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Enhanced stability of charge and orbital order in Lag 76515 ,0Mn,04
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Not only is zigzag charge and orhit@CO) order shown to be present in the highly doped=0.61)
bilayered manganite system 4.&,Sr,,,,Mn,0,, it demonstrates an enhanced stability relative to xthe
=0.5 composition where the ordered state might be expected to have the lowest entropy. No magnetic-field
dependence is observed up to 5.25 T. The CO ordering temperature also increases from 26 ab 230
K, and the broad hysteretic conversion of the CO-ordered state tA-tiipe AF state at low temperatures is
only partial. Phase reorganization in this hysteretic mixed-phase region is seen to involve an exponential time
relaxation abovd =50 K, while reorganization ceases below 50 K, apparently due to the thermally activated
nature of the underlying dynamics.
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INTRODUCTION broad range of compositions betweer=0.32 and
x=0.4812"1% Short-range CO correlations of the CE type

In recent years, the perovskite manganites have been theere very recently observEtat x=0.4, which were dy-
subject of intense interest, both for their potential applicanamic rather than static in nature, highlighting the relative
tions and a wealth of novel physical phenomena. TheeyIn instability of this configuration in the presence of excess

electrons profoundly influence the structural, magnetic, angn3+.

transport properties of the manganites where subtle interac- The resistivity atx=0.5 shows a significant increase at

tions amongst the spin, charge, and orbital degrees of fregre co ordering temperaturco= 210 K, involving the lo-

dom lead to complex phase diagrams as a function of teMMy, i, ation of thee, charge carriers and a cooperative struc-

perature, magnetic f'eld.' ar_1d d"p'”? levee., the fraction tural distortion®® At decreasing temperatures, however, this
of Mn sites in the 4~ oxidation statg™ The layered manga- trend is soon arrested by the onset/otype AF order at
nites are structurally classified as Ruddlesden-Popper phasels,

_ 8,16 _ ;
and are of special interest due to the reduced dimensionalith(A)t_ 1"70 K, it T_hethA AF pt)hasted_contlnues to grfo(\:/voam(jj
of the perovskite regions. ventually results in the reentrant disappearance o order,

The bilayered La ,, S, . ,,MN,O, system has received accompanied by a drop in the resistivity._Rgcenzt the_oretical
considerable attention due to the presence of a ferromagneffiiOrts suggest that the-type phase exhibitz”—y* orbital
metallic (FM) state at compositions in the 03X<0.40 order, while also being a double-exchange métaf,so that
region? which gives rise to a sharp colossal magnetoresistivéhe carriers are delocalized, but restrict .themsglves to the
(CMR) transition, as well as a variety of antiferromagnetic preferred orbitals as they traverse the lattice. This effect has
(AF) and spin-canted structufissextending from 0.3 x  been referred to as orbital polarizatibhWhile diffraction
<1.0. Long-range charge and orbit@0) order have been studies have uncovered no evidence of the breathing-mode
observed atx=0.5, where there are equal numbers egf distortion£® that would arise in a charge-ordere#y? or-
electrons and holes in the valence bafidThe CO order bital lattice, a maximum-entropy-method stétlyof the
observed atx=0.5 is commonly referred to as “zigzag,” charge-density distribution il\-type NdSgMn,O,, and a
“checkerboard,” or “CE” due to early predictions by Good- series of recent resonant x-ray scattering stutfiédsupport
enough that the CE-AF spin ordering would be favored by ghe existence ofx>—y? orbital polarization in a charge-
specific charge-orbital configuration comprised of a checkerdisordered A-AF state. The increased hopping within a
board arrangement of M and Mrf* sites that hosts diag- double-exchange-dominated ferromagnetic sheet would pro-

onal zig-zag chains of occupiet{3z>—r?) orbitals’ vide for better electron transport than the CO state, though
Experimental evidence for this connection has been prothe AF coupling between sheets inhibits intersheet hopping.
vided by x-ray and neutron diffraction experiméht$ on Evidence of CO ordéf*® has also been reported far

Lag Cay MnO;, LaSrMnQ,, and LaSsMn,0;. In the lay- >0.5, though it remains relatively unexplored. Bor 0.5,

ered materials, this association must be qualified, as thene might expect CO order to lose ground against the com-

original magnetic analogy does not specify the relationshigpeting A-AF state because the imperfect balance between

between the orderings in adjacent layers, which has beemobile e, electrons and holes raises the entropy of the CO-

clarified in more recent work for both the C®ef. 8§ and  ordered state. However, the CO-ordered phase is observed to
magneti¢! cases. Belowx=0.5, no long-range CO order is be stable across a wide range of compositions in three-

observed in the La ,,Sr ,,,Mn,0; system, though quasi- dimensional perovskite manganites such ag_L&aMnO;

static short-range CO correlations have been identified overand P§_,CaMn0O;,?¢?" possibly due to partial rather than
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TABLE I. Comparison of transition temperatures for 0.5 and  order. In contrast to the nearly complete disappearance of the

x=0.6. CO phase belowl™* in the x=0.5 systent;>®® the same
N transition atx=0.61 shows a large CO-ordered component
X Teo T T Tniep all the way down to 2 K. In Fig. 1, the resistivity clearly
05 210 K& 170 K2 75 KP 145 K thibits a peatlk ?TN(A) f Wheretthhei ?ho ?uperlatthE iﬂter)si-_
ies are greatest, confirming that the transport behavior is
0.6 230 K 180 K 55 K 145 K . .
linked to the rise and fall of the CO-ordered phase.
8 rom Argyriouet al. (Ref. 8. The transition from CO order tA-type antiferromagnetic
From Kubotaet al. (Ref. 18. order betweeril'y, and T*=50K is hysteretic and very

broad, consistent with a first order phase transition. This hys-
complete CO order. In the present work, we investigate théeresis is observed in both the CO akdype components as
delicate balance between the competing CE-CO AnflF  well as in the resistivity. The transition &t marks the low-
phases at=0.61. Specifically, we observe an increased COtemperature limit of the hysteretic region and also appears to
order transition temperature, incomplete conversion to theoincide with the steep upturn in resistivity. Careful transport
low-temperatureA-type AF phase, and greater resistance tostudies throughout the region from 04%<0.6 also show a
field melting. transition from hysteretic reentrant behavior to a low-
temperature insulating state, which was referred to as a sec-
EXPERIMENT ond low-temperature CO pha&tThe present data show that
the amount of CO order remains constant bel®t%, and
A 100 mg (4<x4x1mm) single-crystal sample of contain no evidence of the formation of a new CO phase at
Lag 7651 2MN,0; was cut from a large boule prepared in a T* | suggesting instead that thetype phase becomes an
double-mirror floating-zone image furnace. Single-crystalantiferromagnetic insulator.
neutron diffraction(SCND) experiments were carried out on  The melting of CO order under the influence of a mag-
the four-circle diffractometer at ILL beamline D10, without netic field is a well-known feature of several CMR mangan-
energy analysis. Data were collected over the temperatuiige systems? In the case of LaSrMi©; (x=0.5), a field of
range from 2 to 300 K, using incident wavelengths of 2.36 A4 5 T was sufficient destroy the CO superlattice peaks at 180
(graphite 200 and 1.26 A(Cu 200. Bragg intensities were K 32 For L& 765k, 2,Mn,0; (x=0.61), however, no field de-
measured with an area detector and integrated from mU'“P'Bendence Klic) was observed at 170 K up to 5.25(3ee

detector frames using thRACER software prograni® Crys-  Fig. 2), again indicating a greatly enhanced stability for the
tallographic analyses of the SCND data were performed useQ phase.

ing the Gsas software suité® Single-crystal resistivity data
were also collected over the range from 10 to 300 K using B. Parent structure

the standard four-probe technique. A crystallographic analysis of the parent nuclear structure,

the CO-ordered superstructure, thaype AF structure, and
RESULTS AND DISCUSSION

LI rrri LI rrri rrri 3'5
A. Temperature and field dependence J ' ' J '

The first indicator of enhanced CO-order stability »at 3.0

=0.61 is the fact thal o has increased to 230 t¢ee Table

| and Fig. 3. We note that this transition temperature in a
bulk crystal is somewhat different than the 280Tigg re-
ported forx=0.60 grains by electron diffractici.The CO-
ordered phase appears Bto and develops rapidly until
Tneay» at which point the onset of the competingtype

AF order begins to reverse the growth of CO order.
The CO wave vector was observed to be incommensu-
rate with g=(e,—¢,0) and £e=0.21, which is consistent
with the trend e=(1—x)/2 reported previousfy® for

La, 5,Sr . ,Mn,0; and Lg_,Sr,MnO,. The incom-
mensurate wave vector of the CO order has been observed to
produce a stripelike contrast in TEM imag@3Ne also ob-
serve that the CO-ordered phas_e hosts its rr_lagnetic compan- o~ 4 The temperature dependence of thd., D peak inten-
ion structure, the CE-type antiferromagnetic arrangementSity associated with-type AF order(diamonds, the (1.79,2.21,0
below TN(CEé CE'AF_ ord_er was_reported a_t=0.5 by sateliite of the CO superstructuteircles, and the(1,0.5,2 peak
Kubotaet al.” where it vanished at*, along with the CO  5ssociated with the weak CE-type AF ordsquares The CE-AF
order. In the present case, &t=0.61, both the CO and ntensities have been multiplied by a factor of 20. Open symbols

CE-AF orderings persist beloWw*. . _ indicate a cooling cycle, while closed symbols indicate a warming
A second indicator of enhanced CO order is the incom—cycle. The solid lines near the bottom are in-plane resistivity curves

plete conversion of the CO order £gotype antiferromagnetic  (upper trace is cooling cycle, lower is warming cycle
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50 rrrrrrrrrrreeer e AF phase consists of ferromagnetic sheets that are antiferro-
magnetically coupled within a single bilayer. Nearest-
neighbor sheets from adjacent bilayers are aligned ferromag-
% } neticallyy, so as to make the overall structure
}{}{}{ anti-body-centered? The ideal moment at 2 K, based on the
composition, is 3.4g/Mn. This value was fixed in the plane
} while the scale factor and a 90° moment-domain twin frac-
tion were refined against 12 body-center violating reflec-
tions. The resulting fifR,(F?)=13.9%)] exhibited a differ-
—e— Down ence pattern that suggested that _the A_F moment direction is
slightly tilted out of the plane. Adding this degree of freedom
—o— Up led to a much better fifR,(F?)=6.7%], and yielded an
)] I AN EE TS B A A A-type AF moment that tilts A2)° out of theplane, as well
0 1 2 3 4 5 as nearly equal portions of the two moment-domain twins.
Field (T) The resulting phase fraction was(88%6. Assuming a 100%

FIG. 2. Magnetic field dependencédjc) of the integrated p_hase fraction, and ir_lste_ad refining the moments, would
(1.79,2.21,0 satellite peak intensity of the CO-ordered superstruc-yleld 2.9(2)ug/Mn, which is Som_ewha'F larger thqn that re-
ture fromH=0 to 5.25 T at 170 K. Open circles indicate increasing ported from nGUtron powder q'ﬁracuon déta_D'ﬁe”ng
field strength, while closed circles indicate decreasing field strengtrMounts of a competing hy_stergg'c ferromagnetic component,
No field dependence is evident within the observed errors. such as that reported by kt al.,”> could be responsible for

the discrepancy.
the CE-AF structure, was carried out using diffraction data . The CE-AF structure Is generally associated with two dis-
collected at 2 K. The parent nuclear structiird/mmm a tinct propagation vectors g3 =(1/4,1/4,0) . and s
=3.854(2) A,c=19.940(5) A] was refined using 307 re- :(0'5’0.'0)' Wh'Ch have+ been '0959'3’ as;omated with the
flections(174 unique to obtain arR,,(F?) of 7.9%. Because magnetic ordering of Nﬁ] and Mrf SUbIatt'(.:eS of the CO-
the dimensions of the crystal were smallX4x1 mm), no ordered structgre. Wh".e we do_ not argue in favor of com-
absorption correction was applied. The site occupancies djlete charge disproportionation into discrete 3nd 4+ Mn
La and Sr were fixed based on the composition and assur(vﬁ"""ge states, we do.us.e the;e_ values as convenient site la-
no site preferences. Because anisotropic thermal paramet EIS' Rather _than assigning distinct moments to these sublat-
provided only a marginal improvement, isotropic thermal pa_t|ces, a nominal 345/Mn moment was ass.|gned to ?aCh'
rameters were retained in the final refinement. The resultshe unit ce!l (a/ZaOXZﬂaoxg:)_ contains eight Mn sites
appear in Table II. per pero_vskﬂe sheet. After (_jeflnmg the mo_m_ents vy|th|n one
perovskite sheet, the coupling along thexis is antiferro-
magnetic within a single bilayer. When defining the moments
C. Magnetic structure in subsequent bilayers, there are two possible stacking

In refining the two magnetic structures, it appeared fruit-Schemes for the 4 sublattice related by a 90° in-plane ro-
less to attempt to refine the moment, due to the presence &tion. These produce identical intensities and have been
competing phases with unknown volume fractions. Insteadt,reated as twin domains. B_ecause there are six such stacking
we estimated the moment based on the composition and réchemes for the 8 sublattice, and because the-3sublat-
fined the scale factor. By normalizing the measured intensitice satellite reflecyons are coincident with the CO-order su-
ties to the same monitor count, and comparing the scale fagerstructure satellites, we do not attempt to analyze the 3
tor to that of the nuclear structure refinement, ansublattice here. _ _ _
approximate volume fraction can be determined. Rhgpe The moments of the sublattice associated with wavevector
g4 were analyzed first using 40 satellite reflections, to yield
an R,(F?) of 17.2%. The resulting phase fraction was
5.2(1)%, much smaller than the ®% phase fraction of the
A-type AF phase. Using the same scale factor, the intensities

TABLE II. Atomic coordinates and Mn-O bond lengths from the
parentl 4/mmmstructure refinement.

Site 2 100X Ui, (A2) of the g satellite reflections were calculated and found to be
roughly 30 times weaker than the coincident CO satellites, so
La/Si(1) 0.5 1.7249 that they effectively become lost in the noise, and may be
La/Si(2) 0.31811) 3.0239) neglected. While Kubotat al!® observed peaks at the half-
Mn 0.096492) 2.9461) integer| values along £,%,1), indicating the presence of
o1 0 8.5274) some magnetic cell-doubling along tbheaxis, we observed
02 0.19541) 8.1954) none in our sample.
o3 0.09511) 6.5840)
m::g; iggﬁ; ﬁ D. CO superstructure

Mn—03 1.9270) A The CO structure was examined using a small number of
superlattice intensitie$55 total, 37 unique, 29 with/o

104403-3



B. J. CAMPBELLet al. PHYSICAL REVIEW B 69, 104403 (2004

>3) in the Bbmm space group symmetryaE&v2a,, b L L L LR BN BRI
=2v2a,) as done in Ref. 8. This quadrupled-cell configura- K A-AF
tion effectively splits each crystallographically distinct site 8000
into two new sites. The in-plane Jahn-Teller distortions of the
Mn3* — Og octahedra ax=0 andx=0.5 cause the MH Og4 6000
octahedra ay=0.25 andy=0.75 to shift cooperatively in
the +x and — x directions, respectively. The small number of
CO superstructure reflections measured were not sufficient
for a comprehensive refinement, but do permit an estimate of
the size of the JT distortion, relative to that reported xor 2000
=0.58

In order to make this estimate, we use the following ap-
proach. Fox=61%, isotropic thermal parameters anga- ] i i 0 i 1
rameters were set to the parent-structure values, and in-plane 50 100 150 200 250
Mn**Og octahedral displacements were inserted into the T(K)
model directly from Ref. 8 X=0.5) and fixed so that only
the scale factor and th€La/Sr) displacements were refined.  FIG. 3. Time and temperature dependence of (th@9,2.21,0
The structural modifications associated with an incommensatellite peak of the CO-ordered superstructure. Closed circles indi-
surate wavevector were not determined or taken into accate a slow warming cycle that was preceded by a slow cooling
count, and are presumably responsible for the high value diycle (0.3 K/min). Asterisks indicate a slow warming cycle that was
R,(F?)=19%. The ratio of the volume-normalized scale Preceded by rapid cooling K/min) from 250 K and four days of
factor (on F rather thanF2) to that of the parent-structure holding time at 2 K. Closed dlamonds |_nd|cate the development of
refined to 365)%. This value depends on both the participat-the A-type AF phase on warmingrom Fig. 2.

ing phase fraction and on the overall displacement MagNiieturns the system to the hysteresis curve that was inter-

tudes. . _ rupted upon reaching the “persistent state” Bt during
We next invoke the reasonable assumption that th%ooling.

CE-AF fraction of the sample and the CO-ordered fraction Upon rapidly cooling the system~(6 K/min) through the
are one and the santiee., 5.2%. While this volume fraction  pysteretic region, from abov&y (s down to 2 K, the CO
does depend on the nominak/Mn magnetic moments that syperstructure reflections are approximately 15% more in-
were assigned, it is nevertheless a good estimate of th@nse than if the system had been cooled very slo@Ig
amount of CE-type material that survives bel@®. The

magnitude of the CO-ordered superstructure displace- LI B I L L B B B B L B BN B B L
ments can then be estimated asAj{oe/Asro9
=36(5)%\[5.2(1)%]=1.6(2), which indicates a Jahn- 102
Teller distortion of 1.6(2X 2.0(1)%=3(1)%. Thelong and
short M -0 bond lengths inferred from such a distortion
at x=0.61 would be 1.9642) A and 1.90112) A. Recog-
nizing that our estimate depends on several assumptions, we
note that this larger distortion is similar to that reported in a
powder diffraction study of Lay<Ca sMnO;, where the
long and short JT-distorted MA-O bond lengths were
1.9621) and 1.9281) A, respectively, and the JT distortion 101
was (long-short)/long 2.0(1)%.

Counts
i
(o)
(=3
(=)

| T T N N TN T N N T NN M A A

(\QH
o]
Ll

o

ACounts

E. Time-dependent relaxation T T S Y

The transition betweerA-type antiferromagnetic order 0 2000 4000 6000 8000
and CE-type CO order is necessarily first order in nature, and Time (sec)
therefore involves the hysteretic formation and migration of FIG. 4. Time dependence of ti#.79, 2.21, psatellite peak of

inter-phase |nterfaces...Up0n cooling the sample slovzly, th?he CO-ordered superstructure after rapid cooli@gk/min) from
progress of the transition to th&-type. phase halts ai[ ' 250 to 5 K, 90 min of holding time at 5 K, and very rapid reheating
presumably due to a loss of_ phase—lnterfac_e mobility. ThQ25 K/min) to 70 K. The measurement began approximately 150 s
dynamics that enable these interfaces to migrate appear ier the heat was applied. The intensity decays exponentially to-
freeze out al™*. The more persistent regions of CO-orderedyards a base level which has been subtracted from the data. Be-
material that survive down t®* may benefit from inhomo-  cause the peak was integrated from a single area detector frame at
geneously distributed lattice strains that stabilize the slightlyeach temperature, the data are not on the same scale as Figs. 1 and
lattice-mismatcheétdCE phase. Rewarming past 110 K then 2. The resulting decay constant is approximately 40 min.
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K/min). Furthermore, reheating the sample to above 50 KThe fact that 20% of the material does not participate in
causes the excess intensity to disappear, returning the systdomg-range magnetic ordet 2 K appears to signal the be-
to the slowly cooled and warmed curve in Fig. 3. A measuregginning of a crossover to the spin-disordered state observed
of the dynamics of this process appears in Fig. 4. After rapin the 0.65<x<0.75 rangé€. By equating the CE-AF and
idly cooling (6 K/min) to 5 K, and holding for 90 min, the CO-ordered phase fractions, the magnitude of the atomic dis-
temperature was quickl25 K/min) raised to 70 K and held placements that comprise the CO superstructure appear to be
for 120 min. The relaxation to the persistent state was redarger than previously realized, and much closer to the values
sonably well-approximated by an exponential with a timereported for LgsCa, gMnO; perovskite. An incommensurate
constant of 40 min. (0.21, -0.21, 9 wave vector suggests a CO superstructure
This rapid cooling fromTy) where the CO-ordered with a strong composition dependence, though the structural
phase is near its maximum appears to quench some of thietails remain to be determined.
more mobile interfaces in place, protecting weakly stabilized Below T*, the CE-CO toA-AF kinetics become too slow
regions of CE material that should have been consumed by allow for phase reorganization. Rapid cooling beltv
the A-AF phase in the persistent state. Warming theeffectively quenches in excess CO order, while rewarming
quenched system slowly up pdst then restores mobility to above T* permits relaxation to the persistent state with a
these interfaces and permits the system to relax into the petime constant of 40 min. The observ@d might be associ-
sistent state, with an associated loss of excess CO-ordereted with the low-temperature metal-insulator transition re-

material and CO peak intensity. ported previously throughout the 04%<0.6 region of the
phase diagrarft Because the CO-ordered peak intensities
CONCLUSIONS are temperature independent beldW, it appears that the

A-type phase becomes insulating at low temperatures. The

Charge and orbitalCO) order are not only present & gy fraction of CO-ordered material makes a percolative
=0.61, but exhibit an enhanced stability relative to the oot improbable.

=0.5 composition. The CO ordering temperature is in-
creased and the broad hysteretic conversion of the CO-
ordered state to th&-type AF state is halted a* =50 K, so

that a significant CO-ordered component persists all the way
down to 2 K. At 170 K, the CO order is shown to be unaf- The authors gratefully acknowledge helpful discussions
fected by a 5.25 T magnetic field. At 2 K, the CO-orderedwith K. E. Gray and G. Mclntyre. This work was supported
phase, which also hosts CE-AF order, has a volume fractioby the U.S. Department of Energy Office of Basic Science
of about 5%, while the type has a volume fraction of 75%. under Contract No. W-31-109-ENG-38.
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