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Structural and magnetic properties of the single-layer manganese oxide L4LaSri,,MnO,4
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Using x-ray and neutron scattering, we have studied the structural and magnetic properties of the single-
layer manganite La,Sr;,,MnO4(0<x<0.7). Single crystals were grown by the floating-zone method at
18 La/Sr concentrations. The low-temperature phase diagram can be understood by considering the strong
coupling of the magnetic and orbital degrees of freedom, and it can be divided into three distinct regions: low
(x<0.12), intermediatg0.12< x< 0.45, and high(x=0.45 doping. LaSrMnQ(x=0) is an antiferromagnetic
Mott insulator, and its spin-wave spectrum is well described by linear spin-wave theory for the spin-2 square-
lattice Heisenberg Hamiltonian with Ising anisotropy. Upon doping, assghelectron concentratiofil —x)
decreases, both the two-dimensional antiferromagnetic spin correlations in the paramagnetic phase and the
low-temperature ordered moment decrease due to an increase of frustrating interactions, and Néel order dis-
appears above.=0.11510). The magnetic frustration is closely related to changes irejr@bital occupan-
cies and the associated Jahn-Teller distortions. In the intermediate region, there exists neither long-range
magnetic nor superstructural order. Short-range-correlated structural “nanopatches” begin to form above
x~0.25. At high doping(x=0.45), the ground state of L4a,Sr.,,MnO, exhibits long-range superstructural
order and a complex antiferromagnetic order, which differs from that at low doping. The superstructural order
is thought to arise from charge and orbital ordering on the Mn sites, and=f@r50 we conclude that it is of
B2mm symmetry. Forx>0.50, the superstructural order becomes incommensurate with the lattice, with a
modulation wave vecto that depends linearly on theg electron concentratiore=2(1-x). On the other hand,
the magnetic order remains commensurate, but loses its long-range coherence upon dopingbéyshd
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I. INTRODUCTION Lag 5051 sgMNO,(x=0.50, although research also has ex-

. . _ ~ tended to other La/Sr doping ratfost!?2 and to
The perovskite and perovskite-derived manganese oxided, Sp,Mn0O,, (Pr, S),MnO,, and(Pr,C3,Mn0,.13-16

have attracted considerable interest over the last decade asAt room temperature, LaSr, sgMnO, has a highly sym-
the richness of their phase diagrams has been uncoV¥ered. metric body-centered tetragonal structufgpace groufy
Phases of interest include a ferromagnetic metallic phase and/mmm), which becomes strongly distorted at low tempera-
a paramagnetic phase with short-range structural distortiongire. The low-temperature structural phase was first observed
as well as several antiferromagnetic phases. The competitiggy electron microscopy, which revealed (f,%,0) wave-
between the first two phases seems to play a key role in th@actor modulation of the room-temperature structure below
colossal magnetoresistan@@MR) effect, while the presence 220 K45 An anomaly in the resistivity at this temperature
of the other phases has renewed interest in the spin-orbitjdicates that the structural transition is associated with
coupling issue in transition metal oxides. charge ordering. The existence of a distinct low-temperature
The “single-layer” material La,Sn.,MnO, is the phase was confirmed in a neutron scattering experifent,
n=1 end member of the Ruddlesden-Popper familyaithough it was concluded that this phase has a higher struc-
L8n(1-9 S iMNiOgni of manganese oxides. tyral symmetry, with al2,2,0 modulation of the room-
Lay.,SrMnO, does not exhibit CMR;®> and its layered temperature structure. This experiment also established the
structure results in strongly anisotropic transport propefties.presence of antiferromagnetic order below 110 K. Based on
A magnetic/charge/orbital ordered phase is observed at lothe model originally developed by Goodenotfylfior the
temperature at half dopingx=0.50.78 The low dimension- half-doped perovskite LaCa, sgMnOz(n=x), these results
ality makes La,,Sr,MnO, an interesting model system for were interpreted as an indication of charge order in
the study of the underlying doped Ma@lanes and for a |a,.Sr, gMnO,. Resonant x-ray scattering involves virtual
comparison with results for the double-lay@~2) and per-  excitations from core to valence states and thus can probe
ovskite (n==) manganites. Furthermore, 1.a5r,,MnO, is  anisotropies in the valence charge density. A study of Mn
a structural homologue of the cuprate,L&r,CuQ, and the K-edge resonant scattering fromglsgSr; sgMnO, revealed a
nickelate La_,SrNiO, for which, in part because of their strong enhancement of the low-temperature superlattice
low dimensionality, the issue of charge inhomogeneity hapeaks, which was interpreted as a confirmation of orbital and
been central in recent investigatioh¥. The most frequently charge order in this compouddowever, this interpretation
studied composition of the single-layer manganites ishas been controversit-?® The K-edge resonance involves
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virtual excitations to the unoccupiedp4evels, and thus is discuss the structural and magnetic properties of the low-
only an indirect probe of @states, and the signal is expected temperature phase that is present in the doping range 0.45
to be sensitive to both the lattice distortion and the atomic<x<0.7. Section V describes the short-range structural and
configuration. Recent soft x-ray scattering experiments at thenagnetic correlations observed in the intermediate doping
Mn L edgé***might be better evidence of orbital ordering range 0.15<x<0.45. Finally, Sec. VI presents the magnetic
since they direCt|y prObe thaj&tates, and it has been Sug- and structural phase diagram((bh’Sr)ZMnO4 and a discus-
gested that it is possible to spectroscopically differentiate;ion of our results.

cooperative Jahn-Teller distortions of the ¥nons and di-

rect (or spin-correlation-drivenorbital ordering?*2° In an-

other study’ related linear dichroism results at the Mn Il. EXPERIMENTAL METHODS

edge were interpreted as evidence thatejerbital order in

the CE phase involved,. > and dy2_,» orbitals rather than : )
the ds2_r2 anddsy2_2 orbitals, as is generally assumed. How- Of. L2,03, SICQy, and MnG (99.'99% purity or hlghe)rwere .
nixed and calcinated three times for 36 h in an alumina

ever, the two ordering patterns share the same lattice s moIxe L X
metry. Finally, from g cF;)onsideration of the number of a)Il— crucible at temperatures of 1300-1360 °C, with intermediate

lowed Raman modes, the orthorhombBbmm symmetry grinding. The reacted and ground powder was then pressed

was proposed for the low-temperature ph&sshich would  into cylindrical rods and sintered for twelve hours in air at
manifest itself in a(,,0 modulation of the room- 1500-1580 °C. Crystals were grown from the ceramic rods

temperature structure. using a four-mirror optical image furnace at a speed of 6 mm

The phase transition at=0.50 also causes changes in thePer hour. Prior to the growth, the ceramic rods were rapidly
optical properties of the material. Infrared absorptfoand sintered inside the image furnace at about 85% of the power
reflectivity®® measurements reveal that the optical gap in-needed to melt them. A total of 24 crystals were grown at 18
creases significantly below the transition temperature. Moredifferent compositions, ranging from=0.00 to x=0.67,
over, the material becomes birefringent in the low-Which is close to the solubility limit ofx~0.70*° The
temperature phadkas a result of the orthorhombic distortion growth atmosphere varied from arggpartial pressure of
caused by the orbital order. The low-temperature phase i@xygen of ~107° bap for x=0.00 compound up to 6 bar
fragile and can be destroyed by magnetic fields-@5 T32  atmosphere of ©for samples withx=0.67.

Furthermore, photoinduced melting of the charge/orbital FOr the x-ray measurements, crystal pieces of about
phase with exposure of the sample to 1.55 eV laser light haéx 2 1 mm’ were cut from the boule and mounted inside a
been reported We will present results in this paper that are displex. Single crystal x-ray measurements were performed
indicative of a partial x-ray induced melting in the orderedon beam line 7-2 at the Stanford Synchrotron Radiation
phase, similar to what was reported previously forLaboratory(SSRL. An energy of 14 keV was selected from
Plo.sCa7gMNO; (Refs. 34 and La g7SN 1040, (Ref.  the wiggler spectrum with a double-crystal(Bil) mono-
35). chromator. Additional high-resolution powder x-ray scatter-

Compared to the efforts made to study the lattice distoring measurements were performed on SSRL beam line 2-1.
tions associated with the insulating behavior, relatively littleSingle-crystal pieces were finely ground and the resulting
is known about the magnetic properties of the single-layePowder was packed into a cavity in a silicon zero-
manganites. Magnetizatiénmuon spin rotatiod® and neu-  background(510 mount. The samples were mounted and
tron scattering3/-3° measurements have established thagooled in a transfer helium gas cryostat. The high momentum
La,_,Sr.,MnO, is an antiferromagnet nea=0, x=0.5, and  resolution was achieved by using a(Z20 double-crystal
x=1, with Néel temperatures of about 120 K, 110 K, and 170monochromator and a @il1) analyzer. Single-crystal neu-

K, respectively. Atx=0 andx=1, the magnetic structure is tron scattering measurements were carrier out on the thermal
antiferromagnetic in the MnOplanes, with spins aligned triple-axis instruments of the NIST Center for Neutron Re-
parallel to the stacking direction. At half-doping, on the others€arch(NCNR).

hand, the magnetic structure is related to the complex

CE magnetic phase of the perovskite manganites and y; MAGNETIC ORDER AND SPIN CORRELATIONS

is composed of two interpenetrating lattices of (0=<x<0.15
(antiferromagnetically-couplederromagnetic zigzag chains.

The spins in this case lie within the Ma@lanes. Finally, we The Néel phase of LaSrMn{x=0) was studied previ-
note that there have been repbf&*®4lof glassy magnetic ously by several grougs6-383%42These experiments found
behavior at low temperature between doping©6.20 and that LaSrMnQ orders antiferromagnetically with the,KiF,
x=0.60. spin structure, an Ising anisotropy, and moments aligned

In a previous Lettet’> we examined the nature of theg along[001]. In four of the five experiments the Néel tem-
electron order in La,Sr.,,MnO,. We briefly described the peratures were determined to be between 120 K and 130 K,
low-temperature phase at dopirg 0.50 and reported on the while Ty=180 K was reported in Ref. 38. In this section, we
observation of an incommensurate lattice distortion Xor present neutron scattering measurements of the spin-wave
>0.50. The present paper is organized as follows: after dedispersion forx=0, and of the order parameter and instanta-
scribing our experimental methods in Sec. I, we present ouneous spin-spin correlation lengths for samples in the doping
magnetic neutron scattering results for the magnetic phase eange 0<x=<0.15. The goal of these measurements is to fur-
low doping (0=x=<0.195 in Sec. Ill. In Sec. IV, we then ther establish the properties of the magnetic phase of

In order to obtain single crystals, stoichiometric amounts
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FIG. 1. La_,Sr.,MnO, magnetic Bragg scattering intensity as FIG. 2. Néel_ temperatl_Jre and ordered momeneasured at
a function of temperature, measured at the reciprocal space posi-10 K) as function of doping for La,Sn.,MnO,. The values are
tions (1,0,4,, for x=0.00,1,0,0,, for x=0.05, and(1,0, 3, for normalized to those of the_z0.00 sample. The dashed line is a
x=0.07 and 0.10. The subscript indicates the unit cell of the guide to the eye for the doping dependence of the Néel temperature,
magnetic structure shown in the inset. The intensity is normalizedndicating our estimate o.=0.11310) for the disappearance of
by the size of the crystals, and the low-temperature valuexfor Wo-dimensional long-range order.

=0.00 was set to L. The lines are fits to the form(1-T/T)™ A1 (haif.width-at-half-maximum is ATy/Ty=1.5-4 % in
assuming a Gau53|_an distribution in Néel temperatures due Qe four samples withx<0.10. For example, for the
sample inhomogeneity. The values B, 5, and the ordered mo- 14 gample, this corresponds to doping inhomogeneities
ment are listed in Table I. of less thamAx=0.003.
LaSrMnQ, and to study its evolution upon doping. As a next step, we studied the evolution of the antiferro-
Our results for the magnetic structure of LaSrMrede in ~ Magnetic order upon doping. In Fig. 1, the magnetic Bragg
good agreement with the earlier powder neutron diffractionscattering intensities are scaled relative to each other based
studies®®39 The observed magnetic peaks can be indexe@n data for the peak intensities that were normalized per
using the proposed structure, with nearest-neightdid) ~ mole. The ordered staggered momeig(x), is proportional
moments antiferromagnetically aligned within the Mn-O to the square root of the low-temperature intensity. Only rela-
plane, and with next-NN planes stacked ferromagneticallftive moments were measured in this experiment. Previous
(see inset of Fig. 1 Diffraction peaks belonging to two dif- neutron powder scattering measurements indicate that the or-
ferent twin domains were observed. The twinning of thedered moment ax=0.00 is 3.82)ug.3° Establishing the ab-
magnetic structure occurs because the net coupling betweenlute value of the ordered moments from single-crystal
the magnetic moments of NN planes is zero for the tetragomeasurements requires a quantitative comparison of the in-
nal structure, and the relative magnetic order of NN planesensities of the magnetic Bragg peaks to those of nuclear
can take on one of two equivalent arrangments, with ferropeaks. Accurate measurements of nuclear peak intensities are
magnetic planes either alori@00] or [010]. No additional  difficult because the strong peaks generally suffer from ex-
antiferromagnetically ~ stacked phaseobserved, for tinction while the intensity of the weak nuclear peaks criti-
example®® in Rb,MnF,) is discernible to a level of 200 ppm. cally depends on the exact position of the atoms. One solu-
An antiferromagnetically stacked phase would result in &ion is to use small crystals, which would limit the extinction
Bragg peak withL=0.5 reciprocal lattice unitgr.l.u.), for  of the strong nuclear peaks. This was not pursued as it would
example. No changes in the magnetic structure were noticeldave hindered the correlation length measurements on the
upon doping up tx=0.10. same sample@iscussed belowfor which the signal is much
The order parameter of samples in the antiferromagnetismaller. Another possibility would be to normalize the mag-
phase was determined by measuring the temperature depametic intensities by that of an acoustic phonon. As stated
dence of the intensity of one of the magnetic peaks, as showabove, the ordered moment has been determined with good
in Fig. 1. The Néel temperature for the undoped sample isiccuracy forx=0.003° Given that the magnetic structure was
128.45) K, in good agreement with four of the five previous found to stay the same up ¥=0.10, we were able to pursue
measurements363942The transition shows some rounding, a third approach, the normalization of the magnetic intensi-
most likely the result of chemical inhomogeneities fromties per unit volume for 8. x<0.10 to the value determined
La-Sr substitutions. Allowing for a Gaussian distribution of previously forx=0.00.
the Néel temperature, we obtaingd0.183) for the order We observed(two-dimensional long-range order up to
parameter critical exponent of LaSrMp@=0) from the fit ~ x=0.10. Figure 2 shows the evolution of the Néel tempera-
shown in Fig. 1. This value o8 is similar to those of other ture and staggered ordered moment as a function of doping.
two-dimensional(2D) Heisenberg antiferromagnets with an We estimate that antiferromagnetic order disappears at
Ising anisotropy, and within two standard deviations of thex,=0.11510). The ordered moment decreases approximately
2D Ising valueB=0.125% As discussed in detail below, the linearly with the Néel temperature. Table | reports the Néel
spin-wave spectrum features a relatively large Ising anisotemperature as well as the absolute and relative moments at
tropy gap. Consequently, even though the rounding is noT=10 K. The magnetic Bragg peaks of LaSrMp&re reso-
small, the extracted exponent is consistent with the presendation limited in both in-plane and out-of-plane directions,
of a significant Ising anisotropy. We note that the roundingindicating three-dimensional long-range order, within the ex-
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TABLE |. Néel temperature, ordered moment and order param- 500° 10 10 20
eter critical exponent of La,Sr.,MnO,0.00<x<0.10. The a00l 20 O (e)(1.85, 1'85’ O 200
value of the ordered moment fae=0.00 is from Ref. 39. The values
for other doping concentrations are derived from the relative values F:aoo 2005
of the measured Bragg peak intensities, as discussed in the text. ,Ezoo 1005-
+100 <3
< =
X ™ M)/ Ms(0) M) A *Z*?Og (b)(1.15,0,0) | () (1-30,0,250) go %
0.00 128.45) 1 3.32)ug  0.183) gwc ) 3
0.05 105.52) 0.958) 3.14)ug 0.203) £ 40 2
0075  86.52) 0.826) 274us  0.204) 100 A { a0
010  61.05 0.504) 162us  0.134) 50 *
% 5 20 20 30

Energy (meV)
perimental precision. We note that tlke0.10 sample was
not fully three-dimensionally ordered at 10 K, the base tem- FIG. 4. LaSrMnQ spin waves at 10 K. The lines are fits of the
perature of our experiment, since Lorentzian broadening angPin-wave dispersion curv@ssuming a Lorentzian cross section
a rod of two-dimensional scattering were discernible alon onvoluted with the resolution function of the neut_ron spectrome_ter.
[0 0 1]. This is demonstrated in Fig. 3. Samples with higher he data were taken on the S.pectrotnet?r BT2 with 14,,7 meV final
doping(x=0.125 only showed two-dimensional short-range €N€"9Y neutrons and collimations of’600’-sample-40-80'.
correlations at 10 K. The temperature dependence of the two-
dimensional spin-spin correlation length in the paramagneti@xample scans are shown in Fig. 4. In order to fit the data, a
phase will be described in detail below. Lorentzian cross section was convoluted with the spectrom-

Reutler et al#? reported long-range order for=0.125. eter resolution function using the progragesLIB.*> Since
This discrepancy with our result most likely stems from athe convolution depends on the shape of the dispersion
difference in the oxygen content, since the crystal studied irturve, the fit procedure was iterated several times, each time
Ref. 42 was grown under more reducing conditid@,) including the result for the dispersion from the previous it-
than in the present studfair). We did not determine the eration. Convergence was reached after three iterations. The
oxygen stoichiometry in our experiment. However, from amagnetic excitations are not resolution limited and they
comparison of the Néel temperatures, the oxygen stoichiomdroaden significantly at higher wave vectors, fremh meV
etry difference between the two samples can be estimated &t the zone center to4 meV along the zone boundary. The
be about5=0.015. broadening above-20 meV might be due to a coupling be-

In order to establish the local magnetic parameters ofween the spin waves and optical phonons. A similar broad-
LaSrMnQ,, we measured the lowtemperature spin wavesning was reported previously for the double-layer com-
along the principal crystallographic  directions: pound(La, SpsMn,0; and was attributed to phonon-magnon
(£,0,0m, (£,£,0), (0.5,£,0),, and (0,0,0), (the recipro- coupling?®*’ The excitations are dispersionless along
cal lattice considered in this section corresponds to the mad001],,, as is expected for a quasi-two-dimensional magnet.
netic unit cell described previouslyWe carried out fixed- Our data for the spin-wave dispersion, summarized in Fig.
momentum scans, varying the incident neutron energys, demonstrate that the magnetic degrees of freedom of

LaSrMnQ, are described to a good approximation by the
0

10 two-dimensional square-lattice Hamiltonian
g .
H10
g (055.0),,
g 10 20 0 02 04
-3
qc, A
£ 10™ 20 ﬁ’
=
215
"0
FIG. 3. L scans atT=10 K through the(1,0,0,, magnetic 1
Bragg peak fox=0 and 0.10, normalized at the peak position. For 5
x=0, the peak is resolution limited, indicating three-dimensional
long-range order, while it is broader than resolution %sr0.10. 00 02 04 04 02 0
Away from the(1,0,0,, peak, the diffuse scattering is two orders €00, &80,

of magnitude higher for th&=0.10 sample. The extra intensity is

due to a rod of two-dimensional scattering. The data were taken on FIG. 5. LaSrMnQ spin-wave dispersion at 10 K. The line is Eq.
the spectrometer BT7 with 13.4 meV neutrons and collimations of2) with parametersJ;=3.43) meV, «=0.0446), and J,/J;
35'-40’-sample-25.8-0pen. =0.113).
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H=0,3 [S§+9Y+(1+0)SS] =
(i $1000 (b)
(2]
+3, 2 (§S§+99+59), (1) g 80
(2 & 600
where J; and J, are, respectively, the NN and second-NN 2 400
Heisenberg exchange couplings anis the Ising anisotropy. ,Eg 200
The sums run over firi,j);) and second(i,j),) nearest =

neighbors. The parametels, J,, and« of this Hamiltonian 0

0.8 1 1.2
can be extracted by modeling the dispersion of the low- H(r.lu)
temperature spin-wave spectrum with the predictions from _ _ _
linear spin-wave theory. For the Hamiltonian equatidn FIG. 6. Examples of energy-integrating two-axis scans of the
the spin-wave dispersion is given by instantaneous magnetic structure factor in the disordered phase of

LaSrMnQ,. Scan(a) was taken aff=131.5 K, in the temperature

B 17, 2 2 range just above the Néel temperat(ifg=128.45) K] where the
E(q) =4SZJ, \/(1 tat 53_172(q)> ~ (@7, Ising anisotropy is important. The two dashed lines are the contri-
butions from the parallel(narrower peak and perpendicular
1 1 (broader peakcomponents. Scafb) was taken aff=160 K where
v(q) = co<§qxam)cos<5qyam), the system behaves as an isotropic two-dimensional Heisenberg an-

tiferromagnet. The horizontal bars indicate the instrumental resolu-
tion. The data were taken on the spectrometer BT7 with 13.4 meV
¥2(q) = coda,ay) + coga,ay) - 2, (2)  initial energy neutrons and collimations of '380'-sample-

where Z, is a quantum renormalization factéfor spin 2,  2>-8-0pen.

Z.~1.04. The NN couplingJ; affects mostly the slope of

the dispersion near the zone center, while the anisotropy two components that correspond to the spin fluctuations par-
results in an energy gap at the zone center. A nonzero valu@lel and perpendicular to the easy afi801]), as described

of J, causes a dispersion along the zone boundatyng  in Ref. 53:

[%Ko]m). Overall, the dispersion is not very sensitive to S(0) S, (0)
higher-order corrections such ds, and it is generally not  S(qp) = SiF(¢)— 5 +[1 + cod(d) ] —5——,
possible to extract more than one independent higher-order 1+030/Kj 1+03p/x%
parameterJ, should thus be seen as an effective parameter (3)

that contains all the high-ordéthat is, beyond NN contri- i i i

butions. The three-parameter fit in Fig. 5 provides a good"’here Ky (1) is the inverse correlation length of the parallel
description of our data, and we obtal=3.4(3) meV, o (perpendiculeﬁrfluctuations, andp is _the angle bet_ween_ the
=0.0446), andJ,/J;=0.113). We note that for thes=1/2  Scattering wave vectdp and thec axis. The quantityp is

NN square-lattice Heisenberg antiferromagnet quantum fluc€ magnitude of the component of the reduced wave vector
tuations lead to a~7% dispersion along the zone 9 1N the H-K plane;q is defined within a Brillouin zone:

boundary'849In the S=2 case, however, quantum effects ared=Q-G, whereG is the nearest reciprocal lattice vector.

expected to be significantly smaller, and the zone boundar%—he ¢-dependent prefactors in E(®) originate from the fact

dispersion observed for LaSrMpQs dominated by the hat only the spin component perpendicular to the scattering
next-NN exchangd,. wave vector contributes to the magnetic cross section for

The value=0.044 is quite large, and this results in a unpolarized neutrons. At temperatures well above the Néel

surprisingly large anisotropy gap of about 8 meV. The anisole€mperature, the spin system is isotropic and the perpendicu-

tropy is an order of magnitude larger than that for modell‘,"‘r and parallel components pf the structure factor are indis-
Heisenberg magnets such as,RbF, («=0.0048, Ref. 5p tinguishable. As _the system is cooled toward the Néel tem-
or K,NiF, («=0.0021, Ref. 5L However, it is still much perature, the Ising anisotropy becomes_relevant, and_ the
lower than in systems that show nearly ideal two-System undergoes a crossover from_two—dlmenSJonaI Heisen-
dimensional Ising behavior, such as JbF, where berg to two—dmengonal Ising behavior. At the Néel tempera-
@=0.81(8).52 ture, the correlation length of the parallel component di-

Having gained a good understanding of the ordered phaSF'erges while that of the perpendicular component remains

we next measured the instantaneous antiferromagnetic corrinite. An estimate of this finite perpendicular correlation

lations in the paramagnetic phase. In this phase, the magne fcngth is available within the framework of linear spin-wave

; ; ; : theory®?
scattering consists of rods at the antiferromagnetic wave-

vector positions in thél-K plane. The scattering intensity is & la, = \m (4)
independent of the position apart from a dependence on the Lem e

magnetic form factor. Representative two-axis scans arwherea,, is the in-plane lattice parameter of the magnetic
shown in Fig. 6. We extracted the correlation length by fold-unit cell. Using the value o& obtained through the measure-
ing the instantaneous magnetic structure fa&op with the  ment of the spin-wave spectrum for the=0.00 sample,
spectrometer resolution function. The structure factor hag, =9.79) A at the Néel temperature. This value was used to
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TABLE II. Effective spin stiffness and low-temperature correla-
tion length forx<0.15.
4
100} T, 4 X per(K) &(x,0)/a
L LT 0.00 1143) -
* " " 0.05 915) -
LI 0.075 725) -
10° 2 } 0.10 514) ;
1 0.125 - 13.83)
0 50 100 150 200 250 0.15 - 5.62)

T(K)

FIG. 7. Antiferromagnetic correlation length, in units of the te-

tragonal lattice constanta;, as function of temperature in . :

o ) . creases at any given temperature. kerx., a possible heu-
Lay,Sh.,MnO;, The line is the result of a Monte Carlo simulation ;. descripti>c/)ng is to conFs)ider this decrceasg to be primarily
of the spin-2 NN square-lattice Heisenberg antiferromagnet with an . .
exchange coupling aj=31.8 K. due to a change of t_he spin stiffness. As I_ElsteEaI. have

shown® the correlation length for the sp®-NN square-
) ) 3 . lattice Heisenberg model falls on an approximately universal
fit the experimental data close to the Néel temperature sincg ;e if one considersé(p/Z,)/(c/Z,) as a function of
p.

the fit was unstable if the parallel and perpendicular correla-l-/(p/z ), wherep is the spin stiffness andis the spin-wave
tion lengths were both allowed to vary. The same value wa L : : ina that th
used to analyze the data fe=0.05, 0.075, and 0.10. %IOCIW' Following this approach, and assuming that the

uantum correction facto, andZ; are unaltered from their

" Figure 7t_3hf‘|3W? tht? Co”elat'lclml Itent%th of the cqrr}ponent °§:2 values of~157 we extract an effective spin stiffness.
€ magnetic fluctuations paraflel to the easy axis 1or Severgs example, ax=0.10 we estimate that is about 40% of

doplnlgf_ be'ltweetrrx](:fO ?de:p‘lzs'NV'il/e also c?lftglatel_('j the 40 v=0 value. The values fos,; are reported in Table II.
correlation length for the spin- square-iathice HeISen- 1o ohip stiffness becomes zeroxatx,. For the structur-

berg antiferromagnet using the loop-cluster Monte Carlg ; -
. - X ally related compound L,a,Sr,CuQ,, a simple empirical re-
4 X Ix
method®* We obtain good agreemeitsolid line) with the lation was found to hold fox> x..5°

data atx=0 between 140 K and 250 K using an exchange
coupling of J=31.8 K (2.75 me\j. At temperatures lower 1 _ 1 1

thanp 1490 K, the Ising anisotropy becomez relevant, and the D=0+ (X0 ©
measured correlation length diverges more strongly than fofpis form does not describe the present situation since the
the Heisenberg model. The exchange coupling obtained frorggrglation lengths for the short-range-ordered samptes
the comparison with the numerical result is somewhatg 125 and 0.15exhibit a significant temperature depen-
smaller than the valud;=3.43) meV obtained from the gence already at intermediate temperaturesxed. 125 and

spin-wave dispersion curve. This discrepancy is probably) 15 Taple Il reports the estimated zero-temperature correla-
due to the relatively strong frustrating second-NN couplingjon |ength.

Upon doping, the magnetic correlation lengilx, T) de-

not considered in the simulation. _ of La,,Sr,.;MnO, suggest that the antiferromagnetic state
For the spin-5/2 materials RMInF, and KFek, it was  nearx=0 is replaced by a spin-glass phase at intermediate
found that the mean-field forih doping. The presence of a spin-glass phase points toward a
frustration-induced suppression of the Néel order. The frus-
&u(T) tration appears as the system evolves towarc @50 con-
&M= (5  figuration in which the NN exchanges are ferromagnetic

- 1 2T’
V1 - ady(T) along zigzag chains and antiferromagnetic perpendicular to

the chains. It has been established from studies of the Ising
where ¢4(T) is the correlation length of the Heisenberg model with random ferromagnetic and antiferromagnetic
model, gives a good description of the crossover frombonds(+J),%® and from studies of random mixtures of mag-
Heisenberg to Ising spin correlatiofs.In the case of netic ions with both ferromagnetic and antiferromagnetic
LaSrMnQ,, this form does not capture the crossover, sincecouplingsy® that the presence of such random bonds in a
the Ising anisotropy is an order of magnitude larger and(predominantly NN magnet results in the destruction of the
consequently, two-dimensional Ising critical effects are rel-ordered magnetic ground state and its replacement by a spin-
evant over a wider reduced temperature range. While thglass phase as the density of frustrating bonds increases.
mean-field result predicts a power-law exponentvefl/2 In the case of manganites, the sign of the exchange inte-
for the divergence of the correlation length, the proper two-gral between NN manganese ions can be related tegghe
dimensional Ising result is=1. We note that our data are orbital occupations and to the associated Jahn-Teller distor-
insufficient to extract the correlation length exponent fromtion by considering the coupling between spins and orbitals
experiment. (see, for example, Ref.)1We recall that the density o
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FIG. 8. Room-temperature lattice parameters and unit-cell vol-
ume of La_,Sr.,MnO, for the tetragonal unit cell, normalized to ~ FIG. 9. Comparison of LgseSr soMnO, powder diffraction
the x=0 values: a=3.7964) A, c,=13.182) A, and V, scans at room temperature and at low temperature. The scans show
=189.97) A3. The unit-cell volume decreases linearly with doping. (&) the (2,2,0, peak andb) the (2,0,0; peak. In the former case,
The in-plane lattice parametay expands slightly while the out-of- the peak splits at low temperature, indicating an orthorhombic dis-
plane lattice parametey contracts significantly with doping. tortion. In the latter case, the peak width stays constant, indicating
the absence of a measurable monoclinic distortion. The substripts
ando denote the use of the tetragonal and orthorhombic unit cells,

electrons, and hence of nominal RinJahn-Teller ions, is 1 respectively.
-X. In La;,Sr,MnO,, atx=0, the Jahn-Teller distortions

involve all Mn ions and are mostly along thedirection IV. THE CHARGE-ORDERED PHASE (0.45<x<0.70
(322-r? orbitals, while at x=0.5 most are within the-y _ . -
plane (3x2-r2 and 32-r2 orbitald® or x2-2 and y?-2 Many manganites at and near half doping exhibit a rather

orbital€?) with half the sitegthe “Mn**" sites) rather undis- complex _distortion of the lattice accompanied by magnetic
torted. The evolution of the lattice parameters indicates th@"der. This low-temperature phase, usually referred to as the
trend of the occupation probability of the out-of-plane andCE phase, appears to d_epen_d only weakly on the d|mgns|on-
in-plane Jahn-Teller orbitals. As shown in Fig. 8, our mea-2lity of the system since it has been observed in the
surement of the room-temperature lattice parameters as REFOVSKite, the double-layer, and the single-layer com-
function of doping shows that thelattice constant decreases Pounds. In this section, we discuss the distortion in the
by 5.7% betweenx=0 andx=0.50 while thea lattice con-  Single-layer manganite L3,Sr,.,MnO;, in the doping region
stant increases by 2%. About 70% of the change in the lattic8-45=X<0.70. We first present our results for the commen-
parameters occurs betwegr 0 andx=0.25. In that range, surate doplng<:Q.5O and th_en extend the dlSCl_JSSIOﬂ to pther
the distribution of the Jahn-Teller orbitals should be ratheOPing levels. Finally, we discuss the magnetic properties of
random since no correlated distortion of the lattice is observiN€® compounds in this region of the phase diagram.

able (see Sec. Y.

The location of the boundary between the antiferromag-
netic and the spin-glass phases depends on the magnitude of
the ferromagnetic(Jz) and antiferromagnetidJ,g) cou- Lag 5051 5gVINO, undergoes a structural phase transition
plings. From our spin-wave measurements for LaSrinO at approximately 230 K. The low-temperature phase is char-
we estimatel,p is estimated to be 3.4 meld;). However, acterized by superlattice reflections with wave vector
the coupling between Mn ions with different types of Jahn-(3,%,0),.45812 The symmetry of the lattice can be estab-
Teller distortions could be different. For the ferromagneticlished from extinction rules and high-resolution powder dif-
coupling, an estimate can be obtained from the spin-wavéraction analysis. Powder diffractometry is a very reliable
measurements in the bilayer manganitea, Sp;Mn,0,.4”  and sensitive probe of small lattice distortions because peaks
Here, in the ferromagnetic state, the in-plane NN coupling icorresponding to an identicelspacing merge irrespective of
approximately -5 meV. Thug likely is comparable tal,r  the angular orientation, and hence very small changes in the
in the single-layer manganite. The situation for d spacing are readily visible. At room temperature, the pow-
La,_Sr.,MnO, can be compared to another compoundder diffraction peaks of LgsSr; sgMnO, can be indexed on
with site-induced frustration: RBu,,CoF,f In that a tetragonal lattice with lattice parametezs~3.86 A and
material, the coupling between copper sites is ferromagnetie;~12.42 A. However, as demonstrated in Fig. 9, below the
(Jeu-ci=—22.0 K) and the other couplings are antiferromag- transition temperature, th@,2,0; peak splits into two, but
netic (Jeo.ce=90.8 K and Je,.co=~9 K). The magnetic the (2,0,0; peak does not split or broaden. This indicates
ground state of the compound is a ferromagnet in the rangthat the lattice becomes orthorhombic with a 45° rotation of
0=x=0.18, an antiferromagnet for 0.4x<1 and a spin the axes in the-b plane[a broadening of th¢h,0,0)-type
glass in the intermediate doping regime 0<18<0.4. Since  reflections would indicate a further monoclinic distortjon
the antiferromagnetic phase disappears already at a lowdihe orthorhombicity varies as function of the temperature, as
critical doping level in(La, Sp,MnO,[x.~0.11510)], the  shown in Fig. 10. The low-temperature and high-temperature
frustration appears to be somewhat larger. unit cells are illustrated in the inset of Fig. 10.

A. Structural properties of La 1_,Sr1,,MnO 4(x=0.50
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of a superstructure pedkig. 14). The dashed curve is a guide to
the eye. Inset: Structural unit cella-b plane for x:%. The tetrag-
onal high-temperaturéorthorhombic low-temperatureunit cell is
shown by dashetontinuous lines. At low temperature, there exist
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two twin domains that are rotated by 90° with respect to each other. 108
Only the manganese sites are shown. 104)
The symmetry of the low-temperature phase ferl/2 102 .
. . 8 10 12 14 16 18 20
was investigated further through a thorough survey of the Ko (1. 1. u.)
reciprocal space of a single crystal. The reciprocal space map
shown in Fig. 11 exhibits the extinction symmety--. A FIG. 11. (Top) Intensity map of the Bragg reflections in the

particularity of the low-temperature structure is the weakness=0 plane at 100 K for LgseSr; s5g0MnO,. The gray circles repre-
of the reflections withtH,=0 andK, odd. These reflections sent the high-symmetry Bragg peaks of tdémmmstructure, and
are two to three orders of magnitude smaller than equivalerif® black circles represent the additional superlattice Bragg peaks of
reflections withH,, different from zero. This suggests that the the low-temperature phase. The radius of the circles is proportional
crystal has a pseudosymmetnyglide and should thus be a to the logarithm of the intensities. The rt_emprocal Ia_lttlce corresponds
subgroup of th@8bmmspace groupB2mmis the sole ortho- to the low-temperature orthorh_omblc cell Wltla0=5.46 A,
rhombic space group with the proper extinction symmetr;po:lo'g,z A, andc,=12.4 A. The line(quarter circlg represents
and is thus the most probable space group. A schematic ¢ Maximum reachable momentum at the x-ray energy of 14 kev
the distortion with the space-group SymmetBbmm is used in our experiment. Several reflgctlons, fqr exan(l_alé.,()o,
hown in Fig. 12. could nqt be reache.d dye tq geometric cpnstramts. Thl§ map should
S 9 . . be considered qualitative since absorption and extinction are con-
Because of severe x-ray absorption a_lnd extinction Ezf-ltec'[ssiderable in this material for 14 keV x ray@ottom) Two specific
we were not able to accurately determine the structure facs. s are shown, corresponding to the two regions latigleand
tors for the reflections, and hence were unable to calculat&)) on the map.
the atomic displacements to further establish the nature of
the distortion. Nevertheless, a few characteristics of the pafrom the bulk of the sample, and thus our neutron scattering
tially determined structure are worth pointing out. A first data are in good agreement with our x-ray results. Finally,
characteristic is the presence of a mirror plane within thehe symmetry identified by Raman scattering Aismm?®
Mn-O layer, perpendicular tf01]. Its presence forbids any This is a subgroup of the pseudosymmetry identified here
buckling of the Mn-O plane. Second, as a result of the low(Bbmn), which differs only in the centering of the lattice
B2mm symmetry, there exist three distinct manganese sitegrimitive versus face centered’he symmetry of the atomic
with a ratio of manganese atoms @f1:1. Thesingle- sites in both space groups is the same. Consequently, both
multiplicity Mn sites are related by the pseudoglide plane.have the same Raman-active modes. There®beamis an
Finally, the inclusion of the pseudoglide plane in the set ofacceptable symmetry to model the Raman modes. The break-
symmetry operators generates the supergr@lgmm in  ing of the symmetry fromBbmmto B2mm s probably too
which the lattice distortion resulting in the low-temperatureweak to be observable as additional Raman modes.
structure is a shear-type distortion rather than a breathing- Based on a local density of states calculation, it was
type distortion. A breathing-type distortion would have aconcluded? that the symmetry of the lattice structure is
mirror plane perpendicular §d.00], and would havBmmm  Bbmm the pseudosymmetry obtained experimentally. The
symmetry. calculation established that half of the manganese sites have
The symmetry proposed here for the low-temperaturea Jahn-Teller-type elongation of the surrounding oxygen oc-
phase of LgsSr gMnO, is in good agreement with previous tahedron(the so-called “MA*" sites), while the octahedra
electron diffraction result$? but it is lower than that re- around the other sites are much less distoftith*” sites).
ported in Ref. 7 based on neutron scattering measurementsurthermore, it was concluded that the difference in valence
We confirmed, through neutron scattering measurement®etween the two sites should be relatively small. Unfortu-
that the Bragg reflections with wave vecl&r,%,o)t result  nately, the present scattering analysis cannot solve this issue
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FIG. 12. Low-temperature distortion of the Mn-O plane with 0.02I™

space-group symmetrgbmm There are two manganese sites and 059 4 2188 9 91 1
two basal oxygen sites in this space group. The NW@2) sites are
occupied by “Mi*” (“Mn**) ions. The panel on the right shows
the distortion around each type of Mn site. The acB@inm sym- FIG. 13. Representatively, Ko, andL scans of thg9,0,0,
metry of LagSr sMnO, is lower than that indicated here, with superlattice peak of lgSr; sMNO,4. The uppel(lower) panels show
three rather than two inequivalent manganese sites, as discussedsigans belowabove the Néel temperature.

the text.

ro

] ]

since the determination of the Mn valences requires th(%roposed here for the low-temperature structure  of

; St sMNO,.
knowledge of the Mn-O bond distancésond valence suim 85911, 4 .
A major difference between the crystal structures derived B?s"ed on r?onﬁ vg\!e?cets'\ljlmg, the.d|fferenC(|ev|beOtW(_aen the
from the local density approximatiofLDA) calculation crystallographically distinct Mn ions in FgCa,MnOs is

: - insignificanf* while the other three compounds show some
(space groufiBbmm and from experiment&32mm is that, degree of charge disproportionation between the two manga-

in the former, there are only two unique manganese sites ; ; o
o ’ Tiese site81783 Since LasSr MnO, exhibits a low-
\év:lg/e cl)?]éhfwlﬁéfr'sti?: reHz:s ;Cé?e'oll?r b(;)i;fhr :Ct:ilj)(;{u:s;’,i;?ﬁ;? I?emperature structural distortion similar to these latter com-

. - X . . pounds, it likely also exhibits some degree of charge
ments imply the existence of two crystallographically dIS_(Fj)ispropor'[ionatioxg. As discussed below, cﬁarge disprop%r-

tinct “Mn**" sites. From our measuremenigrom the . . . . :
. tionation on the Mn sites in the single-layer compounds
strengths of th&h,0,0), reflectiond, we conclude that the . . : )
might help explain the experimental results obtained for

difference between the two “M#’ sites is small. x>0.50.

Su;g&g??%éﬁﬁ:{g‘:scﬁ rS;I)mgge?fmtgfegliga:egggﬁ? We also investigated the temperature dependence of the
terms of the x-rav scattering tensor around the Mn site superlattice reflections. Below the transition temperature, the
Y 9 ssuperlattice peak9,0,0, was scanned along the three prin-

highly anisotropic, as shown in Ref. 22, for example. The ipal orthogonal axes and the integrated intensity was ob-
magnitude and the symmetry of the calculated anisotropy arEp 9 g y

in complete agreement with previous resonant scatterin pined by modelmg the profiles with ps_eudo-V0|ght func-
. L - ons. Representative scans are shown in the top panels of
measurements,again confirming the validity of the pro-

) ig. 13 and the integrated intensity is displayed in Fig. 14.
Eg:egr If/lyr:gmetry for the low-temperature phase O#:Near the transition temperature, the data exhibit a rounding
52115 4-

A number of perovskites and double-layer manganites a?f about 3 K, which was too large to allow a meaningful
or nearx=0.50 have closely related low-temperature phases.

Structural refinements based on neutron and x-ray powder e 00000000

scattering as well as single-crystal neutron scattering are 3_308_ °

available for several compounds: J4fa sMnO;5? 5 °

Ndy sSto MNO5,%2  LaSpMn,0,,5% and Pg Ca MnO;.54 £ osl o
Consistent with our observations for ¢s5r sMNnO,, all \;/ 1*mé °o°o

these materials were found to have a unit cell veith plane @ 0.4»05”’ **seq %
dimensions~+2a, X 2y2a;, with a;, the NN Mn-Mn distance. g 02l 8
Three of the structures also share the basic feature that half =% %-“
the manganese sites exhibit a strong Jahn-Teller-type distor- ol % 20 .
tion while the oxygen octahedra surrounding the other man- 0 50 100 T (1}%0 200 250

ganese sites are nearly undistorted. The structure of the
fourth compound, RreCaMnO;, has been argued to be £\ 14, Linear plot of the4,9,0, Bragg peak intensity in the
quite different}* with manganese sites that all have equiva-grgered phase for=0.50 as function of the temperature. The tran-
lent short and long Mn-O bonds, and a distortion due to &ition temperature is found to be 2365K. Inset: Integrated in-
formation of molecular units of Mn-O-Mn. However, recent tensity of the(4,9, 0, superlattice reflection for two different levels
resonant x-ray diffraction work is consistent with inequiva- of x-ray flux on the sample. The high flux level is300 times
lent Mn atoms that order in a CE-type pattéfherefore, at  larger than the low flux. A partial melting of the ordered phase can
least three of the above fon=2 andn=<« compounds have be observed at low temperature for the data collected with the
distortions that are compatible with tHB2mm symmetry higher flux(black triangles
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veals that the in-plane correlations are nearly isotropic, with
a ratio &,/ é¢~=0.63, while the out-of-plane correlations are
much shorter. Above 255 K, the short-range order can be
. . considered two-dimensional, since the out-of-plane correla-
E \’:@ tion length is on the order of the interplane distance, 6.2 A

- 5o 3 g (=c,/2). The correlation lengths along th&, and K, direc-
10't . LI 2 T ? tions cease to decrease above that temperature and are about
fea 20 A and 13 A, respectively.

Even thoughé remains finite in the ordered phase, the
underlying transition appears to be three-dimensional, and
240 260 280 300 not two-dimensional, since the correlation lengths for the

T(K) three directiongH,, K., andL,) are approximately propor-
tional to each other. The situation in two-dimensional sys-
tems, for example the antiferromagnetsh\iF, (Ref. 43 or

s 0o v
'_Oon

N
=]

FIG. 15. Logarithmic plot of the correlation length of the
charge/orbital order as a function of temperaturexte0.50. Short-

range distortions associated with the low-temperature phase are sti girr?éws?%afsﬂi%tu!?i'oriss \t/r?;)t/ is(,jIftf\/evi)e—rc]itimsgrr:(s:?onc;rl]lgc;ﬁg;in
present at room temperature. The correlation length is nearly con- ’ ’ 9

stant far above the transition temperat(ifeog=231.55) K] rods, are observed. It is difficult to establish the correlation
oo em ' lengths close to the transition, in part because of the chemi-

cal inhomogeneities discussed above, but also because the

c_ritical scattering analysis. Heat capacity measurements ON&timate strongly depends on the shape of the resolution
piece from the same crystal boule also showed broadening,\iion. The development of full three-dimensional long-

in this case of about 4 K. The broadening is most likely du€ange order might be hindered due to the presence of struc-
to La/Sr inhomogeneities. The transition is probably second, 5| gefects. We note that it has been suggested that the
order, since we found no signs of hysteresis, and becausyee-dimensional nature of the charge/orbital order transi-

there_ exist large fluctuations with conti_nuously \_/arying COtion in LaSt sMNO, results from an instability toward a
relation lengths above the charge/orbital ordering temperasi ctural distortior§®

ture Teoo=231.95) K. i To complete this discussion of the charge/orbital order for
In the ordered phase of kg5n MnO,, the peak widths x=3, we present our findings for the effect of the x-ray probe
along[100], and[010], increased continuously as the tem- o, the charge-ordered phase. At low temperatures, deep in
perature was lowered while it remained constant al@].  (he ordered phase, the scattering intensity at the superlattice
This increase is associated with an increase of the cryst@osition decreases but eventually levels off to a nonzero
mosaic as the lattice becor_nes mcreasmglly more orthorhoMzz1ue when a relatively high x-ray flux is incident on the
bic ar_1d, hence, more strainéthe qorrglat|on between the sample(about 162 photons/second This partial melting of
mosaic and th¢100], and [010], directions resulted from o ordered phase is demonstrated in the inset of Fig. 14. No
the scattering geometry of the experimefihe widths of the  g,ch effect was observed when the incident flux was de-
superlattice reflections in all three directions were broadeg eased by a factor of 300. A similar partial reduction of the
than those of the high-symmetry peaks, with correlations ogupeﬂattice intensity was found for most dopings in the
about 200 A along001], and at least 1000 A alond00],  charge/orbital ordered phase, and it resembles previous re-
and[010],. N . sults observed for BrCasMnO; (Ref. 34 and
At_)ove the transition, the superla'ttlce peaks broadenedsy, o..Sr, ;,dMNO; (Ref. 35. This effect is likely related to
considerably. The bottom panels of Fig. 13 show representahe “melting” of the charge order observed for both
tive scans along the three principal orthorhombic directionsy, ,Ca, ,MnO; (Ref. 67 and La Sty MnO, (Ref. 33
at T=244.5 K. The scattering intensity was modeled as ayhen samples were exposed to high-intensity visible light.
convolution of the correlation function and the resolutionThese observations demonstrate that the low-temperature
function. An effective resolution function was defined from charge-ordered phase of LaSr.,,MnO, is unstable when
the peak shape of a nearby high-symmetry pé&k8,0,, at  the material is exposed to intense electromagnetic radiation.
a temperature of 232 K, just abovViego A pseudo-Voight
form was fitted in all three directions. Consequently, this

resolution function included the crystal mosaicity in addition B. Structural properties for 0.45<x<0.70
to the fundamental instrumental resolution. The correlation e observed superlattice peaks in all samples with
function used was a Lorentzian: x>0.45, up tox=0.67, the most Sr-rich sample we were able
) to grow as a single crystal. Figure 16 compares results for
c(q) = CO)« @) x=0.475 andx=0.65. Forx>0.50, the superlattice modula-
K- (q-G)?’ tion vector e changes linearly with the, electron density

n.=1-x, as shown in Fig. 17. Ak=0.50, the superlattice
whereC(0) is the amplitude( is the position of the Bragg modulation doubles the high-temperature structateng the
peak, andk is the inverse correlation length. tetragonal base diagonaknd atx=0.67, it triples it. This
Measurements in the high-temperature phase indicate thihear dependence of the wave vector is similar to that ob-
the structural correlations are very anisotropic. Figure 15 reserved in La_,CaMnOj; for x>0.58 and, in particular, at
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FIG. 18. K, scans through thé4,8+¢,0), reflection for two
samples with the same La/Sr contért0.60, but different oxy-
gen stoichiometry. The first sample is as-grown while the second
sample was annealed in argdPozzltrs ban at 950 °C for 24 h.

[ DS (IR,

anneal. Using the linear relationship between the incommen-
FIG. 16. X-ray diffraction scans of 4La,Sr;.,MnO, in the low-  surability and the nominal Mn valence established in Fig. 17,
temperature phag@=7 K) along(4,K,0), for (a) x=0.475 andb) one finds that the nominal Mn valence of the as-grown
x=0.65. The vertical dashed lines indicate the commensurate postample is 3.595 while that of the annealed sample is 3.56. In
tions. 1, 2, and 3 label, respectively, the first, second, and thirdhis simple ionic model, this result implies an oxygen content
harmonics of the low-temperature distortion. Note the logarithmicchange of approximately 0.02, which is within the uncer-
intensity scale. tainty of the mass measurement. Thus, the period of the
modulation can be linked to the, electron densityn,. Be-

— 69-72 i - - . . . . .
x=2/3>""“While atx=1/2 andx=2/3 commensurate wave cayse the superlattice modulation is directly correlated with
vectors are observed, the order is best understood, at all dop; it is likely that the structural phase transition is driven by

ing levels 1/2<x<2/3, as a modulation whose period is a tpe ordering of thee, electrons.
linear function of the doping. We note that a section of one In Fig. 16, second and third diffraction harmonics, much
o_f our cr.ystals with nominal dop!ng 0f=0.65 had an effec- \yeaker than the primary, are visible é0,+2¢,0), and
tive doping level ofx~=0.69, as judged from the measured (y +3¢ 0),. The relative weakness of the higher harmonics
value 0.f€z0.62 (not sh_own in Fig. 1Y L suggests that the structural distortion is essentially sinu-
The incommensurability of the modulation is also affecteds g 5 pure sinusoidal modulation is described by a single
by the oxygen content. To establish this result, we compareg ), iar component and exhibits weak higher harmofids.
the scattering from two pieces of the same crystal boule Wity ot 5 nonsinusoidal modulation, especially one with
a La/Sr ratio of 0'40/1'6.0' One piece was as grown, €SSEnarp discontinuities, would exhibit strong higher harmonics.
t"".‘”y quenc_hed frqm a high tempgrature In an environmeng, example, a square-wave modulation would exhibit
with a relatively high oxygen partial pressuf® baj. The gy onq 6dd harmonics; the intensity of the third harmonic

RNwould be more than 10% of that of the fundamental. Finally,
we note that the widths of the superlattice peaks a[dfi§)],
anghq [010], are comparable to those of the high-symmetry
peaks, which implies that the low-temperature phase exhibits
long-range order parallel to the Mn-O plane.

The nearly sinusoidal structural distortion, together with
the linear variation of the modulation wave vector with dop-

an oxygen partial pressure of Par at a temperature of
950 °C. The second sample had a mass of 148.4 mg
exhibited a mass difference of 023 mg after the anneal,
corresponding to a change in the oxygen content of(3)04
Figure 18 demonstrates that the incommensuraktlitg de-
viation of the peak position frorik,=9) decreased after the

" ing, precludes any model in which tiegelectron order is too
! =1 ——m\\m closely linked to the underlying cationic lattice, such as the
o.9f ‘\d)\ o1 bistripe modef® the topological scenario for stripe
- \f=o( ™ formation/* or the the discommensurate-stripe model pro-
08 posed for the single-layer nickelatésA better description is
= given by a nearly sinusoidal structural distortion, probably
w 0.7 > . . . L
5. associated with a charge-density wave. The variation of the
0.6 . charge density, with equivalent Mn sites located as far apart
as possible, is similar to the “Wigner-crystal” arrangement of
932 o5 08 0.7 the g, electrons proposed for bg;La ¢sMnO; (Ref. 70

(the term “Wigner crystal” is somewhat unfortunate since the

FIG. 17. Parametee of the low-temperature modulation wave Situation it describes is rather different from the classical
vector(0,¢,0), as function of doping for La;_,Sr.,MnO,, deter-  Wigner crystal in which the electronic wave functions form a
mined by synchrotron x-ray diffraction. Fae=0.5, the value otis  crystal independent of the nuclear lattice, as is observed in
directly related to thee, electron densityne=(1-x):e=2n,. some semiconductors
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FIG. 20. Magnetic order parameter curves of the antiferromag-

FIG. 19. Neutron diffraction scans alottd,0,L), for x=0.475  netic phase for samples with doping0.475 andx=0.50, as de-
and x=0.50. The measurements were taken at 13 K and 7 K, rescribed in the text.
spectively, on the spectrometer BT7 with 13.4 meV neutrons and
collimations of 33-40'-sample-25.8-open. minority stacking pattertix=0.50 only. The lengths do not
vary below the Néel transition.

For 0.45<x<0.50, the modulation vector remains the A Power law with Gaussian broadenilgplid line in Fig.

same as fox=0.50. However, the intensity of the superlat- 20 9ave a good fit of oux=0.475 data above 50 K, with
Ty=1101) K, B=0.243), and a distribution of Néel tem-

tice peak increases asncreases towarg=0.5012 The sim- ) - ) _
plest explanation for this behavior is that the material sepaP@ratures with widtffull width at half maximum(FWHM)]

rates into charge-ordered regions of &.%electrons per of 15(1) K. The rounding is remarkably large, nearly an or-
Mn site and disordered regions of approximately @,fec- der of magnitude larger than that typically found for the
trons per Mn site. For compositions withx<0.45, structural transition, and significantly larger than for the

La,_,Sr.,MNnO, only exhibits short-range order. This will be Magnetic transitions in the low-doping regime. One possible
discussed in Sec. V. explanation for this observation is that, unlike for 0, the

leading magnetic anisotropy is planar rather than uniaxial. It
has been argued that realistic, finite-size two-dimensi¥ival
C. Magnetic properties for 0.45<x<0.70 systemgor systems with a leadingY anisotropy should be
characterized by a nonzero magnetization with effective ex-
Using neutron scattering, we studied the magnetic ordeponent3~0.23 and a significant effective rounding of the
of several samples in the composition range0.45. The  transition’® Therefore, the valugd=0.243) is consistent
doping levels of the samples were 0.475, 0.50, 0.60, andith the existence of a significant planar anisotropy.
0.65. The first two samples showed Neel order below 115 K, aApove the Néel transition, there exist significant two-
while only short-range antiferromagnetic order was observegdiimensional antiferromagnetic correlations for te0.475
in the two higher-doped samples. In all cases the magnetiGample that are observable in the form of scattering rods. The
order wave vector was found to be commensurate with th@cans shown in Fig. 21 were taken using a two-axis neutron
lattice: (1,0,L),. spectrometer configuration in order to integrate over the en-
For the two long-range-ordered samples, the observegrgy of the fluctuations and to measure the instantaneous

magnetic structure is in good agreement with previousspin-spin correlations. The data are more limited thanxfor
resultg for x=0.50, and it agrees with the CE structure. The

authors of Ref. 7 reported peaks corresponding to two stack- 1200

T-115K

ing patterns along001]. The majority (minority) stacking 10008 : T=140K
pattern has magnetic peaks at half-integetege) L posi- = & e T=180K
tions, corresponding to antiferromagnetiterromagnetig « 800 ¢ T=220K
next-NN planes, i.e., planes separated by a distance B 600
~12.4 A. In thex=0.475 sample, we only observed peaks =

: . e ! : @ 400
associated with the majority stacking pattern while, for S
=0.50, we observed both patterns with a ratio slightly differ- E 200
ent from that in Ref. Tsee Fig. 19 Thex=0.50 sample also 0

exhibits significant diffuse scattering, which gives rise to the 0.5 1.5
higher background level seen in the bottom panel of Fig. 19.

Figure 20 dempnstrates that the two sets of peaKS In th'S, FIG. 21. Energy-integrating scans of the magnetic fluctuations
sample have different temperature dependences, with transj; he disordered phase for=0.475 (two-axis neutron scattering
tions of 105 K(L intege) and 120 K(L nonintege). In both  5dg in the paramagnetic phase. The lines are fits to a two-
samples, only short-range order was observed al00d],  dimensional isotropic Lorentzian cross section convoluted with the
while the peaks were resolution limited in th&K plane.  instrument resolution. The data were taken on the spectrometer BT7
The correlation lengths arg,=60(4) A for the majority  with 13.4 meV initial energy neutrons and collimations of
stacking patterr(in both samplesand £&,=30(4) A for the  35'-40'-sample-25.80pen.

1
H (r.lu)
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FIG. 22. Instantaneous antiferromagnetic correlation length as ) ) )
function of temperature fok=0 andx=0.475. The downward ar- FIC_;. 23. Triple-axis scans of the short-range magnetic correla-
rows indicate the onset of long-range magnetic order. tions in ax=0.60 sample at low temperatuf€=9 K). The dashed
line in the left panel represents the instrument resolution. The mag-

netic correlations are short-range and essentially two-dimensional.

tween in-plane (along [100], and out-of-plane (along The correlation length, as estimated from these triple-axis scans, is

o . bout 3.5 A alond001], and 291) A along[100],. The data were
[001],) contributions. The correlation lengths were eXtraCted?aken on the spectromoeter BT7 with 13.4 meVO neutrons and colli-

from the scans by assuming a single isotropic tWO-mations of 35-40'-sample-25.80pen.
dimensional Lorentzian cross section convoluted with the in-
strument resolution. We note that, due to the geometry of the
experiment, the measurement was not very sensitive to tHe00],, determined from triple-axis scanisee Fig. 23 is
fluctuations alon§010],. Figure 22 compares the correlation only 291) A. As demonstrated in Fig. 24, the peak intensity
lengths for two compositionx=0.475 andk=0.00. The lat- decreases approximately linearly with increasing temperature
ter result was discussed in Sec. lll. Interestingly, even thouglas the correlations become shorter. We observed a magnetic
these two samples belong to two very different magneticsignal up to about 200 K.
phases, the high-temperature correlation lengths are indistin- We note that the large=0.60 andx=0.65 samples used
guishable. The two compounds thus probably have veryn the neutron scattering measurement were of somewhat
similar values of the spin stiffness. We observe no sign of dower quality than the small samples used for x-ray scatter-
diverging length forx=0.475 even rather close to the onseting and those grown at lower strontium concentrations. The
of long-range magnetic order. sample mosaics were on the order of one degree. Also, the
The discrepancy at low temperature can be explained bgtructural superlattice peaks were broadened along the in-
assuming that fox=0.475 there exist anisotrop@&b-plane  commensurability direction, indicating the existence of
spin correlations withg,> &, and a(possibly smallin-plane  chemical inhomogeneities of aboutAx=0.03-0.04
Ising anisotropy(in addition to an easy-plane anisotropin (FWHM). However, it is unlikely that a significant second
contrast to the out-of-plane Ising anisotropy for0.00. phase with dopingx=0.50 exists in thes=0.60 andx
While our data forx=0.475 establish that the magnetic scat-=0.65 samples, since no evidence of structural scattering was
tering in the paramagnetic phase is two-dimensional, they arebserved at the commensurate position that could be associ-
not sufficient to conclude whether the nonequivalence of thated with the commensurate magnetic response.
H, andK, axes in the CE magnetic structure causes an an- The magnetic properties in this region of the phase dia-
isotropy of the in-plane magnetic correlation lengths; thegram are quite different from those of {aCaysMnO;,
two-axis scans primarily reflect the correlation in tHgdi-  which has a very similar lattice distortion. The latter exhibits
rection, perpendicular to the ferromagnetic chains of the CEnagnetic long-range order, with a wave vector compatible
structure, and a two-dimensional isotropic Lorentzian crossvith the tripling of the structural unit celP It is thus quite
section was assumed in the data analysis. surprising that the magnetic response of L&r,,,MnO, is
The presence of short-range magnetic correlations be-

=<0.15 (Sec. lll), and we were not able to distinguish be-

tween the Néel temperature and the charge/orbital order tran- 1t 2+ x=0.60
sition temperature has been argued to be necessary for the s [} i o x=0.65
stabilization the charge/orbital ordered state. For example, it <08 %
has been suggested that the correlations must be long along g 06 %H
the ferromagnetic chaingalong [010],) and short in the E ¥ ﬁ
other directiong” More experimental work is required to test G 0.4 4 %
these predictions. .Eg 02 by S {

The two higher-doped sampless0.60 andx=0.65, only ==
showed short-range magnetic order, essentially uncorrelated 0 L
along[001] (the correlation length is less than the interplane 0 50 1'?'0(K) 150 200
distance. Along [100],, the peaks occur at the same com-
mensurate positions as for=0.475 andx=0.50. For both FIG. 24. Temperature dependence of the antiferromagnetic

samples, the low-temperature correlation length alonghort-range peak intensity in samples with dopid.60 and 0.65.

024435-13



LAROCHELLE et al. PHYSICAL REVIEW B 71, 024435(2005

....... x=0.15 — > x=0.40
L A Y N ey x=0.25 £ 1 f }} * x=033]]
0 — x=0.33 2 #
5 --- x=0.40 g ; E3
£ > 0.5F ?
K = ¢ 3
2o F N - Eg @) 21} ;
s ——— ~ 30 it
£ M“\u
10 S (b)
3.9 4 41 4.2 43 4.4 201
H(.lu) < 3
up EE B
FIG. 25. Scans alongH,8-H,0), for x=0.40,x=0.33, andx 10'E! e onoa EgE §§} %
=0.25 revealing diffuse peaks indicative of short-range order. At * ?
lower doping (x=0.15, however, no peak is observable. Small 0

0 50 100 150 200 250 300

secondary-phase peaks were foundHt4.07 (x=0.15 andx T

=0.295 and atH=4.12x=0.40, but are not included in the figure.

FIG. 26. (a) Integrated intensity antb) correlation length along
commensurate with the underlying Mn-O lattice and, consef100], of the structural short-range order peaks as function of tem-
quently, incommensurate with the structural distortion. It isperature for two samples with intermediate dopirg:0.33 andx
probable that any long-range magnetic order would have te0.40.
be commensurate with the lattice distortion modulafiiog.,
incommensurate with the underlying Mn-O latticsince it

is unlikely that magnetic order and charge order are decou- pegjdes the diffuse scattering at the superlattice positions,
pled. We speculate that for>1/2 long-range magnetic or- gjgnificant diffuse intensity was also observed in the “tails”

der is forbidden in La,Sn,,MnO, because of magnetic f the Bragg peaks, as can be seen from Fig. 27. We believe
frustration effects, possibl){ asso_ciated with chemical disoripat the majority of this diffuse intensity results from Huang

der, and due to the two-dimensional nature of the fluctuascattering due to point defects, which can be calculated by
tions. modeling the local distortion of the lattice due to these
defects’® Thermal vibrations distort a crystalline lattice, and

these distortions of the perfect lattice lead to a transfer of

V. THE INTERMEDIATE REGION = (0.15<x<0.49 some of the scattering intensity from the Bragg peaks to their

The long-range superstructure order observed at highéf"”s' The diffuse intensity in the tails due to thermal vibr_a—
doping disappears rapidly as the doping lexas lowered tions is commonly referred to as thermal diffuse scattering

below x=0.45. In the intermediate doping regime, we find (TDS). A detailed analysis of the temperature dependence of

diffuse commensurate scattering that is very similar to that ifn€ diffuse intensity in the tails of the Bragg peaks of com-

the disordered high-temperature phasexted.50. The peak pounds with 0.25:x<0.45 reyeals an additional contribu—_
position is slightly displaced: it i€0.26,0.26, 0 instead of tion. At temperatures much higher than those corresponding

(11 O)t for x=0.50. In thex=0.50 sample, both the long- to the energy of the acoustic phonons in the momentum

Z 1 Z L =
range distortion of the low-temperature phase and the shorf2n9¢ of the measuremefesssentially the whole 't.emperature
range of the measurements reported hexesimplification of

range distortion of the room-temperature 1phase are chara%ﬁe Bose factor that controls the phonon population yields a
terized by the commensurate wave vecflil,r—,o)t.

The intensity of the diffuse structural scattering decreases

rather rapidly at low doping, as can be seen in Fig. 25. The &8
peak intensity decreases by an order of magnitude between 0.4
x=0.40 andx=0.33 (this comparison should be considered
qualitative since absorption and extinction effects are consid- 3
erablg. The diffuse peak is still visible fox=0.25, but not = 9
for lower values of doping. =
As can be seen in Fig. 26, the temperature dependence of -0.2
both the intensity and the correlation length is weak. At low 04
temperature, the integrated peak intensity decreases. Since
these data were taken with a high x-ray flux, this decrease -0.6L: 0.002
. : : o 3.9 4
may be due to partial x-ray induced melting, similar to the H, (.1 u)

effect observed in the long-range charge-ordered compounds

(see Fig. 13 The size of the correlated regions is compa- FIG. 27. Logarithmic contour plot of the scattering intensity
rable to those fox=0.50 in the disordered high-temperature around the4,4, 0, peak in ax=0.33 sample. The diffuse scattering
phase(see Fig. 15 The onset temperature of the observedis composed of thermal diffuse scatterififDS) and Huang-like
signal is about 250 K. scattering due to Jahn-Teller distortions.
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A comparison of the short-range distortions of the single-

2t (a) 5E] layer (n=1), double-layef®82 (n=2), and perovskit®8! (n
x, =% =c0) manganites reveals an interesting fact: while all of them
xx*= o share a common CE-type distortion characterized by the
LS JPrtanl ] wave vectol(e, €, 0);, the double-layer manganite also exhib-
-7 DS its a distortion with a wave vector ¢&,0, 1), parallel to the

SO Mn-O bond direction.
We also investigated the magnetic properties in this inter-

» diffuse scattering

o |

Intensity (arb. units)
o

¥ o (4.26,3.74,0), ] mediate region of the phase diagram. As described in Sec.
0.8 i > ] I1l, compounds above the.=~0.115 antiferromagnetic phase
0.6 [ boundary exhibit short-range antiferromagnetic correlations
0.4 ¢ E > ] (doping levelsx=0.125 andx=0.15. In addition, neutron
02t ©® ¢ 3 i ] scattering for x=0.25 reveals only very weak two-
0 , , , , 35T dimensional scattering rods at wave vectar0,L), [i.e.,
0 %0 100 150 200 250 300 (3,3,L),] due to residual short-range correlations of the an-
T(K) tiferromagnetic phase at low doping. No correlated antiferro-

magnetic scattering was observed ¥e10.40. Thus, we were
unable to detect any CE-type antiferromagnetic correlations
in the intermediate-doping region.

FIG. 28. (a) Linear plot of the diffuse scattering intensity around
the (4,4,0, peak as function of the temperatufer x=0.33. The

straight line is an estimate of the thermal diffuse scatteripgThe ) . . .
Jahn-Teller component of the diffuse scattering ridas, 0, scales _ Given the presence of a ferromagnetic phase in this dop-
linearly with the intensity of the broad peak at position INd range in the perovskite manganites, we also searched for

(4.26,3.74,0 shown in Fig. 26a). short—range two—dimensional _ferrc_)magnetic correlations. Fer-
romagnetic correlations are significantly harder to detect than
antiferromagnetic correlations, because ferromagnetic scat-

linear temperature de_pendence of TD_S. A_s shown in Fig. 28gering occurs at the same wave vectors as the structural scat-

the subtraction of a linear TDS contribution indeed revealsering. Furthermore, there exists a significant amount of dif-
additional diffuse scattering with an unusual temperature defuse scattering originating from the Bragg reflections along
pendence. It can be seen from the bottom panel of Fig. 28001] because of the existence of stacking faults in layered
with the intensity of the correlated peak, and it should thusycattering signal that decreased with increasing temperature
be related to these short-range distortions. Similar behawq the x=0.15 andx=0.40 compounds. This signal most
has been found in colossal magnetoresistive double-layer an ely originates from the Huang-like structural diffuse scat-
%gring discussed above. Thus, we were unable to establish the

perovskite manganite$-8! In these materials, short-range-
ordered peaks and diffuse scattering around the Bragg poin resence of any ferromagnetic correlations in this part of the
hase diagram of Lia,Sr;,MnO,.

were observed to develop in the paramagnetic insulatin
phase and the resulting distortions were nanpethrons
These should not be seen as classical polarons, and we will
refer to them here as correlatednopatches

However, while the resistivity in the CMR materials cor- VI. PHASE DIAGRAM AND DISCUSSION
relates well with the scattering strength due to these nano-

patches in the paramagnetic insulating phase, the resistivit The x-ray and neutron scattering data presented in this
of the single-layer manganite at these intermediate dopingaper' together with previously published results, allow the

levels is dominated by other factors. The derivative onstructipn of the magnetiq and structural phase diggram
dIn(p)/dT! is constant in the case of LgSr,.,MnO,> fqr the smgle-layer manganite LgSr;,,MnOy,, shoyvn in
which indicates that the resistiviy is thermally activated. F19: 29- AS seen in Sec. V, superstructural order exists above
The conductivity is thus polaron-inducéthe term polaron is x=0.45, with a modulation wave vector that becc_)mes_mcom-
used here with its usual meaning in condensed matter phy§oénsurate fok>0.50. The region 0.45 x<0.50 likely is a

ics). In contrast, the scattering strength of the correlatednixture of the orderedx=0.50 and disorderedx~0.45
nanopatches varies much more slowly with temperature, angtructural phases. With the exception of the end compound
the resistivity due to the nanopatches varies almost linearlpMnO4(x=1), the region with doping above 0.7 has not
with temperature. Therefore, the nanopatches should not drgeen studied since powders prepared by the solid state reac-
matically affect the transport properties of a polaronic insu-tion method show two chemical pha3esd single crystals
lator, as their contribution to the overall resistivity is minor. could not be successfully grown. The lanthanum-rich part of
In contrast, the situation is very different in a material inthe phase diagram is not presented here, but the successful
which these correlated nanopatches dominate the resistivitpreparation of La St gMnO,(x=-0.2) has been reportet.

such as the CMR compounds. In these materials, a signifi- Although the temperature dependence of (dr@sotropi¢

cant change in the density of these nanopatches, either viguperstructure correlations in the high-temperature phase of
changes in temperature or applied magnetic field, dramatikag soSr; sgMnO, indicate that the underlying transition is
cally changes the electrical conductivity from metallic to in- three-dimensional, the correlation length perpendicular to the
sulating. MnO, planes remains finité~200 A) in the ordered phase,
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300} ' ] in-plane and out-of-plane Jahn-Teller orbitals.
Comparing the results for LaSr;,,MnO, with those of
250} ] ;
' sRO Unknown the perovskite and double-layer manganftésye conclude
200} ] that the system with the most similar phase diagram is
3 ¢ La;_.CaMn0;.8* The phase neax=0.50 is shared by both
— 150} ; G-A RN : .
g compounds, with similar patterns of Jahn-Teller distortions
100} and in-plane magnetic structures. Also, in both cases the
50k > . B phase extends to high values xf and it exhibits similar
G-A --nJ}LnS_‘éB incommensurate superstructuf88oth compounds are an-
o ;

08 1 tiferromagnets nearx=0, although (La,CaMnO; is an
A-type antiferromagnet, while the spin order of
(La,S»,MnQ, is closer to that of th&- and G-type perov-
skite magnetic structure. The Jahn-Teller distortion around
the Mn atoms is also different in the two syste¥nsis one

tometry (], Ref. 4 and muon spin rotatiot™, Ref. 36 measure- would expect, con3|der_|ng the strong spin/orbitgl coupling in
ments. The abbreviations af@-AF, G-type antiferromagnet; CE- the manganlteé.ln the intermediate-doping region 0.£&
AF, CE-type antiferromagnet; SG, spin glass; COO, charge/orbital~ 0-50 (L&, CaMnO; and(La, S),MnO, are both paramag-
order phase; SRO, short-range charge and orbital order. The dottétic insulators at high temperature with short-range-
vertical line atx=0.25 indicates the extent to which SRO is visible. correlated structural distortiof#$ However, while the former
The dashed line at=0.70 indicates the approximate solubility limit becomes a ferromagnetic metal at low temperature, the latter
of La; Sty ,MnO,. remains a paramagnetic insulator with very short two-
dimensional magnetic correlations. This difference results in
the absence of CMR for the single-layer manganite. We be-
presumably due to the presence of defects. The lowleve that the lack of a ferromagnetic phase in
temperature structural symmet®2mm is consistent witha La;_,Sr,,MnQ, is the result of its quasi-two-dimensional
Jahn-Teller-type distortion due to orbital ordering. At roomstructure and the very weak magnetic coupling alfo@].
temperature foxk=0.45, and at all temperatures in the range The single-layer manganite L§Sr,,MnO, has three
0.25=x<0.45, there exist only anisotropic short-range dis-long-range-ordered low-temperature phases at dopings of
tortions. These distortions are quite similar to those observed0, x=0.50, andx=1. The two compounds with integer
in the paramagnetic insulating phase of the bilayer and pemominal manganese valences, i.e ;M810, with Mn** and
ovskite CMR manganites. However, the resistivities of theLaSrMnQ, with Mn3*, exhibit long-rangeG-type antiferro-
single-layer manganite and of the CMR materials differ sig-magnetic order with an Ising anisotropy and magnetic mo-
nificantly. While the correlated distortionfhanopatches ments along001]. The x=0.50 compound shows CE-type
dominate the transport properties in the latter, the former is apin order with the moments aligned within thd plane; it
conventional polaroni¢or thermally activatedinsulator. is thus very different from the two end compounds. The
At dopingx>0.50, long-range superstructural order simi- phase diagram can be understood by considering the mag-
lar to that atx=0.50 is present, consistent with a nearly sinu-netic interactions between manganese sites with formal va-
soidal distortion. However, this order is incommensuratdences of 3+ and 4+. The introduction of Kfrsites into the
with the lattice. The incommensurability is affected by bothMn3* matrix of LaSrMnQ first frustrates the antiferromag-
the lanthanum/strontium ratio and the oxygen content. Fonetic order by randomly introducing NN ferromagnetic inter-
the as-grown samples studied here, we find the simple relactions between Mi and Mrf* sites. Nearx=0.25, small
tionship e=2(1-x)=2n,, linking the incommensurability to correlated nanopatches with ordered ¥mand Mrf* sites
the e, electron densityn,=(1-x). These findings preclude appear. A phase transition to large clusters of this mixed-
models in which the, electron order is too closely linked to valence order only occurs for~0.45. However, this state is
the underlying cationic lattice, such as the bistripe m88el, never fully long-range ordered structurally or magnetically
the topological scenario for stripe formatiéhor the the perpendicular to the Mn-O planes. Aboxe0.50, the per-

discommensurate-stripe model proposed for the single-layeistance of structural order likely indicates that the Jahn-
nickelates’® Teller distorted MA* sites form a relatively well-ordered pat-

Long-range magnetic order is present in only narrowtern, with a modulation wave vector that increases linearly
ranges of doping, neac=0 andx=0.5, and ak=1. In con-  Wwith doping. Finally, atx=1, antiferromagnetic interactions
trast to the structural modulation, the magnetic correlation®etween nearest-neighbor KMnsites result in a long-range
remain commensurate with the Mn-O lattice at all dopingantiferromagntic state.
levels. Short-range magnetic correlations, a remnant of the In summary, we have carried out a detailed x-ray and
long-range commensurate magnetic orderxat0.12, are neutron scattering study of the single-layer manganese oxide
visible up tox=0.25. A spin-glass phase might exist in this La;,Sr,MnOy, a structural homologue of the well-studied
intermediate range, as indicated by magnetorfieapd  high-temperature superconductor,L&rCuQ,, and then
muon-spin-rotatio?f measurements, in agreement with the=1 end member of the Ruddlesden-Popper series
idea of a frustration-induced disappearance of the long-rangedn(1-xShx1MNnOzq+1. Our results for the doping depen-
antiferromagnetic order due to the random distribution ofdence of the magnetic and structural properties give a refined

FIG. 29. Magnetic and structural phase diagram of
La;,Sr,MnO,. The data come from x-ray structural scattering
(@), neutron scatterinf# (this work) and ¢ (Ref. 37], magne-
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