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Lattice effects on the anisotropic magnetic and transport properties have been investigated for single crystals
of ~La12zNdz)1.2Sr1.8Mn2O7 with a layered structure. The ferromagnetic transition temperatureTC is sup-
pressed fromTC5130 K for z50.0 to 80 K forz50.2, and eventually the transition disappears beyondz50.4.
From the significant change of the magnetic anisotropy, we have found that the suppression originates from the
increasingd3z22r 2 character in the occupiedeg state due to the Jahn-Teller distortion of the MnO6 octahedra.
Our observations indicate that the effects of chemical substitution are qualitatively different between the cubic
and layered doped manganites.@S0163-1829~97!50136-6#

The recent observation of ‘‘colossal’’ magnetoresistance1

~the CMR effect! in the doped manganites has sparked a
great amount of effort in understanding the unusual elec-
tronic and magnetic properties of these materials. The ge-
neric behavior of the ferromagnetic metal~FM! to paramag-
netic insulator ~PI! transition with CMR near TC is
understood within the framework of double-exchange~DE!
theory,2,3 which includes only the transfer integralt of theeg

electrons and the on-site exchange interaction~Hund’s-rule
coupling; JH) between the itineranteg electrons and local-
ized t2g spins (S53/2!. The magnetoresistance~MR! behav-
ior, especially for La12xSrxMnO3 ~Ref. 4! having a large
one-electron bandwidthW of the eg electrons, is well ac-
counted for by the simple DE model.5 To explain the ‘‘co-
lossal’’ value of the MR for the system having smallW, e.g.,
La12xCaxMnO3 ~Ref. 6! and ~Nd,Sm!12xSrxMnO3,7 how-
ever, we need an additional mechanism for carrier localiza-
tion aboveTC as well as magnetic-field release of the local-
ization. The most intensive mechanism to supplement the DE
model is the polaron formation originating from the Jahn-
Teller ~JT! instability of the MnO6 octahedra.8 The most
extensively studied manganitesR12xAxMnO3, whereR and
A are the trivalent rare-earth and divalent alkaline-earth ions,
respectively, have the distorted perovskite structure with
three-dimensional networks of the MnO6 octahedra. In the
cubic perovskite manganites, decrease of the averaged ionic
radius r A of the perovskite-A site reduces the one-electron
bandwidthW of the eg band via variation of the Mn-O-Mn
bond angle~chemical pressureeffect9!. At a fixed nominal
hole concentrationx, the reducedW suppressesTC and fi-
nally the transition disappears.

In contrast, Moritomoet al.10 have found that the doped
manganites~La,Sr! 3Mn 2O7 with a layered structure also
show the PI-FM transition accompanying a large MR. In this
layered manganite, the MnO2 sheets are isolated by two
La~Sr!O planes, keeping the two-dimensional networks of
the MnO6 octahedra. In addition, the tetragonal crystal field
a priori lifts degeneracy of theeg orbitals, and hence the
system is free from the dynamical JT effect. Recently,
Mitchell et al.11 performed the neutron-diffraction measure-
ments on La1.2Sr1.8Mn 2O7, and found that the MnO6 octa-

hedra are more severely distorted in the FM state, making a
sharp contrast with the cubic manganites.12 This strongly
suggests that we should seek another localization mecha-
nism, at least for the layered materials. Perringet al.13 have
performed a neutron-scattering measurement on a single
crystal of La1.2Sr1.8Mn2O7, and observed short-range antifer-
romagnetic~AF! spin fluctuations aboveTC , which can be
the alternative origin for the carrier localization.

In this paper, we have investigated lattice effects on the
magnetic and transport properties for layered manganites
~La12zNdz)1.2Sr1.8Mn 2O7 by partially substituting the
smaller Nd31 ions for the larger La31 ions. Reduction of the
in-plane Mn-Mn distance with increasingz, which is ex-
pected to enhance thet value, suppresses the FM state, and
eventually the state disappears beyondz50.4. We have as-
cribed the suppression of the FM state to variation of the
eg-electron character from thedx22y2 to thed3z22r 2 state and
resultant reduction oft. Our observations indicate that the
chemical pressure effect is qualitatively different between
the cubic and layered doped manganites.

Single crystals of~La12zNdz)1.2Sr1.8Mn2O7 (z50.0, 0.2,
0.4, 0.6, and 1.0! were grown by the floating-zone method at
a feeding speed of 14 mm/h.10 A stoichiometric mixture of
commercial La2O3, Nd2O3, SrCO3, and Mn3O4 powder was
ground and calcined two times at 1300 °C for 24 h. The
resulting powder was pressed into a rod with a size of 5 mm
f360 mm and sintered at 1350 °C for 48 h. The ingredient
could be melted congruently in a flow of air. Large single
crystals, typically 4 mm in diameter and 20 mm in length,
were obtained with two well-defined facets, which corre-
spond to the crystallographicab plane. Powder x-ray-
diffraction measurements at room temperature and Reitveld
analysis14 indicate that the crystals were single phase without
detectable impurities. The crystal symmetry is tetragonal
(I4/mmm; Z52! over the whole concentration range. Ob-
tained lattice parameters are listed in Table I. The lattice
constanta decreases by more than 1% from 3.876 Å for
z50.0 to 3.834 Å forz51.0, indicating significant reduction
of the in-plane Mn-Mn distance withz. One may notice that
the lattice constantc increases withz, which suggests the
increasing JT distortion of the MnO6 octahedra~see also the
ratio c/a in the fourth column!.
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We show in Fig. 1 the temperature dependence of in-
plane componentrab of resistivity up to;500 K for single
crystals of~La12zNdz)1.2Sr1.8Mn 2O7. For four-probe resis-
tivity measurements, the crystal was cut into a rectangular
shape, typically of 33231 mm3, and electrical contacts
were made with a heat-treatment-type silver paint. In the
case of La1.2Sr1.8Mn 2O7 (z50.0!, a sharp drop of the resis-
tivity by more than two orders of magnitude is observed
around TC5130 K ~an arrow!, reflecting the PI-FM
transition.10 With increasingz, TC is suppressed to 80 K for
z50.2, and eventually the FM phase disappears forz50.4.
The resistivity forz50.4 slightly decreases at;50 K accom-
panying a prominent thermal hysteresis, which is possibly
due to growth of short-range ferromagnetic correlation~vide
infra!. Beyond z50.6, the resistivity remains insulating
down to the lowest temperature. Incidentally, a broken curve
in Fig. 1 represents out-of-plane componentrc of resistivity
for z50.6. Anisotropy in resistivity isrc /rab'60 for z50.6
at 300 K, which is nearly the same value for
La1.2Sr1.8Mn2O7 (z50.0!.10

The z-dependent metal-insulator ~MI ! behavior
also shows up in the magnetic properties. Figure 2
shows the in-plane componentMab of magnetization for
~La12zNdz)1.2Sr1.8Mn2O7. Mab was measured under a field

FIG. 2. In-plane componentsMab of magnetization for crystals
of ~La12zNdz)1.2Sr1.8Mn2O7. Mab was measured under a field of
0.5 T after cooling down to 5 K in zero field~ZFC!. Open circles
are the data obtained after cooling down to 5 K in thefield ~FC!.

FIG. 3. Magnetization curves for~La12zNdz)1.2Sr1.8Mn2O7. Ap-
plied magnetic field is parallel (Mab ; closed circles! and perpen-
dicular (Mc ; open circles! to the MnO2 sheet.

TABLE I. Lattice constants for~La12zNdz)1.2Sr1.8Mn2O7.

z a (Å) c (Å) c/a

0.0 3.8759~3! 20.1496~9! 5.199
0.2 3.8677~2! 20.1472~7! 5.209
0.4 3.8551~3! 20.1183~8! 5.219
0.6 3.8503~3! 20.1283~8! 5.228
1.0 3.8345~2! 20.1569~9! 5.257

FIG. 1. In-plane componentrab of resistivity for single crystals
of ~La12zNdz)1.2Sr1.8Mn2O7. A downward arrow indicates the
Curie temperature. A broken curve represents the out-of-plane com-
ponentrc .
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of m0H50.5 T using a superconducting quantum interfer-
ence device~SQUID! magnetometer. TheMab2T curve for
La1.2Sr1.8Mn 2O7 (z50.0! steeply rises belowTC5130 K
and reaches near the ideal value~53.6 mB). Magnitude of
Mab for z50.2 becomes nearly the same value at low tem-
perature, even thoughTC shifts to the low-temperature side
(TC580 K!. The Mab2T curve forz50.4 is rather compli-
cated;Mab rises below;50 K and subsequently drops at
;40 K. The rise ofMab suggests growth of ferromagnetic
clusters, which may cause the observed decrease of resistiv-
ity at ;50 K ~see Fig. 1!. On the other hand, reduction of
Mab at ;40 K is presumably ascribed to a transition to a
spin-glass-like state, which corresponds to the gradual in-
creases ofrab . Beyondz50.6, theMab2T curve becomes
temperature insensitive.

Now, let us see the lattice effect on the magnetic anisot-
ropy. Figure 3 shows the magnetization curves at 5 K. For
z50.0, the magnetization shows a large anisotropy
(Mab/M c;20! under a low field of 10 mT, indicating that
the easy axis lies on the MnO2 sheet.10 The anisotropy
Mab/M c , however, rapidly decreases to;2 for z50.2, and
almost vanishes forz50.4. The magnetization curve for
z50.4 shows an abrupt jump atm0H'4 T for Hiab and at
m0H'3 T for Hic, indicating a paramagnetic-to-
ferromagnetic transition. In the field-induced ferromagnetic
phase, the easy axis is along thec direction, making a sharp
contrast with the case forz50.0. The change of the easy axis
direction perhaps originated as a variation of theeg-electron
character. The magnetization curves forz50.6 and 1.0~not
shown! continue increasing beyond 5 T, showing a paramag-
netic behavior.

The suppression of the FM state by increasingz is appar-

ently curious, because one may expect that reduction of the
in-plane Mn-Mn distance increases botht and TC . Such a
contradiction is well solved if we consider variation of the
eg-electron character in the following way. Reflecting the
layered structure, the degeneratedeg orbitals are split into
the dx22y2 and d3z22r 2 states; the former extends along the
sheet direction and has larget, while the latter has smallt.
Recently, Parket al.15 have performed x-ray absorption
spectroscopy~XAS! and angle-resolved photoemission spec-
troscopy ~ARPES! on a single crystal of La1.2Sr1.8Mn 2O7
(z50.0!, and found that thedx22y2 character dominates the
occupied eg state even though thedx22y2 state locates
slightly above thed3z22r 2 state. Accordingly, the relatively
large t can cause the FM state at low temperatures. With
increasingz, however, the MnO6 octahedra elongate along
the c axis ~see Table I!; at room temperature, the in-plane
Mn-O bond length decreases from 1.937 Å forz50 to 1.921
Å for z51, while the averaged out-of-plane bond length in-
creases from 1.968 Å forz50 to 1.987 Å forz51.11 Such a
distortion modifies the crystal field around theeg state, and
further stabilizes thed3z22r 2 state. Thus, we expect the in-
creasingd3z22r 2 character in the occupiedeg state, which
can explain the observed change of the magnetic anisotropy
~see Fig. 3!. Resultant reduction oft causes the observed MI
phenomenon. This scenario is also supported by the fact that
La1.4Ca1.6Mn 2O7 (x50.3!,16 whose lattice constantc
~519.24 Å! is much shorter, has higherTC ~5140 K! as
compared with that for La1.4Sr1.6Mn 2O7 (TC590 K!.

Near the MI phase boundary, an external magnetic field
significantly affects the magnetic and transport properties.
Shown in Fig. 4 is the magnetic-field effect onrab andMab
for z50.4. At 3 K ~the lower panel!, theMab value gradually
increases below'4 T, and discontinuously jumps from
'1.2 to '3.4 mB , accompanying a sudden drop ofrab by
almost two orders of magnitude. Such a PI-FM transition is

FIG. 4. Magenetoresistance (rab ; dots! and magnetization
(Mab ; solid curve! for ~La0.6Nd0.4)1.2Sr1.8Mn2O7 (z50.4!. Mag-
netic fieldH was applied parallel to the currentI iab.

FIG. 5. Magnetic phase diagram for (La0.6Nd0.4)1.2Sr1.8Mn2O7

(z50.4! against an external magnetic field. Open and closed circles
represent the upper and lower critical fields,Hcu and Hcl , respec-
tively. PI and FM stand for paramagnetic insulator and ferromag-
netic metal, respectively. The hatched area is the hysteretic region.
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observed even at 60 K~upper panel!; rab begins to decrease
abovem0H'1 T. Note that a similar metamagnetic behavior
accompanying a steep drop ofrab is also observed aboveTC
for La1.2Sr1.8Mn 2O7 (z50.0; see Fig. 4 of Ref. 10!. The MR
behavior forz50.0 can be viewed as a transition from the PI
state with short-range AF fluctuation13 to the FM state, be-
cause an external magnetic field suppresses spin fluctuations
and releases the carrier localization. Hereafter, we will define
the upper and lower critical fields,Hcu andHcl , as the cor-
responding inflection points of theMab2T curve. We plot-
ted in Fig. 5 the obtained critical fields; open circles are for
Hcu and closed circles forHcl . A hatched area represents a
bistable region where the PI and FM state can coexist. At
temperatures above;70 K, the transition exhibits a rather
small field hysteresis. The hysteretic region, however, be-
comes broader when the temperature is lowered; especially,
the field-induced FM state remains stable even at zero field
below ;40 K. According to classical thermodynamics, the
first-order phase transition of the metastable state takes place
when the potential barrier between the two states becomes
comparable with temperature. As a result, reduction of tem-

perature suppresses the transitions between the metastable
states.

In conclusion, we have investigated lattice effects on the
anisotropic magnetic and transport properties for the doped
manganites~La12zNdz)1.2Sr1.8Mn 2O7 with a layered struc-
ture. With increasingz, the ferromagnetic metal~FM! state is
significantly suppressed, and eventually the transition disap-
pears beyondz50.4. Considering the increasing static distor-
tion of the MnO6 octahedra and the variation of the magnetic
anisotropy, the MI phenomenon is found to be driven by the
increasingd3z22r 2 component of theeg electrons and result-
ant reduction oft. In the layered manganites, the character of
the eg electrons can be controlled by application of the
chemical pressure, which will lead us toorbital physics.
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