ¢s51,/CuQ,. The wavelength of the oy 1o structure. Figure 3 shows the temperature dependence
incident neutron is 1.53 A. of the longitudinal sound velocityVs of (Cq;+Ci,

+2Cgg)/2 mode along th€110] direction and the derivative
intensity dramatically decreases with increasing temperaturef V¢ with respect tol. This mode is sensitive to the struc-
up to 40 K and merges to the background at 60 K. tural phase transition to the TLT phase. The hardening is

In this study, we can discuss only qualitatively the size ofobserved below-20 K and may correspond to the upturn of
the upper limit of the ordered Cu momeumg, because of the  V observed in polycrystal. The remarkable feature is the
extremely large extinction effect which reduces dramaticallysoftening below~45 K (Fig. 3). This temperature depen-
the intensity of the nuclear Bragg reflection in thiekQ) dence ofVg suggests that the precursor of the structural
zone and because of the lack of detailed information on th@hase transition appears belewd5 K. It seems that TLT-
magnetic structure. Since the present neutron scattering melike distortion which appeared as a precursor of the structural
surement was performed without analyzing the scattereghase transition results in the pinning mechanism of the dy-
neutron energy, the detected intensity contains the inelasticamical magnetic correlation observed as the inelastic mag-
scattering contribution in principle. In the present case, hownetic peaks. In other words, it is suggested that the ordered
ever, the scattered intensity is expected to be dominantlgpins couple with the lattice system in this cad5&he im-
elastic in origin since the narrow peak width is very narrowpurity and dislocation of the specimen should be considered
and comparable to the instrumental limit. In other words, theas other possibilities. Actually, the magnetic superlattice
long-range magnetic structure developed at low temperatungeaks are observed in LgSr 14CU.0sZNo.01 04— s. > If
is expected to be static. It seems that the dynamical magnetibese contributions are dominant, static magnetic peaks have
correlation, which is observed as the inelastic magnetito be observed in all regions &fwhere the incommensurate
peaks, is stabilized by some “pinning” mechanism becausegeaks of inelastic components appear. The magnetic order at
the inelastic and the elastic reflections are observed at thew temperature is observed, however, in a narrow range
same position. Tranquads al. proposed the model that the aroundx=0.12 by NMR measurements, so that we expect
stripe structure is pinned along the characteristic bucklinghe magnetic reflection in the same region. From this consid-
pattern of the Cu@ plane of Lag yNdy,SKCuQ, in the  eration, it seems that the contribution from the impurity and
TLT phase but not in the OMT phase. Let us discuss thealislocation is not essential in La,Sr,CuQ,.
appearance of the magnetic order and the change of the crys- We also performed the NMR measurement to examine its
tal structure. There is a possibility that TLT-like distortion is consistency with the result of the neutron measurement. Fig-
one of the contributions toward the pinning mechanism inure 4 shows the La NMR spectrum and the temperature de-
La,_,Sr,CuOQ, by analogy with the case of pendence of the spectrum linewidth observed in the same
La; g-xNdy 4S1,CuQy. The crystal structure at 2.1 K is ortho- single crystal used in the neutron scattering measurements.
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FIG. 3. Bottom: The temperature dependence of the sound ve-

locity in the longitudinal waves along thel10] direction which
corresponds to @1+ C1o1+2Cg6)/2 mode in LaggSr 1 U0, .
Top: The temperature dependence O MT. The arrow indicates
the temperature where the remarkable softening occurs.

The linewidth is defined as the FWHM. External field is
applied to the directiomd|| [110], which is the direction of
ordered Cu-8 spin in La,CuQ,.?° The broadening of the
linewidth is observed below-45 K and is consistent with

and the Nel temperatur@y is determined to be-45 K. The

nal fields from each sublattice in modulated antiferromaglazi
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FIG. 4. Bottom: The field-swept spectra corresponding to the
transition betweer ;==*1/2 of La nuclei in LaggSr 1,Cu0, at
several temperatures. Top: The temperature dependence of the reso-

nance linewidth of La NMR spectra.

state? In La,_,Sr,CuQ, aroundx=
electr

0.12, the change of the

onic state, which is observed as the anomalous behav-

) } - ior of the transport properties, is not directly caused by the
the disappearance of the magnetic superlattice peaks at 60 Kyy,ctyral phase transition to the TLT phase. If the anomaly

_ o N _ of the transport properties found in 4.8,Sr,CuQ, (x~0.12
spectrum obtainedt® K is simulated well by the calculation originates from the charge ordered state, the stripe charge

that the spectrum at 60 K is split by the distribution of inter- ,.qer observed in Las_,Nd, ,Sr,CuO, should appear in

«Sr,CuQ, (x~0.12. However,

the conclusive evidence

netic state. In case of e axis aligned powder samples, the f the siripe model, the charge peak, has not been detected.
complex shape of the spectrum with a residual powder patrperefore, it is not clear as to whether or not the “1/8”

tern causes ambiguity in estimating the hyperfine fiéftin

trum is symmetric so that the FWHM is more precisely de-
termined. As a result, the hyperfine field at La sit& &K is

This coincidence of the value of the hyperfine field confirms

the accuracy of the NMR study previously reporteatiaxis

of the end member compound JGuO,, the ordered mo-
ment of Cu-3l spin is estimated to bgc,~0.08ug. This
value is smaller than that of L&uO, but is extremely larger
than the value estimated from the present neutron measur

ment. The reason for this discrepancy is not clear at this

stage.
We finally discuss the difference of La,Sr,CuQ, from

between the crystal structure and the change of the electron

ie stripe model.

anomaly in La_,Sr,CuQ, could be explained completely b
our measurement on the single crystal, the shape of the speg; y 3 x>k ! P pletely by

In summary, we performed neutron diffraction, NMR, and
. ultrasonic measurements in single crystal g1y 1CUO,.
e,Va'“_ated a3v1.40 Oe from the half O,f thg increase of the The magnetic superlattice peaks at 2.1 K are observed in the
linewidth, and is equal to that of-axis aligned samples. . tron scattering atl/2+¢,1/2,0 and (1/2,1/2+¢,0) with

€=0.126+0.003, and are symmetrically located around

; - 5 (1/2,1/2,0 reciprocal point. The existence of these peaks and
aligned samples. If we tentatively assume the hyperfine coune NMR spectral features give evidence of the modulated
pling constan®, ;= 1.7 KOelug which is the reported value  ypiiferromagnetic long-range order and the magnetic super-
lattice belowTy~45 K in the orthorhombic phase. The soft-
ening of the sound velocity below45 K, which is close to

Ty, suggests the coupling between the ordered spin and the

Rittice system in LaggSry 15CU0;.
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