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Static and dynamic spin correlations in the spin-glass phase of slightly doped La,Sr,CuO,
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Neutron-scattering experiments reveal that a diagonal spin modulation, which is a one-dimensional modu-
lation rotated away by 45° from that in the superconducting phase, occurs universally across the insulating
spin-glass phase in La,Sr,CuQ, (0.02<x=<0.055). This establishes an intimate relation between the mag-
netism and the transport properties in the high-temperature copper oxide superconductors. Furthermore, it is
found that the charge density per unit length estimated using a charge stripe model is almost constant through-
out the phase diagram, even when the modulation rotates away by 45° at the superconducting boundary.
However, at the lowest values farthe density changes approaching 1 hole/Cu as in L8r,NiO,. Magnetic
excitation spectra suggest that magnetic correlations change from incommensurate to commensgurate at
~7 meV andT~70 K, indicating a characteristic energy for the incommensurate structure of 6—7 meV.

. INTRODUCTION comitantly, spin stripes run approximately along g, or
bietra @XiS; we label this the collinear stripe phase.
The phase diagram of La,Sr,CuQ, shows that the mag- Thus the magnetism and the transport properties in the
netic state changes dramatically with Sr doping. The parenfioped LaCuQ, system are intimately relatéd.In the insu-
material LaCuQ, exhibits three-dimensiona{3D) long- lating phase at low hole concentrations, spin-glass behavior

range antiferromagneticAF) order below~325 K!When is observed and there are strong quasielastic commensurate
a small fraction of La is replaced by Sr, which corresponds tespin fluctuations; dynamic IC spin fluctuations persist in the
hole doping, the 3D AF order disappears and the low-superconducting phase. It has been known for some time that
temperature magnetic phase is replaced by a disordered mag- La,_,Sr,CuQ, the instantaneous magnetic correlations
netic phase in which commensurate two-dimensid2a) change from being commensurate to IC at the insulator-to-
short-range AF fluctuations are obsen?édin crucible-  superconductor boundary. Recently, Wakimetoal. have
grown samples the commensurate fluctuations develop fwund that in a sample grown with the crucible-free traveling
static component at low temperatures, signalling the onset afolvent floating zone technique, which results in purer crys-
spin-glass order. tals, the static magnetic correlations at low temperature are
In superconducting samples, an essential feature is thaiso IC in the insulating spin-glass L@Sr, o<CuQ,.t2 They
the magnetic correlations become incommensutie*~’  have examined the intensity profiles and have shown that
Detailed studies on the hole concentration dependence of thibere are only two satellite peaks alobg,,** while in
low-energy magnetic excitations have been performed bguperconducting compounds the IC peaks are located parallel
Yamadaet al® They find that the incommensurability) is  to both theaeys and beys axes. These magnetic correlations
almost linear with hole concentratiaix) with §=x below in La; g5 sCuO, are consistent with diagonal charge
x~0.12. Recently, static magnetic ordering has been obstripes, in which the stripes run along thg,, axis. Actu-
served in superconducting Lg@Sr, 1/ CuQ, (Refs. 8 and ® ally, such diagonal stripes have been predicted
with the magnetic onset temperature ndar. The elastic theoretically*>~1° Diagonal stripes are also reported experi-
magnetic peaks are observed at the same IC positions asentally in insulating La_,Sr,NiO,.>° We emphasize, how-
those of the magnetic inelastic peaks. A model that describeaver, that only a one-dimensiongphin modulation has been
this behavior is that of stripe ordering of spin and chargeobserved in La ,Sr,CuQ, to-date; any associatecharge
(hole) density waves as observed in ordering has not yet been detected. These results lead to the
Lay_y—,Nd,Sr,Cu0,.'>** In this case the charge and, con- important conclusion that the static magnetic spin modula-
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tion changes from diagonal to collinearyat 0.055+ 0.005, Pretra hortho
coincident with the insulator-to-superconductor transition. E=5 meV, =0 me
A fundamental question is whether or not the diagonal B (a) 1000 4“‘('1' kO)I """" (b’)
one-dimensional IC magnetic correlations persist throughout 12 - - - L S
the spin-glass phase down to the critical concentratior of ;A 800
=0.02 for 3D Nel ordering. The present neutron-scattering [
study clarifies this point and yields important information on
the concentration dependence of the incommensurability. Es
pecially, we find that at the lowest concentration within the [
context of the stripe model the inferred charge density is J
hole/Cu as in La_,SrNiO,. e N\ ;
Another important point is to clarify the nature of the o Kortho oL
magnetic excitations in the diagonal IC state. Intensive stud- @ Ao DomainA
ies of the inelastic magnetic spectra in insulating O & DomainB
La,_,Sr,CuQ, were performed by Keimegt al> They stud-
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ied the energy and temperature dependences of the 1900 ‘ ; 1000 R s aan
Q-integrated susceptibility. However, th@ dependence of t (h,0.02,0) () —_ (0,k,0) (d)
the excitation spectra was not discussed since the detaile-g 800 }—-—7.5 K  scan B E

peak profile was not known. Matsu@a al. also studied the S i 9

inelastic magnetic spectra in LSt oCu0,,** in which the £ 600} 1%

energy and temperature dependences of the excitation spe'§ I 8

tra were measured. They only discussed the results qualitag 400 1=

tively since the detailed peak profile could not be clarified. @ i iz

Now that the static magnetic correlations have been eluci-£ 200 | 1€

dated, the excitation spectra can be analyzed qualitatively ™ -

Specifically, we found that the magnetic correlations change 0

from being incommensurate to commensurate at T h(rlu)
~7 meV andT~70 K, indicating a characteristic energy
for the IC structure of 6—-7 meV. FIG. 1. (a) Diagram of the reciprocal lattice in théd0) scat-

tering zone. Filled and open symbols are for domains A and B,
respectively. The triangles and circles correspond to nuclear and
magnetic Bragg peaks, respectively. The thick arrows show scan
trajectories. Transvergb) and longitudinal elastic scars) and(d)
around(1,0,0 and(0,1,0 at 7.5 K(filled circles and 80 K(open
gircles). The crosses represent the higher-order Bragg peaks ob-
served at(1,0,0 by removing the Be filters. The broken lines are
guides to the eyes. The peak width represents the instrumental reso-

'Ehe Iatit&ce /Constants Wcir_eamhoz 5549 A, borno lution. The solid lines are the results of fits to a convolution of the
=5.430 (b/a~1.015), anct=13.151 atl0 K. From = esoiution function with 3D squared Lorentzians with;

the universal relation for the spin-glass transition tempera_g, g A £,=39.9 A £=3.15 A, ande=0.0232.

ture, the tetragonal-to-orthorhombic structural transition tem- ’ oe '

perature, and the orthorombicity/a,?* the effective hole

concentration was estimated to be 0.821003. ; X
The neutron-scattering experiments were carried out Oé‘rfrf%i?ngﬁngles denote t&0,0 and(0,1,0 Bragg points

the cold neutron three-axis spectrometer HER and the ther- '

mal neutron three-axis spectrometer TOPAN installed at

JRR-3M at the Japan Atomic Energy Research Institute . RESULTS AND DISCUSSION

(JAERI). The horizontal collimator sequences were guide-

open-S-80-80" with the fixed incident neutron enerdy;

=5 meV at HER and 3030'-S-60-60" with the fixed fi- Below ~40 K elastic magnetic peaks develop and at low

nal neutron energ¥;=14.7 meV at TOPAN. Contamina- temperatures the peaks are clearly resolved at the IC posi-

tion from higher-order beams was effectively eliminated us-+ions (1 ¢€,0) and (0,1 €,0) with e~0.023. This corre-

ing Be filters at HER and PG filters at TOPAN. The single sponds to the same diagonal one-dimensional spin modula-

crystal, which was oriented in theH0)gino OF (HOL) oo tion observed in LagsSr, o<CuQ, which hase~0.0641% The

scattering plane, was mounted in a closed cycle refrigeratoopen and filled circles in Fig.(&) correspond to the IC mag-

In this paper, we use the low-temperature orthorhombimetic peaks from the two domains in thelK0) zone, re-

phase Bmalb) notation (,k,|) o t0 express Miller indices.  spectively. Figures (b)—1(d) show transverse and longitudi-
The crystal has a twin structure and there exist two donal elastic scans around,0,0 and (0,1,0. Two peaks are

mains. The two domains are estimated to be equally distribebserved in the transverse scan A while one intense peak

uted from the ratio of the nuclear Bragg peak intensities fromogether with a weak shoulder on the ldwside is observed

both domains. Figure(&) shows the scattering geometry in in the longitudinal scans B and C. The instrumental resolu-

the (HKO) scattering plane. The filled triangles correspondtion at(1,0,0 can be estimated from higher-order reflections,

Il. EXPERIMENTAL DETAILS

The single crystal of Lag7e515 02A2UO, was grown by the
traveling solvent floating zon€TSF2) method. The crystal
was annealed in an Ar atmosphere at 900 °C for 24 h. Th
dimensions of the rod shaped crystal wer6® X 25 mnr.

to the(1,0,0 and(0,1,0 Bragg points from domain A while

A. Static properties
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FIG. 2. Elastic scans along (1.9, and along (0,0.978) at 10
K. The background intensities measured at 100 K have been sub-
tracted. The solid lines show the results of calculations with
=949 A £=39.9 A £.=3.15 A, ande=0.0232.
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which in turn are measured by removing the Be filters. As Hale Zoneentration {x)

illustrated in Figs. {b) and(c), the magnetic peaks are much ¢\ 3 Hole concentratiofx) dependence of the splitting of the
broader than the resolution along bdttandk. It should be ¢ peaks ¢) in tetragonal reciprocal lattice units. Open circles
noted that, by contrast, the magnetic peaks in the supercoigicate the data for the inelastic IC peaks reported by Yamada
ducting state of LgggSry1/CuQ, are all resolution limited, et al. (Ref. 5. Filled circles and square are the data for the elastic
indicating that the magnetic correlation length in that systemc peaks reported by Wakimoet al. (Refs. 14 and 20 The filled
is quite large in the Cu©plane. triangle is obtained from the present study. The broken and solid
Figure 2 shows thé& dependence of the magnetic elastic lines correspond t@=x and e=x, respectively. The insets show
peaks at (1,0,) and (0,0.971,), respectively, at 10 K. The the configuration of the IC peaks in the insulating phétiegonal
background estimated from the high-temperature daf®  stripe and the superconducting pha®ellinear stripg.
K) has been subtracted so that the remaining signal is purely
magnetic. These scans probe the magnetic correlations alorgatic magnetic correlations are almost two dimensional. The
the c axis between neighboring 2D antiferromagnetically between-plane correlation length is shorter than those in
correlated planes. Broad peaks are observed ate{ied) Lay 4gNdg 4SSt 1LCUO, (£.~0.55% at 1.38 K (Ref. 11 and
and (0;-1,0dd) which coincide with the magnetic Bragg La, ;7651 ,,dNiO, (£.~1.06c at 10 K).%°
peak positions in pure LEUO,." However, the magnetic  The solid lines in Fig. 2 show the calculated profiles using
intensity at (1,Gven) initially increases with increasin, 3D squared Lorentzian profiles convoluted with the instru-
implying a cluster spin-glass model as inlogSto 2CUO,:*"  mental resolution function. The parameters determined
the spin system forms antiferromagnetically correlated clusabove are held fixed and only the overall scale factor has
ters which have randomly different spin directions in thebeen adjusted. In order to reproduce théependence of the
CuG, plane although the propagation vector of the AF order(1,0even intensity, the cluster spin-glass modélas de-
is alongag o in each cluster. scribed above, has been used in the calculation. The calcula-
The solid lines in Figs. (b)—(d) are the results of fits to a tion describes the observed profiles reasonably well. The
convolution of the resolution function with 3D squared slight deviation at largeL in both the (1,d,) and
Lorentzians. The two intense peaks in Figb)loriginate  (0,0.975|.) scans probably reflects a decrease at largd
primarily from the magnetic signals at (1¢,0) in domain A the magnetic form factor, which has been assumed to be
while the weak shoulder in Fig.(d) originates from mag- constant in the calculation.
netic signals at (0,Xe,=1) in domain B. The relatively The diagonal magnetic stripe model thus provides a good
intense peaks at (0fle,0) occur because of the short corre- description of the data; this is one of the most significant
lation length along the& axis, which in turn makes the (0,1 results of this study. The incommensurabiliycorresponds
*¢,L), with L odd, magnetic peaks broad along thaxis as  to the inverse modulation period of the spin-density wave.
shown in Fig. 2. The instrumental resolution function is alsoHere, € is defined in orthorhombic notation so thet 2
elongated along the axis so that the magnetic signals are x 5 whereé is defined in tetragonal units. As shown in Fig.
effectively integrated. The observed data are fitted With 3, 5 follows the linear relatios=x reasonably well over the
=94.9+4.0 A, £=39.9-13 A, ¢=3.15-0.08 A, and range 0.0%x=<0.12 which spans the insulator-
€=0.0232-0.0004, wheret}, &, and £, represent the in-  superconductor transition. In a charge stripe model this cor-
verse of the half width at half maxima of the elastic peakresponds to a constant charge per unit length in both the
widths in Q along thea, b, andc axes, respectively. The diagonal and collinear stripe phases, or equivalently, 0.7 and
calculation reproduces the observed profiles quite well. Th€.5 holes per Cu, respectively, because of {Bedifference
error bars represent one standard deviation statistical erram Cu spacings in the diagonal and collinear geometries. Our
limits for the assumed line shape. The true error limits, indi-value forx=0.024 definitely deviates from th&=x line and
cating possible systematic errors, are much larger. The statinstead appears to be close teel hole/Cu as in
correlation length perpendicular to the Cu@ane is 3.15 A,  La,_,Sr,NiO, where there is- 1 hole/Ni(Ref. 20 along the
which is much less than the distance between nearestliagonal stripes. This suggests that as the hole concentration
neighbor Cu@ planes ¢/2~6.5 A), indicating that the is decreased, in the context of the stripe model, the hole
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TABLE I. Hole concentration dependence of the static spin cor- (@) (HKO) resolution
relation length in La_,Sr,CuQ,. A blank means that the peak ® A Domain A
width is too broad to determing;. It is noted thaté, in the x © 4 Domain B
=0.02 sample is obtained on the assumption that the magnetic cor-
relations are commensurate. This value could become larger
(~45 A) if the magnetic correlations are incommensurate with

< 12 Hietra
X §é (A) ft; (A) fé (A) (b) (HOL) (c) (HOL)
0.02 160 25 47 9 Domain A ® Domain A
0.024 94.9+4.0 39.9-1.3 3.15-0.08 ;’ Domain B KO Domain B
0.05 25 33

resolution

3Reference 21. ©19 (100) 010  (100)
bThis work. H

‘Reference 14.

concentration evolves progressively from0.5 hole/Cu at

;(:0'15 to 1#0|¢/Cu ax=0.(_)24. TEIS beEaVrI]OI |sdvery dlf' the (HKO) and (HOL) scattering planes. The instrumental resolu-
erent rom_t atin LgXSrXN|O4, where the hole ,ens't,y IS tion is elongated perpendicular to the scattering plane. The ellip-
~1 hole/Ni over a wide range of hole concentrations in thegiqs and circles represent magnetic pegsand (b) show scat-

insulating phase albeit at rather larger hole densfiese tering configurations in the IC phase. As shown in the text, the IC
note that Machida and Ichioka predict 1 hole/Cu throughounagnetic peaks are anisotropic. In the commensurate [ibashe

the diagonal stripe phasé. peaks are considered to be isotropic.
The static spin correlation lengths, which are derived

from the inverse peak widths iQ, in La,_,Sr,CuQ, (x

=0.02, 0.024, and 0.05are summarized in Table I. With

increasing hole concentration, the peak widths both parall

and perpendicular to the Cy(plane rapidly broaden. In

Lay 9551 0s=CuQy, anlL scan shows that the peak width along

L is much broader than that in LgreS.024-uQ, indicating plane is that the measurements can be performed with in-
that the magnetic correlations are more two dimensighal. o .
creased scattering intensity.

There are at least two possible origins of the finite corre- First, we performed consta-scans around,) in

lation lengths in the Cu®plane for the static order in the . : .
spin-glass La_,Sr,CuQ,. The first is that the lengths simply order to study the magnetic anisotropy inysaSi.024°U0;.

measure the spin decoherence distance of the AF spin clus-

FIG. 4. The schematic configuration of the magnetic peaks in

plane, since the resolution is elongated perpendiculbl; s
§hown in Fig. 4b), the IC peak cannot be well resolved.
q—|owever, as we will show later, the intrinsic peak configu-
ration can be estimated by fitting to model functions. The
advantage of the measurements in th¢0L) scattering

ters. The second is that the disorder originates primarily from La,.,Sr,Cu0,
a random distribution of stripe spacings and orientations as E=14.7meV 30'-30"-60'-60" (0.992,0,0.7)
discussed by Tranquadd al? It is noted that a rotation of S0 T
the stripe orientation away from thege,, and by, axes is S 100F } (@ 3
observed in LgCuO,, (Ref. 26 and Lg gSf1,Cu0;, (Ref. g x=0.024 3
27). Further experiments and theoretical calculations will be 3 80 H{ }
required to choose between these possibilities. i 60 ¢ ¢ it ; ; ]
2 400 g :
B. Magnetic excitations £ 20} s ¢ 5 s %
As mentioned in the previous section, static magnetic cor- 00 1 2 3 4 5 6

relations in the spin-glass phase has been revealed. We now - E (meV)
consider how the inelastic magnetic correlations behave in £ 150 ' ' ' '
the spin-glass phase of 5a.Sr,CuQ,. Neutron inelastic 5 (t—))o
scattering measurements were performed in 2 400k } = E
Lay 97650 02£UO,. The measurements were performed in the § $ ¢ { $¢ ]
(HOL) scattering plane. We first carried out the measure- 2 §g ) $ ]
ments in the HKO0) scattering plane, in which the elastic IC 2 50¢ g 3 gisd E
magnetic peaks can be resolved reasonably well since the 5 g 8¢ 5228
instrumental resolution is narrower than the intrinsic peak £ b
widths as shown in Fig. (4. However, with increasing 0 2 t (mevf § 10

transfer energy, the resolution becomes worse and the mag-
netic intensity decreases due to the structure factor. Because FIG. 5. Filled circles show consta@-scans at(0.992,0,0.7
of these two effects, it is very difficult to follow the energy measured af=10 K in Lay g7¢Sh 024U, (@) and in LaCuQ, (b).
dependence of the excitation spectra. In tHO) scattering  Open circles show background intensities measured.46,0,0.7.
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We speculate that this behavior may be explained as fol-
lows. At 3 meV, the magnetic peaks exist at IC positions as

80 120 prrrrreerrrrrpree e
- f @ 1 observed in the elastic scans in thé¢K0) scattering zone as
o —~100F ] shown in Fig. 4a). Since the instrumental resolution elon-
S Gog E so: gated vertically integrates the magnetic signal arotirdl
£ 50¢ 27 very effectively in the HOL) scattering plane, as shown in
g 40f 3 60 1 Fig. 4b), a sharp and intense peak centeretHatl is ob-
E 30 E C served while a weak tail is found at lowef. The solid line
;é:, 20k g 40; ] in the Fig. &a) is the result of a calculation assuming that the
= 105 = 20} ] magnetic peaks are located at exactly the same positions as
g ; those determined from the elastic measurements in the
0F _ 0= (HKO) scattering plane. As excitation energy is increased,
140 e 120 the peak separation appears to to become smaller. The exci-
120t b ; tation spectrum at 6 meV is fitted to 3D Lorentzians. The
PER =100p ] fitting parameters are the peak separatignthe isotropic
5100; g so: ) inverse inelastic peak width in the Cy@lane¢,,, and the
% 80} g I o amplitude. The inverse inelastic peak width along ¢hexis
8 605 g 60} 1 & isfixed at 3.15 A, which is the same &s. The solid line
z z 403 ] in the Fig. &b) is the result of a fit to the 3D Lorentzians
2 40p e I b with €=0.0096+0.0068 and¢n,=48+12 A. Finally, the
£ 50f = 20} v . magnetic correlations appears to become commensurate and
E C :.5 isotropic at 9 meV as shown in Fig(c}. In this case, there
o= 0 e T exist two equi-intense peaks at (0;1.6) (H=0.985) and
1207t et 200 (1,0,-0.6) (H=1) resulting in one broad peak located at
L : _ Tecemev!: @ | H~0.99. The solid line in Fig. @) is the result of a fit to the
%‘00 .§'1SOZ_T=10K La,Cu0, 4 3D Lorentzians with §{=3.15 A (fixed) and &;,=42
B oo Sl (H0-0.7) 1 +13 A. eis fixed at O since it becomes very close to 0 even
£ | £ when fitted. From these results, we conclude that magnetic
3 60 gtoor ] correlations change from being incommensurate to commen-
> > surate between-6 and~7.5 meV.
g 40¢ g 500 ] The commensurate magnetic correlations at higher ener-
< 20f E [ b ] gies are similar to those observed in purgCa0, above the
I 02 L L gap energy~5 meV as shown above. The excitation spec-

FIG. 6. Neutron inelastic scans alon#l,0,—0.6) and {,0,
—0.7) at various energies and temperatures igkgdly 02LUO,
and in LgCuQ,. The solid lines are the results of fits to a convo-
lution of the resolution function with 3D squared Lorentzians. The
broken lines show the centers of the peaks (1),0and (0,1.)

0.9 1
H (r.l.u.)

1.1

determined from the nuclear Bragg peak positions.

trum in pure LaCuQ, at 6 meV is shown in Fig. @). The
spectrum is consistent with the peak configuration as shown
in Fig. 4(c) since the magnetic correlations are commensu-
rate and isotropic. The peak width is resolution limited, in-
dicating that the correlation length is very long in the GuO
plane. This is in striking contrast to the situation in
Lay 976515.0242UQ,. The solid line in Fig. &) is the result of
a calculation assuming the 3D Lorentzians witf,
=700 A (fixed), &i=1 A (fixed), ande=0 (fixed).

The temperature dependence of the excitation spectra in

Figure 5a) shows the result of consta@- scans at
(0.992,0,0.7, which corresponds to just the midpoint be-
tween(1,0,0.9 and(0,1,0.9. The background intensities are
measured atl1.15,0,0.7. The magnetic intensity decreases
gradually with increasing energy, indicating that the mag-
netic excitation spectrum is gapless inkaSr g2LuO,.

Lay 976509 024CU0, is quite similar to the energy dependence.
A sharp excitation peak centered ldt=1 at low tempera-
tures shifts to loweH with increasing temperature. The solid
line in the Fig. &d) is the result of a fit to an assumed 3D
Lorentzian line shape witlk=0.0113+0.0068 ands,,= 60

For comparison, consta@-scans in pure LiCuQ, with the ~ ~11 A. & is fixed @ 1 A since the system becomes mag-
same spectrometer condition are shown in Fip).5An ex-  Netically 2D above~40 K. e and &3, do not change sensi-
citation gap due to the out-of-plane anisotropy is found atively with changes ir¢{ in the fitting. The solid line in Fig.
~5 meV, which is consistent with that observed 6(e) is the result of a fit to a 3D Lorentzian with,= 62
previously?® +10 A and¢l=1 A (fixed). € is fixed at O since it be-
Figure 6 shows constami-scans in the {OL) scattering comes very close to 0 even when fitted. From these results,
plane at various energies and temperatures. A sharp excitare conclude that the magnetic correlations change from be-
tion peak is centered &di=1 atw=3 meV andT=10 K. ing incommensurate to commensurate between 55 and 70 K.
On the other hand, the peak position shifts progressively to Figure 7 represents a summary of the neutron inelastic
lower H at higher energies and temperatures. measurements in La;gSh 0oLu0,. The open and filled
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La, g76Srg.024CU0, ther, within the context of a spin and charge stripe model the
9 ° charge density per unit length is almost constant for all val-
° ues ofx, but shows a significant deviation near the spin-glass
s 3D Neel boundary suggesting stability of diagonal stripes
® 6O O e e :
£ with 1 hole/Cu at lowx.
3 = The magnetic excitation spectra suggest that magnetic
3|0 CoOeee correlations change from diagonal incommensurate to com-
o mensurate ab~7 meV andT~70 K. Above these energy
and temperature the magnetic correlations are similar to
: ’ those in pure LgCuQ, although the range of order in the
50 100 . .
Temperature (K) CuG, plane is much shorter in La;eSr 02LUO,.
FIG. 7. Energy-temperature phase  diagram in
Lay 976515 02£2U0,. Open and filed circles represent that the mag- ACKNOWLEDGMENTS
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