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Charge delocalization and structural response in layered La1.2Sr1.8Mn2O7:
Enhanced distortion in the metallic regime
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Temperature-dependent neutron diffraction studies on melt-grown crystals of the layered compound
La1.2Sr1.8Mn2O7 reveal a dramatic structural response to the onset of ferromagnetism and the coincident
insulator-metal transition. Unlike the related manganite perovskites, whose Jahn-Teller distorted octahedra
become more regular at temperatures below the insulator-metal transition, the MnO6 octahedra of this layered
material are more severely distorted when the charge is itinerant than when it is localized.
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Current research in the mixed valent manganite per
skite materials has expanded to include the search for m
rials with other structure types exhibiting ‘‘colossal’’ mag
netoresistance~CMR!. Shimakawa et al.1 have reported
CMR in a pyrochlore~Tl 2Mn2O7) synthesized at high pres
sure, and Cheonget al. have studied In substitution in thi
system.2 Moritomo et al. have recently published a sing
crystal study of layered La1.2Sr1.8Mn2O7,

3 the n52 mem-
ber of the Ruddlesden-Popper series~La,Sr! n11Mn nO3n11.
They found a;20 000% MR~129 K,H57 T! in this lay-
ered material and speculated on the role of reduced dim
sionality in the electronic transport. This material may a
be important due to its pronounced CMR in low fiel
;200% at 129 K in 0.3 T.

We have grown crystals of La1.2Sr1.8Mn2O7 and col-
lected temperature dependent neutron powder diffrac
data to study the structural response of this tw
dimensional CMR material at the magnetic and electro
phase transitions. Like the three-dimensional perovski
La1.2Sr1.8Mn2O7 exhibits a dramatic structural response
the onset of ferromagnetism and the coincident delocal
tion of charge. However, unlike the three-dimensional p
ovskite systems, whose Jahn-Teller distorted octahedra
come more regular for temperatures below the insula
metal transition, this layered La1.2Sr1.8Mn2O7 exhibits an
enhanced distortion of the MnO6 octahedron in the metallic
regime. The nature of this enhanced distortion—a ‘‘on
long, five-short’’ MnO6 octahedron—provides further infor
mation concerning the geometric parameters important to
calized and itinerant electronic states in the manga
family.

Crystals of La1.2Sr1.8Mn2O7 were melt-grown in flowing
20% O2 ~balance Ar! using a floating zone optical imag
furnace ~NEC Model SC-M15HD!. The resulting boule is
polycrystalline and cleaves readily to yield shiny black cry
tals. Energy dispersive spectroscopy~Oxford Instruments
Link Isis! indicates that the metal stoichiometry is equal
the nominal composition within experimental error. A 2.8
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sample was cut from the as-grown boule in a region nea
the terminus of the crystal growth. A small piece of th
sample was used for measurement of four-lead resistance
ac susceptibility~Lakeshore Cryotronics Model 7000 ac su
ceptometer!. The remainder of the sample was thorough
pulverized for neutron powder diffraction experiments.

Time-of-flight neutron powder diffraction patterns we
measured using the Special Environment Pow
Diffractometer4 ~SEPD! at Argonne National Laboratory’s
Intense Pulsed Neutron Source. Data were collected f
20–300 K on a Displex refrigerator and from 300–508 K
a radiation furnace. The sample was contained in a se
vanadium can with He exchange gas in both cases. D
were analyzed using the programGSAS.5 For patterns col-
lected below 120 K, a magnetic moment on the Mn site w
refined. No intensity attributable to magnetic scattering w
observed forT.120 K. Refinement of the La1.2Sr1.8Mn2O7
phase was carried out in space groupI4/mmm for all tem-
peratures. A second phase identified as~La,Sr! 2MnO4 ~Refs.
6 and 7! was included in the refinements, which showed th

TABLE I. Structural parameters determined from Rietve
analysis of neutron powder diffraction data collected at 404 K. F
refinements at all temperatures the space groupI4/mmmwas used.
For this temperature the measured lattice parameters
a53.87424(2) Å andc520.1454(2) Å . The agreement indice
for this refinement areRwp53.98% andR(F2)55.99%.

Atom x y z B ~Å 2) Occupancy

La,Sr~1! a 0 0 0.5 0.60~2! 1.01~1!
La,Sr~2! a 0 0 0.317 49~6! 0.6~2! 1.01~1!
Mn 0 0 0.096 4~1! 0.26~3! 1.0b

O~1! 0 0 0 1.30~6! 1.05~2!
O~2! 0 0 0.195 87~9! 1.1~4! 0.97~1!
O~3! 0 0.5 0.095 15~5! 0.99~2! 1.07~1!

aB@La,Sr~1!#5B@La,Sr~2!#; occupancy @La,Sr~1!#5occupancy
@La,Sr~2!#.
bOccupancy of the Mn site was not refined.
63 © 1997 The American Physical Society
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64 55BRIEF REPORTS
this phase accounts for;10% of the sample by mass. Th
phase was found in samples examined from throughout
boule. Results of the Rietveld refinement for data collecte
404 K ~in the paramagnetic regime! are presented in Table I
Refinement of occupancies indicates that all sites are f
occupied, with the possible exception of the apical oxyg
site, O~2!, which may be slightly deficient. Figure 1 show
the structure of layered La1.2Sr1.8Mn2O7.

Figure 2 shows the magnetic and transport behavio
La1.2Sr1.8Mn2O7 as a function of temperature. A sharp tra
sition is observed in both measurements at 120 K, signa
the onset of ferromagnetic order and an associated insul
metal transition. These coincident magnetic and electro
transitions are common in perovskite CMR materials a
have been observed both by Moritomoet al.3 in their single
crystal study of La1.2Sr1.8Mn2O7 and by Maheshet al. in
polycrystalline samples of La1.4Sr1.6Mn2O7.

7 In the range
270–300 K there is an additional feature found in the
susceptibility. This feature does not originate from the imp
rity phase since the single layer~La,Sr! 2MnO4 compounds
are paramagnetic forT.150 K.6,7 MacChesneyet al.8 ob-
served a similar ‘‘terraced’’ behavior in magnetization da
from polycrystalline samples of La1.33Sr1.66Mn2O7.12 and
speculated that spin correlations aboveTC might be intrinsic
to this class of two-dimensional materials. Moritomoet al.
likewise claim that two-dimensional spin correlation is r
sponsible for the moment they observe in La1.2Sr1.8Mn2O7
single crystals at temperatures aboveTC . Since our neutron
diffraction patterns reveal no evidence of magnetic scatte
for T.120 K, any such magnetic correlations are on a sh
range length scale relative to that of the neutron diffract
experiment.

Figure 3 shows the temperature evolution of the unit c
volume and the tetragonal lattice parameters. L

FIG. 1. Crystal structure of La1.2Sr1.8Mn2O7. The MnO6 octa-
hedra are shaded. The~La,Sr! site is shown as a sphere.
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the perovskite-based CMR materials,9–12 layered
La1.2Sr1.8Mn2O7 shows dramatic lattice effects atTC5120
K. While these lattice effects occur over a narrow tempe
ture range, our data suggest a continuous phase trans
The unit cell volume decreases monotonically with decre
ing temperature with a change in slope atTC . The volume
decreases by;0.1% through the transition. A similar resu
has been reported for the perovskite La0.75Ca0.25MnO3 by
Radaelliet al.12 Similar to the perovskites, the unit cell axe
change over a narrow temperature range nearTC ; thec axis
expands by;0.06%, and thea axis contracts by;0.16%.
However, forT.TC , the a axis behaves quite differently
than thec axis. Between 500 and 120 K thec axis contracts
linearly with temperature, decreasing by 0.71%. From 500
300 K, thea axis contracts linearly with decreasing tempe
ture by;0.14%. However, atT;280–300 K, the therma
expansion of thea axis begins to deviate from linearity. Be
tween 280 K andTC , thea axis shrinks only an additiona
0.03% before rapidly contracting beginning atTC . As men-
tioned earlier, Moritomoet al. conclude from magnetization
data that a finite moment exists aboveTC in the form of
two-dimensional spin correlations.3 It is possible that the
magnetic feature observed near room temperature in th
susceptibility and thea-axis thermal expansion are couple
Another possibility follows a suggestion by Ibarraet al.,11

who have observed a similar deviation from linearity in t
thermal expansion of polycrystalline La0.60Y0.07Ca0.33MnO3
well above its Curie temperature. They attribute the effec
a gradual carrier localization process, a polaron effect. O
measurements do not allow us to distinguish between
suggestion or a spin-lattice coupling. Nonetheless, we
reasonably conclude from the absence of nonlinearity in
c axis thermal expansion near room temperature that the
rier localization or spin-lattice coupling occurs parallel to t
perovskite layers and not perpendicular to them.

The temperature evolution of the three symmet
independent Mn-O bond lengths suggests that the relat
ship between the Jahn-Teller distortion and electronic tra
port in the layered materials may be quite different than t
observed in the perovskites. Caignaertet al.9 have recently
shown that the Jahn-Teller distortion coordina
D5dMn-O(apical)/dMn-O(equatorial) in Pr0.7Ca0.2Sr0.1MnO3 in-
creases with decreasing temperature and then dramati

FIG. 2. ac susceptibility (H50.1 Oe; 100 Hz! and resistance
~normalized toR300 K) vs temperature for La1.2Sr1.8Mn2O7.



the
ye.

55 65BRIEF REPORTS
FIG. 3. La1.2Sr1.8Mn2O7 lattice parameters
vs. temperature. Error bars are smaller than
symbols. The dashed line is a guide to the e
Inset: Unit cell volume vs temperature.
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plummets at the metal-insulator transition. Such behavior
dicates that in the perovskite the itinerant electron stat
characterized by a less distorted MnO6 octahedron than the
localized state. Radaelliet al. have reported a simila
effect in La0.35Pr0.35Ca0.3MnO3.

13 Figure 4 shows the evo
lution of D with temperature in the two-dimension
La1.2Sr1.8Mn2O7. Here we have taken the average of M
O~1! and Mn-O~2! for dMn-O(apical). In contrast to the perovs
kites mentioned above,D slowly decreases with decreasin
temperature until the onset of ferromagnetism at 120 K—
its attendant metal-insulator transition—whereD sharplyin-
creasesby ;0.6%. Thus the delocalization of charge is a
companied by an increase in the distortion of the Mn6
octahedron, a distinct contrast with the perovskites.

Figure 5 and Table II give a more detailed picture of t
Mn-O bond lengths as a function of temperature. In parti
lar, they show that the equatorial Mn-O~3! bond tracks the
a axis, contracting at the insulator-to-metal transition
;0.14%. Archibald and Goodenough14,15 have suggested
that such a contraction results from the localized Mn-O
tibonding eg electron becoming itinerant; the loss of an
bonding electron density in the Mn-O bond results in
contraction. The apical bond to the oxygen lying between
two MnO2 layers, Mn-O~1!, is only weakly temperature de

FIG. 4. Octahedral distortion, D5^Mn-Oapical&/
Mn-Oequatorial, vs temperature for La1.2Sr1.8Mn2O7.
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pendent. In fact, five bonds~four equatorial, one apical! are
quite similar for all temperatures measured and are es
tially identical at 20 K~see Table II!. It is the apical Mn-O~2!
bond with its unshared oxygen atom that is longer than
other five bonds at all temperatures and that expands e
more through the magnetic transition. The apical Mn-O~2!
bond reaches a minimum atTC and then increases from
1.984~4! to 2.002~4! Å ~0.91%! at temperatures immediatel
belowTC . The increased Mn-O~2! bond may be a respons
of the system to the magnetic ordering, reflecting a cha
transfer between the in-plane and apical Mn-O bonds.
have seen similar large Mn-O bond length effects in the f
romagnetic insulator La0.875Sr0.125MnO3, where the charge
remains localized through the ferromagnetic transition.10

We have suggested that in the perovskite manganite

FIG. 5. Mn-O bond lengths vs temperature.
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66 55BRIEF REPORTS
sufficiently large Jahn-Teller distortion prevents electron
localization even in the ferromagnetic state.16 Apparently,
with its ‘‘one-long, five-short’’ geometry, the MnO6 octahe-
dra of the double layer are sufficiently regular to suppor
metallic state. It is possible that the double layer struct
imposes a stereochemical constraint on the distortion coo
nate, enforcing this degree of regularity. No temperature
pendent structural data on then51 member of this
Ruddlesden-Popper series, La0.8Sr1.4MnO4, have been re-
ported, but a fully developed Jahn-Teller distortion, i.e., b
apical bonds highly distorted, in this compound would
consistent with its observed insulating behavior forT,300
K.3

At 404 K, the O~1!-Mn-O~2! angle and the O~2!-Mn-O~3!
angle are 180 °~by symmetry! and;91 °, respectively. As
shown in Table II, O~2!-Mn-O~3! does not vary appreciabl
with temperature, showing that the octahedra distort o
along a bond-stretching coordinate. Furthermore, the
plane Mn-O~3!-Mn angle of;178 ° at 404 K exhibits far
less deviation from linearity than is typically found in th
perovskite manganites (;160 °);10,12,13,16–18 this ‘‘buck-
ling’’ angle is also insensitive to temperature. Such a sm
bending of the Mn-O-Mn angle implies a substantial on
electron bandwidth parallel to the layers.

For temperatures below 120 K the neutron diffraction p
terns show intensity attributable to long-range ferromagn
ordering of Mn spins. Rietveld refinement of the magne
structure reveals that the Mn spins lie entirely within thea-
b plane. That is, this two-dimensional system exhibits

TABLE II. Selected bond lengths~Å! and angles (°) at various
temperatures.

20 K 180 K 300 K 404 K

Mn-O~1! Å 1.936~3! 1.942~4! 1.942~4! 1.944~2!
Mn-O~2! Å 2.003~4! 1.987~6! 1.994~5! 2.004~3!
Mn-O~3! Å 1.933 98~5! 1.9365~1! 1.937 33~7! 1.938 56~4!
Mn-O~3!-Mn 178.4~2! 178.1~3! 178.2~3! 178.5~2!
O~2!-Mn-O~3! 90.8~1! 90.9~1! 90.9~1! 90.8~1!
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spin canting along thec axis such as that observed in th
three-dimensional~La,Sr!MnO3 perovskite system.

10 Unfor-
tunately, our data do not allow us to determine the direct
of the Mn moment in the plane. The saturation moment
tained from our Rietveld refinement is 3.0~1! mB/Mn at 20 K.
This refinement is consistent with Moritomo’s magnetizati
data showing the easy axis lying in the MnO2 plane and a
;3 mB/Mn saturation magnetization at 120 K withH55 T.

Anisotropic systems such as La1.2Sr1.8Mn2O7 provide
new opportunities to explore the connections between m
netic, electronic, and structural transitions in the CMR ma
ganites. Like the perovskite-based CMR materials, the l
ered compound La1.2Sr1.8Mn2O7 exhibits lattice effects
correlated with ferromagnetic ordering and charge deloc
ization. Unlike its three-dimensional analogues, however,
Jahn-Teller distortion of the MnO6 octahedra in this two-
dimensional material increases as charge is delocalized. S
a result indicates that a model of the distortion relaxing up
electron delocalization may be an incomplete picture in l
dimensional mixed-valent manganites. Indeed, our obse
tion of a ‘‘one-long, five-short’’ geometry in the metalli
phase indicates that a substantial distortion of a single M
bond in the double layer of MnO6 octahedra is not incom
patible with an itinerant electron state. Indeed, the existe
of a metallic state in such a distorted geometry undersco
the need to better understand what geometric parame
control the competition between localized and itinerant el
tron states in the manganites as a whole. The behavior ab
TC—a small ordered moment, a deviation from linearity
the in-plane thermal expansion—highlights the need
more detailed study of the connection between magneti
transport, and structure in this particular class of CMR m
terials.

The authors thank P. G. Radaelliet al. for sharing their
results on La0.35Pr0.35Ca0.3MnO3.
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