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Structure of nanoscale polaron correlations in La ,Sr; gMn,0-
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A system of strongly interacting electron-lattice polarons can exhibit charge and orbital order at sufficiently
high polaron concentrations. In this study, the structure of short-range polaron correlations in the layered
colossal magnetoresistive perovskite manganite,8a gMn,O,; has been determined by a crystallographic
analysis of broad satellite maxima observed in diffuse x-ray and neutron-scattering data. The regulting
~(0.3,0#1) modulation is a longitudinal octahedral-stretch mode, consistent with incommensurate Jahn-
Teller-coupled charge-density-wave fluctuations, that implies an unusual orbital-stripe pattern parallel to the
(100 directions.
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[. INTRODUCTION ties of a large number of these broad satellite maxima, pro-
viding a detailed description of the atomic displacements as-
The importance of electron-phonon coupling in amplify- sociated with the short-range polaron correlations abigue
ing the colossal magnetoresisti@MR) effect in perovskite

manganites was recognized at an early stage in the theoreti- Il EXPERIMENT
cal work of Millis and co-worker$;? who showed that the
magnetic double-exchange mechanistnwhich links the X-ray diffuse scattering measurements were performed

nearest-neighbor electron hopping rate to the degree of spimsing 6<4X1 mm and 2<2X0.25 mm single-crystal
alignment, is not sufficient, by itself, to induce a metal- samples of La,Sr; gMn,O; cleaved from the same region of
insulator transition. In the insulating state aboVg, the a boule that was grown by the floating-zone technique. Data
strong coupling of the Mt eq electrons to Jahn-Teller dis- were collected at 115 keV at the BESSRC 111D beamline of
tortions of the MnQ@ octahedra is essential in the formation the Advanced Photon Source using a Bruker 6500 charge-
of electron-lattice polarons, which aeg electrons that be- coupled devicgCCD) camera(sample to detector distance
come trapped within their self-induced lattice distortidns. =2.5 m), and at 36 keV at the SRI 11D beamline using a Ge
The formation of the metallic state @t marks the delocal- solid- state detector.

ization of theey electrons and the collapse of their polaronic

lattice distprtionﬁ‘*.3 If cqmposition is expressed in terms of IIl. RESULTS AND DISCUSSION

the Mrf** ion fraction x in these MA*/Mn** compounds

(e.g., La_,CaMnO; or La_,,Sh,,Mn,0;), CMR be- The diffuse scattering data in Fig. 1 were collected at 125
havior optimally occurs in the range 6:%<0.5. K using the CCD camera. Due to the small scattering angle

At high eg4-electron concentrations, where polarons inter-(26<4.1°), this image represents, to a good approximation,
act via overlapping lattice-strain fields and electronic wave
functions, electronic and structural correlations can develop.
The case of long-range charge and orb{falO) order, for
example, may be viewed as one type of strongly correlated
polaronic limit. While long-range polaron correlations are
often absent at doping levels relevant to CMR effects, recent h 20
diffuse neutron and x-ray scattering experiments have re-
vealed the existence of short-range polaron correlations that
are intimately related to the behavior of the paramagnetic 23
insulator to ferromagnetic metaPI-FM) transition®=? In
La, ,Sr; gMn,O;, we have observed broad maxima in diffuse 2 -l 0
x-ray scattering data, approximately centered at reciprocal !
space positions (= 0.3k,1+1)® These broad scattering  FiG. 1. Diffuse x-ray scattering data in thg=0.005 plane of
maxima are diffuse surrogates of the satellite reflections thakciprocal space simultaneously reveals polaron correlations, Huang
would be present if the underlying structural modulationsscattering, and thermal diffuse scattering near the (200) Bragg re-
produced by the polaron correlations were long range, antlection. The intensity scale of this CCD image is logarithmic, such
appear to be quasistatic on a 1-ps time sBalere we that the strongest features are approximately 250 times more intense
present a structural analysis based on the integrated intensihan the weakest features.
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a constantk slice of reciprocal space centered atkg2,

=0.005,0). The “butterfly-shaped” scattering pattern at the 1901 4,2,0)
center of the figure is associated with the strain fields in- 801

duced by local Jahn-Tall¢dT) distortions, and is commonly 601

referred to as Huang scatterifjThe two narrow peaks at ;g:

(2kg,*2) are the tails of the (2,8,2) Bragg peaks. Most . —
notably, the presence of the four diffuse maxima near (2

+0.3,0+1) indicates the presence of the short-range po- 1004 (5,2,0)
laron correlations on a length scale of 10-25 A. Although 80 1

the diffuse satellites are quite broad and also several orders 60 7

of magnitude weaker in intensity than the parent Bragg 40 1
peaks, they are sufficiently well defined to reliably determine 20 l . I .
0

their integrated intensities. Because the peak widths did not

vary significantly from satellite to satellite, a simghescan 1004 (4,1,1)
through the center of each peak using the Ge solid-state de- 80 -
tector was sufficient. The Huang scattering tails centered 60 -
about nearby Bragg peaks produced a background that did 40 1
vary significantly from one satellite to another. This back- 20
ground was accommodated by the peak fitting routine and o

subtracted. The intensities of 109 unique diffuse satellites

were thus measured at 125 K, and used to perform a crystal- 1001 (5,1,1)

lographic analysis with theana software packag¥: 50
The diffuse maxima observed at position@~Q, sl
+(0.3,0+ 1), whereQ, is a Bragg peak position associated 07
with the parent 4/mmmsymmetry(i.e., h+k+1=2n), can 201
be equivalently described by positiof%+ mq, where the 0'0 12345678910
modulation wave vector ig~(0.3,0,0), andQ, and m are l

further restricted by the (81)-dimensional centering con-
dition: h+k+I+m=2n. It is important to note that only gis
first-order satellite maximé.e.,m=*=1) are observed. Thus
they only appear adjacent to the-k+1=2n+1 positions.
This set of systematic absences leads to the selection aihd splits the @) oxygen site into two distinct sites, re-
Xmmn{a00)000 as the (3 1)-dimensional superspace- ferred to here as @a) and Q3b), where @3a) connects two
group symmetry>® where X refers to the extended body- Mn atoms along the modulation direction, and36 con-
centering condition, Xy,z,t)—(x+1/2y+1/2z+1/2t  nects two Mn atoms along the direction transverse to the
+1/2), and implies that the modulated displacements in admodulation. The intensities within each of the four subsets
jacent perovskite bilayers are 180° out of phase. In the limiincrease strongly with increasirg indicating that the prin-
of small atomic displacements, an expression for the intensiipal displacements are parallel to 0] modulation di-
ties of the diffuse satellite peaks can be written as rection (i.e., longitudinal. Furthermore, these intensities do
1 ) not increase with, indicating that there are no significant
Lo || 2= E(Qo“‘mQ)'; uf el o ?r:sép;?/(r:srr:gtr:f alonf010], which is also a requirement of
Distinctive intensity trends vkare observed within each
wherex, andf, are the position and form factor of tmth  of the four satellite subsets. The trends are roughly periodic
atom in the unit cell, and,=u,+ius is the modulation am-  alongl with a period of roughly ten reciprocal-lattice units, a
plitude vector of thenth atom, which gives the displacement feature arising from the thickness=@c/10) of the perov-
of the nth atom asuSsin(g- x) +uicosq- X). skite bilayers. The details of this periodicity, and especially
After the integrated intensities were extracted and corthe differences amongst the four subsets, shed light on the
rected for absorption, several distinct features were immedistructure of the modulation. Figure 2 contains one character-
ately evident. The intensities naturally separate into four disistic example from each of the four satellite subsets. By ex-
tinct subsets, K{,k)=(e,0), (0,e), (e,e), and (,0), amining these variations in light of the individual contribu-
where “0” and “e” indicate odd and even integers, tions to Eq.(1) from each atom in the unit cell, we find that
respectively’ For a given value of, one subset is often O(3a) experiences a large longitudinal displacement that is
notably more intense than the other. Because tf® Oxy-  also in phase with those of its neighbors. These observations
gen is the only atom in the unit cell that produces a contriserve as a starting model from which to refine all of the
bution to the structure factor capable of differentiating be-independent modulation amplitudes.
tween these subsets, its displacement must be a key elementThe structure in Fig. 3 illustrates the results of |&1?
of the modulation. The observed one-dimensional modularefinement of the modulation amplitudes against the mea-
tion breaks the four-fold symmetry of the average structuresured satellite intensities, which yielded an agreement factor

FIG. 2. A bar graph oflF,,4? vsl within each of the four
tinct reflection subsets. Thedependence in each example is
characteristic of its subset.
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FIG. 3. (Color) Crystallographic representation of the one-dimensionally modulated structure associated with the gliffuse
~(0.3,0+1) satellites. The atomic displacements are exaggerated in order to make the more subtle features of the modulation visually
apparent. The directions of the atomic displacements within each perovskite sheet and bilayer follow thecblmpdnent and red
(x-componentcurves, where peaks indicatex or +z displacements and troughs indicatex or —z displacements. The incommensurate
modulation period has been approximated by the commensurate vaiﬁe of

of (Swi| Al;|%)/(Zw;12)=16.3%. Only theu$ andut terms  ©of all of the atoms in their respective layers at each point
are permitted by symmet?§,and both were essential to ob- along the modulation. Note that because the refinement scale
taining a good fit to the measured intensities. The elongatioffctor is directly correlated to the modulation amplitudes in
of the Mn-O(3x) bonds at position A in the figure is inter- Eg. (1), the values in Tfable | are defined onl_y to W|th|r_1 an
preted as a cooperative Jahn-Tell&F) distortion caused by overall scale factor, \_Nhlch was set by assuming a maximum
the occupation of Mre, orbitals withd(3x?—r?) character. Mn-O bond length distortion £ vn.o(zs) 0f 0.05 A, a rea-
These Mn-O(&) bond distortions are much more pro- sonable value based on the JT-distorted bond lengths ob-
1.

nounced than any of the others. Other cooperative featurei"ved for CE-type C/O ordér™!in LaSpMn,0O;.
include the stacking of JT-distorted octahedra within a bi- _1N€ image in Fig. 4 represents the displacement-
layer, thec axis compression of octahedra that experiencéj'Splacemem correlation funptlon .as.somat.ed with the short—
a-axis elongation, octahedral rotations about bhexis, and ~ '2n9€q~(0.3,0:=1) modulation within a single perovskite
the 180° phase difference between the modulations in adjas_heet. Thus if thg Mngoctahedron at.t'he origin of the figure
cent bilayers, which all appear to work together to minimize!S Jahn-Teller distorted, the probability that another nO
the lattice strain induced by the dominant Mn-@j3istor- octahedron is similarly _d|sto_rted_ will oscillate within the_
tions. After the sinusoidal modulation was applied, the modef€€t @long the modulation direction, and approach zero with
in Fig. 3 was stretched alord.00] to restore the unphysi- Increasing distance from the origin due to the finite range of
cally compressed octahedra at position B to their normatne c;orrelations. Whe_n viewed in this fashion, the s.moothly
shapes. This stretch corresponds to a local enlargement of tifg"Ying pattern of orbital stripes that forms perpendicular to
[100] cell parameter within the correlated regions due to thén€ modulation direction is readily apparent. However, one
cooperative JT distortions. Local lattice effects have beefust note that the distribution in Fig. 4 is a purely statistical
previously studied via pair distribution function analy&is, Stétément about the average size and shape of the correlated
whereas the present analysis is only sensitive to the periodf€9i0ns, rather than a picture of an individual correlated
features that produce the diffuse satellite reflections. region L N

The red k-componentand blue g-componentcurves in The mod_ulatlon illustrated inFig. 3 challenge_s our current
Fig. 3 illustrate the relative phases of the modulation withinU"dérstanding of C/O order in CMR manganites. First, it
each perovskite sheet and bilayer. The curves are fixed by TABLE I. Average atomic coordinatesRef. 19 and g
symmetry, and indicate that theeaxis displacements within ~(0.3 0+1).modulation amplitudes '
the two sheets of a perovskite bilayer are equal and opposite, "™ i

whereas these two sheets share the sararis displace-  ayom X y . WAX10)  uS(Ax10%)
ments. This structural nuance is qualitatively similar to one

proposed by Kubotat al.® based on single-crystal neutron Mn 0 0  0.0965 1.203) —1.03(12)
diffuse scattering data from the relateet 45% system. The O(1) 0 0 0 2.8730)

refined values of the independent modulation amplituded(2) 0 0 0.1960 0.4419) —1.13(31)
components are listed in Table | in reciprocal-lattice units,0(3a) 0.5 0 0.0952 4.6@0) —1.73(35)
together with their respective atomic coordindt&Since the  O(3b) 0 05 0.0952 1.5@3) —0.13(34)
amplitudes in Table | all have the same relative signs, a verya/sgl) 05 0.5 0 1.312)

important feature that is not dictated by symmetry, these a/s¢(2) 05 05 01825 0.912) —1.54(45)

curves also represent the cooperative displacement directions
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12— L . ' freedom were instead interpreted as a weak charge-density
- wave (CDW) with qcg=(1/4,1/4,0). Short-range CDW fluc-
611 = tuations are common in a variety of low-dimensional sys-
- I 1 tems, where they occur over an extended temperature range
bol- - above a three-dimensional ordering temperature, and give
L 1 rise to diffuse reciprocal-space streaks similar to the diffuse
6~ | peaks® seen in Fig. 1. Their formation generally requires a
L =L | peak in the electronic susceptibility at the CDW wave vector,
1 usually a result of Fermi-surface nesting, together with
-8 -2 -6 0 6 218 strong electron-phonon coupling, which then permits a struc-

a tural modulation to lift the nesting-related degenerdyur-

FIG. 4. The displacement-displacement correlation function asj[h_ermore, the 180° interlayer phase difference observed in

sociated with the short-rangg=(0.3,0;1) modulation within a  F19- 3 IS @ common featu?_bof layered CDW systems that
single perovskite plane, which takes into account the wave vectofXhibit weak electron hopping between layers, which slightly
and the finite widths of the diffuse satellite peaks, and consists of £0rrugates the nested Fermi surfaces and thereby shifts the
co(q-r/2) modulation factor multiplied by an exponential enve- Nesting condition by g,==1. In the case of
lope, with half width at half maximuntHWHM) values defined by L& ,Sr; gMn,0O;, the modulation wave vector does appear to
the three independent correlation length€6a,I’, ~4a,I';  be related to the electronic structure, as recent angle-resolved
~c/2). Dark regions indicate high probability and light regions photoemission spectroscopy measurements and density-
indicate low probability. The correlated regions are large enough tdunctional calculations reveal pronounced Fermi-surface

encompass several stripe like periods alfhgQ]. nesting features in the metallic phase belbyy with nesting
vector Xr~(0.3,0+1), while a wide pseudogap is ob-
represents an orbital-stripe pattern parallel to ¢he0) di-  served to open abové,.3?3® The long-range strain fields

rections, and may be thought of as longitudinally modulatedhat produce the anisotropic butterfly scattering of Fig. 1 pro-
ferroquadrupolar order. This is in sharp contrast to the widelwide another important means of imposing nanoscale struc-
observed CE-type C/O ord@r® and the related family of ture within the polaronic state. Because these strain fields
orbitally-striped phase¥,**in which the stripes lie parallel overlap ine, electron-rich La,Sr, gMn,0;, aq dependence

to (110 directions and produce transverse, rather than lonin the resulting strain-mediated interpolaron interactions
gitudinal, displacements. The CE-type C/O configurationsvould also be expected to contribute to the structural modu-
support alternating rows of Mii and Mr?* sites as well as  lation.

alternating d(3x2—r?) and d(3y?—r?) orbitals (i.e.,

charget antiferroquadrupolar ordgrso as to minimize both IV. CONCLUSION

Coulomb and lattice-strain energi®s>?’ Second, the Rather than hosting ind dent pol .
modulation in Fig. 3 indicates a smoothly varying charge ather than hosting iIndependent polarons, an approxima-

density. Small Jahn-Teller polaron models involve discretdion that may be valid at low hole doping, the CMR manga-
Mn3* and Mrf* valence states, such that the M oc- nites possess a dense population of polarons that interact via

: : overlapping strain fields and electronic wave functions, and
tahedra are strongly distorted, while the Mg octahedra_ might be described as polaronic liquids. Tie (0.3,0+1)

retain their symmetry. The modulation satellites in dulati din th t Ivsis is structurall
La; »Sr gMn,0O; are quite broad, but still much too narrow to modufation uncovered in e present analysis 1s structurally
onsistent with a Jahn-Teller-coupled charge-density-wave

be explained as an incoherent sum of scattering from diStin(ﬁuctuation and possesses a plausible connection to Fermi-
regions with commensurate modulation periods suchas 3 nd p P o
surface nesting features reported beldw. A longitudinal

and 4a. The incommensurate nature of the periodic ‘Jahn_modulation of this nature has not been observed in the three-
Teller distortions in Figure 3 indicates &g electron density

that varies continuously across the lattice within the 25 Adlmensmnal CMR manganites, a_nd may be unique to layered
. S . : systems where the lower dimensionality greatly enhances the
correlated regions, resulting in Mg@ctahedra with mixed : ;
It 44 . . : fraction of the Fermi surface that can be nested. Yet, much
Mn®"/Mn®*" characteristics. And if the amplitude of the ; : .
. S . remains to be discovered about the extent to whichghe
charge density modulation is weak, the valence endpoints o ) : . : .
ependence of the strain-mediated interpolaron interactions

the modulation will not be exactly 8 and 4+ . Assuming and the electronic susceptibility of the adjacent ferromag-

inat e average valence s dictied by the composiion AT SERE SRR B G GOREN, TR
P plex nanoscale structure within the polaronic state of

%llfjlgsisv?l)incrﬁ en:ﬂopglzgsnglf % L?hi %(giir;huartntgf ag]nplgis_ La, »Sr; gMN,0; presents a challenge to our understanding
lacement gsgur%eg and quite small. even for );gr er di and warrants further theoretical and experimental investiga-
b ' q ' 9 ion into the nature of a concentrated population of strongly

placements. . .
A single-crystal neutron-diffraction study of long-range interacting polarons.

CE-type C/O order at=0.5 concluded that the Jahn-Teller-
distortions observédin LaSr,Mn,0; were also too small to
be explained in terms of discreter3and 4+ valence states. This work was supported by the U.S. DOE Office of Sci-
The smooth modulation of its charge and orbital degrees oénce under contract W-31-109ENG-38 and by the State of
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