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Charge and Magnetic Order in LagsSr,.sMnO 4
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Elastic neutron scattering measurements characterizing the charge and magnetic order in
LaysSr, sMnO, are presented. Superlattice reflections corresponding to an alternatifng/Mm**
pattern with wave vectorq., = (%,%,0) are observed below the charge ordering temperature,
Te, = 217 K. Below the Néel temperaturely = 110 K, the magnetic moments associated with
these ions form an ordered structure with dimensipg@ a X 2+/2a X 2c relative to the underlying
chemical cell.

PACS numbers: 75.30.Fv, 75.40.Gb

Why is the superconducting transition temperature irdetailed magnetic model, which accounts for the observed
the prototypical highF. superconductor La,Ba,CuQ, neutron scattering data, is derived from the spin structure
sharply reduced whern = é? Measurements by Tran- originally proposed by Goodenough [10] for the MpO
quadaet al.[1] on La—,_04Ndy4Sr,CuQ; with x ~ % layers of the cubic perovskitg b..gM(II)()jMnO}.
indicate that this suppression results from the real-space The approximately cylindrical (¢ : 4 mm X [ :
separation of holes and spins into an ordered phase considf MM crystal used for these measurements has
ing of antiferromagnetic “stripes” separated by antiphased€en extensively characterized [6]. At room tempera-
hole-rich domain walls. This order is surprisingly simi- ture, the crystal space group i¢/mmm with tetragonal
lar to that observed in the hole doped nickelates [2,3]attice constantsa = 3.86 A and ¢ = 1244 A [11].
La,_.Sr,NiO, and LaNiO,.s. Studies of the isostruc- 1he Sample FWHM mosaic is 1.35 The.crystal was
tural manganate La,Sr+,MnO; are clearly needed for mpunteq in a clos'ed cycléHe refrigerator in successive
a general understanding of charge and spin separatid¥ientations allowing momentum transfers with indices
in the layered transition metal oxides, and, in particud = (h.h,0), (h,0,1), (h,k,0), and(3h,h,1).
lar, to elucidate the role played by striping in the su- Determining th<=T magnetic or structural origin of super-
perconducting cuprates [4]. In addition, experiments orlattice reflectl_ons is stralg'h'tforw.ard as thadependences
La;_.Sr+.MnO, should shed light on the physics of the of the assomateq intensities differ _markedly. FO( both
related cubic perovskite La,Sr,MnO;. The contrast be- Cases, the elastic neutron scattering cross section has
tween these two strongly correlated systems at comparablge form do,,,/dQ(q) = >, |F nn(@I?8(q — Tnm),
doping levels is sharp; the former exhibits an insulatingVhere the sum extends over all nuclear (magnetic) re-
character [5,6], while the latter is metallic with a large, gi_mproc%ll lattice vectors. For small atomic displacements,
ant magnetoresistance [7,8]. ri=r; + €, the nuclear structure factdf,(q) can be

In this Letter we present structural and magnetic neuWritten as
tron scattering data describing charge and spin order in . iar’ W
single crystal Lg<Sr; sMnO,. Our measurements demon- Fa@e > bl +iq-eedme™, (1)
strate that the formal Mi¥-> valence of this compound or- T
ders, below a charge ordering temperatdig, ~ 217 K,
in an alternating Mn3/Mn** pattern as first suggested
by the electron diffraction work of Moritomet al. [6].
The resulting charge ordered unit cell has dimension
V2a X \2a X ¢. These neutron results, together with
x-ray and 'electr(')n m_icrophobe; data on jche same sample,f, (q) « Z {@ X (S)) X @f(@e e, (2)
also explain earlier discrepancies regarding the fundamen- . magnetic
tal wave vector of the charge order in this system [6,9]. 7S cell
Below the Néel temperaturd,y ~ 110 K, the moments whereS; is the spin at sitg. The magnetic form factor
associated with the manganese ions form a magneticallj(q) accounts for the spatial distribution of unpaired
ordered structure with2/2a X 2+/2a X 2c unitcell. A electron spins and leads to a falloff of intensities at

whereb; is the nuclear scattering length and"’ is the
Debye-Waller factor. This results inalq - €|> momen-
tum dependence for structural superlattice intensities. The
Tc‘nagnetic structure factor can be written as
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large|q|. The vector product in Eq. (2) also results in acentered at integrdl and scaled by the structurlgy - €|?

distinctive magnetic signature.

The nuclear®) and additional structurdle) and mag-

netic (o) superlattice peaks observed wigh= (h, h,[)

at T =9 K are shown schematically in the inset to dependence of the instrument resolution function.

dependence of Eq. (1), are shown in the figure. The fit
quality (x> = 1.7) indicates that the decrease in peak in-
tensities at high in the raw data is entirely due to the|

Nor-

Fig. 1. The high temperature, body-centered structurenal to the MnQ planes, the charge correlation length is
of this system permits nuclear reflections with indicesé® = 50 A or ~8 MnO, layers. In contrast, the in-plane

g = {(h,k,D)|h + k + [ = 2n}. Low temperature mea- correlation length, measured alofg, #, 1), is resolution
surements of these reflections reveal no evidence of ndimited: £59 = 300 A.

clear peak splitting, or a breaking of tetragonal symmetry. These superlattice reflections, together with the struc-
Scans through the structural superlattice peaks alonmral peaks seen in other crystal orientations, are cataloged

11

q= (%, %,1) andq = (5, 5, /) [dashed lines 1(a) and 1(b) in Table I. A simple planar oxygen breathing-mode dis-
in inset] are shown in the main panels of Fig. 1. Thetortion, in which the oxygen between nearest neighbor Mn
range of the(%,l /) data is limited by contamination atoms moves towards the higher valence¥ion, is con-

2
from La_,Skh4+,Mn,O; intergrowths.

This impurity,
which is distinguished by a = 20.07 A lattice parame-

sistent with this scattering. The resulting “charge-ordered”
phase has a metrically nearly tetragonal, orthorhombic

ter, accounts for less than0.6% of the Mn sites in the Cmmm space group and d2a X +/2a X ¢ unit cell as
sample. The weak dependence of the integral peak shown in Fig. 2. The intensities of th@h!) superlat-
intensities in both these spectra and the strong depefice reflections, which are the strongest associated with this
dence of the intensities on in-plane momentum transfePreathing mode, indicate a fractional change in the Mn-O
demonstrate that this scattering is due to a structural ddond length ot~1%.

formation with displacements;, that lie primarily in the

In contrast to these results, earlier electron diffraction

MnO, plane. Simultaneous resolution corrected fits tostudies by Moritomoet al.[6] on the same crystal
both spectra, using a sum of equal amplitude Lorentziangeported evidence of(z,7,0) and (3,3,0) structural
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FIG. 1. Structural scattering along ()= (%,%,l) and (b)

q= (%, %,1). Inset: Theq = (hhl) scattering plane. Nuclear

reflections are allowed at + k + [ = 2n.
circles are structural (magnetic) peaks.

2170

Light (dark)

scattering as well as scattering @,%,0), while the
electron diffraction results of Baet al. [9] on a sample
with the same nominal stoichiometry report scattering
principally at (;11,5,0) and (%,%,O) with only limited
intensity at(%, % 0). To address these discrepancies, x-ray
measurements were performed on the same crystal used in
the neutron work at the X22C beam line of the National
Synchrotron Light Source. AT = 10 K, scattering was
observed at(3,3,/ = 6,8,10) for 55 <1 =105, in
addition to superlattice reflections (a}* % 1), in apparent
disagreement with the neutron results. These additional
x-ray satellites possess roughly the same temperature
dependence as th(ql,%,l) superlattice peaks. AT =

130 K, additional measurements alomé,%,l) between

TABLE I. Observed reflectiongm, n € integers. Magnetic
reflections along(,0,1) are due to the MfR* spins. The
(h,h,1) and(3h, h, 1) reflections are due to the Mn spins.

q Structural 3D Magnetit
» K, h = = 55— one
(/’l k 0) 2”;1, 2n12+1 N
(h,0,1) None h— 2n2+1’ | = 2m2+1
2n+l 2n+1 2m+1
(/’l,h,l) /’l:T,l=m h = 4’12 5
(h _ 2n:1, ] = 2m)b
(3h,h,1) h=2"TH,l=m h= 2n4+1’l= 2m2+1

2n+1

(h=2"1=2m+1)"

@D, rodlike magnetic scattering is clearly visible in all zones
as well.

bReflections corresponding to the minority Mp@lane stack-
ing vector (see Fig. 2).
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FIG. 2. The MnQ spin configuration originally proposed FIG.3. Magnetic data: () = (5. 3.7) and (b)q = (5. 3.1).
by Goodenough [10]. The majority and minority magnetic The half-integral/ peaks result from the majority stacking
reflections described in the text result from the translation oshown in Fig. 2, while the even integér peaks are due to

successive Mn@planes by the stacking vectors shown in the the minority stacking. The broad, weaklydependent intensity
figure. in both spectra indicates a strong 2D contribution to the total

signal.
775 =1 = 1125 also resulted in a peak at =8,
though no scattering above background was observ
forl =9, 10, or11. Subsequent high statistics neutron
scattering measurements alomé,%,l) over 0 =1/ =

e%ell. The MnG; spin model shown in Fig. 2, originally
proposed by Goodenough [10] for the cubic perovskite
LagsM(II)osMnOs, agrees well with our half-integet

. data if the stacking of successive Mp@lanes is offset by
11.25 at the same temperature observed this isoldted, the “majority” stacking vector shown in the figure. The

8,-peak but no other peak§ f"‘t smallersug%]elstlng that weak reflections at evehin the magnetich, h,1) data
this peak has a spurious origin. Scans aléng;,!) also  ang at odd/ in the magnetio3h, h, ) data (not shown)
show no evidence of the superlattice scattering observegliqe from an alternate, “minority” stacking of these layers.
in the x-ray measurements. Electron microphobe analySigjiher stacking arrangement results in the same allowed
suggests that this inconsistency is due to excess OXyg&fictural reflections. Th&:0/) magnetic reflections are
and variations in the La/Sr ratio at the crystal surfaceg |5 the same for both choices of stacking vector. A no-

As the surface is preferentially sampled by the x-rayapie feature of this model is the fact that the magnetic
and electron diffraction measurements, an alternate Chargﬁ’tensities observed fog = (i, h, 1) are exclusively due

dressing near the crystal surface could produce additiong}) he Mnt3 moments, while they = (k,0, ) scattering

reflections. In contrast, neutrons probe the entire_crysta}jesmtS solely from the ordered M moments.

and are largely insensitive to thesg surface prorl)e{tles. The magnetic intensities in both panels of Fig. 3
Scans (3)f Sthe magnetic scattering alogg= (3.3.1) initially increase with increasing This suggests that the

and q = (3, 3./) [dashed lines 2(a) and 2(b) in Fig. 1, spins responsible for this scattering lie primarily in the

inset] are shown in Fig. 3. Three sources of scatteringasal plane so that the vector product of Eq. (2) results in

can be distinguished: well ordered scattering at half intean intensity that varies as

ger [, small additional peaks centered about eveand . .

substantial two-dimensional (2D) scattering broadly dis- Sif ¢, + COS s i'e, (3)

tributed along/. The presence oﬁ, % %) peaks in  whered is the angle the scattering vector makes with the

these spectra indicates that the magnetic unit cell has dMnO, plane and¢; is the angle between the spins and

mensions2+/2a X 2+/2a X 2c¢ relative to thel4/mmm  the (h, h,0) axis. The attenuation at lardeis due to the

2171
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LOo,ssrLsM”O . Peak Intensities However, the ratio of the observed magnéﬁci, %) and
a0 b ; r - " " ™) nuclear((_), 0, 2) intensities suggests a lower bound for the
Q= (32,3,1) ° Mn*3 spin of S = L.6. s s
3, A103 ] The temperature dependence of the= (3, 5, 1) struc-
s0p @ s 2%5333 £ 10 T {7 tural superlattice peak intensity is shown in Fig. 4(a). The
g S l ] charge ordering temperatur&, ~ 217 K, is the same
200 | §§§§§ Q1o° | temperature below which this crystal reveals a sharp in-
o 5 crease in resistivity [6] [Fig. 4(a), inset] as is consistent
8 ® 00 200 300' with the localized character of the ordered charge. The
v 100 s . 113 i
3 . T (K) temperature dependence of ipe= (3, ;. 5) magnetic su-
: (o) " 1 perlattice reflection is shown in Fig. 4(b). The Néel tem-
S of 08,5, 4 peratureTy ~ 110 K associated with these data agrees
" ’ ' ’ ‘ ‘ |‘ ‘ with earlier susceptibility measurements on this crystal
z 2007 Q = (1/4,1/4,3/2) T 1 [6]. Evidence of 2D magnetic scattering in the MpO
= 2000 | §§§ e | planes between the charge and magnetic ordering temper-
£ §§ atures was also observed.
§ 1500 b 5 i The data presented here demonstrate that
s LagsSrisMnO, has charge and magnetic ordering
1000 - s In 4 transitions at7., ~ 217 K and Ty ~ 110 K, respec-
5 tively. The low-temperature magnetic data are well
500 |- o . described by extensions to Goodenough’s original cubic
(b) o4, perovskite model [10]. In contrast, the charge order
0 ©eecocccc0000 E observed in these neutron scattering measurements, in
5 s 100 10 200 250 300 which no evidence of;, 1./) scattering has been seen,

seems to possess a much simpler structure than earlier
measurements [6,9] and theory [10] would suggest. Our
FIG. 4. Temperature dependence of the (a) charge and (eutron data are most simply described in terms of a
magnetic order. Inset in (a): Resistivity ¥ planar oxygen breathing mode model as described above.

magnetic form factor. The fits shown in the figure emp|OyMeasuremer_1ts of the dynamics associated with the charge
two sets of Lorentzian line shapes cénstantamplitude ~@nd magnetic phases are currently underway. Efforts to
and width, one set centered at half-integtaimajority extend these measurements to samples with different La/
stacking) and one set at even integéminority stacking), SF Stoichiometries are also planned. _
as well as anl independent signal to account for the 2D We wish to thank J. M. Tranquada, J.D. Axe, G. Shi-

scattering. These are then multiplied by a generic Mmd@ne, D.E. Cox, and J.B. Goodenough for various con-
form factor and convoluted with the instrument resolution.Versations. Work at Brookhaven National Laboratory was
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dependences and relative intensities of the two spectra a¥ésion of Materials Science, U.S. Department of Energy.
entirely attributable to the angular dependence of Eq. (3pUPPOrt was also received from the New Energy and In-
and thelq| dependence of the magnetic form factor. Thedustrial Technology Development Organization (NEDO),

width of the majority peaks implies a magnetic correlationJapan.
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