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Neutron powder diffraction techniques have been used to refine the crystal and magnetic structures of the
Ruddlesden Popper~RP! compounds Sr22xNd11xMn2O7 ~x50.0, 0.1!, which show colossal magnetoresistance
below 100 K. Samples of both compositions have been shown to be biphasic, although in each case both
phases are of the RP type and have very similar structural parameters. Only one phase in each sample shows
long range magnetic order. Forx50.0, the Mn cations and the Nd cations in the rocksalt layers of the structure
are antiferromagnetically ordered in a noncollinear magnetic structure below 28 K; the Nd cations within the
perovskite blocks do not show long range magnetic order. In the temperature range 28<T/K<137, only the Mn
cations are ordered. The decoupling of the Nd cations is accompanied by a rotation of the Mn moments from
a direction close~f527°! to thez axis into thexy plane. A similar temperature dependence is seen in the case
x50.1, although the ordered components of the cation moments are much reduced and the low temperature
phase has a collinear magnetic structure with the moments aligned alongz. The magnetotransport properties of
these samples are discussed in the light of their crystal and magnetic structures.@S0163-1829~96!07246-3#

INTRODUCTION

The observation of colossal magnetoresistance~CMR! in
the pseudocubic perovskites Ln12xAxMnO3 ~A5Ca, Ba, Sr,
Pb, Bi! has attracted considerable attention.1–5 Similar be-
havior has recently been observed in the pyrochlore
Tl2Mn2O7 ~Ref. 6! and in the Ruddlesden-Popper~RP! phase
Sr1.8La1.2Mn2O7.

7 All these manganates, which have an in-
sulating, high-temperature paramagnetic phase and a metal-
lic, low-temperature ferromagnetic phase, show CMR in a
relatively small temperature range around the Curie tempera-
ture, indicating a strong relationship between electrical resis-
tivity and spin alignment. The observed magnetoresistance
arises because the additional spin alignment caused by the
external field effectively moves the metal-insulator transition
to T>Tc . Recently, our attention has been focused on a
group of compounds that do not show a transition to a fully
ordered ferromagnetic state but which do show a large mag-
netoresistance effect.8,9 We have observed a magnetoresis-
tance ratio, (rB2r0)/rB , of 243104% at 4.2 K and 14 T
for Sr2NdMn2O7, and of233105% at 40 K and 14 T for
Sr1.9Nd1.1Mn2O7. These compounds are isostructural with
the n52 member of the series of Ruddlesden-Popper~RP!
phasesAn11MnnO3n11.

10,11 The RP phases can be thought
to consist of perovskitelike blocksn octahedra thick, sepa-
rated by a rock-salt-type~Sr,Ln!2O2 layer.

12 The perovskite
structure corresponds ton5`, and the K2NiF4 structure to
n51. The double layer~n52! compounds can be prepared
for a wide variety of elements, and the structure of such a
compound is drawn in Fig. 1. Among the structural conse-
quences of moving from perovskite ton52 RP are the intro-

duction of a two-dimensional character and a reduction from
6 to 5 in the number of nearest-neighbor Mn cations around
each transition-metal site. This is expected to produce an
anisotropic reduction in the width of the energy bands de-
rived ~largely! from the Mn 3d orbitals, and hence to modify
the electrical and magnetic properties. In the case of
Sr22xLa11xMn2O7, a metal-insulator transition can be ob-
served at;130 K.7,8 This transition is accompanied by the
appearance of a spontaneous magnetization. In contrast,
Sr2NdMn2O7 is semiconducting throughout the temperature
range 4<T/K<300, and magnetic susceptibility measure-
ments indicate the existence at low temperatures of a com-
plex behavior in which magnetic frustration seems to play an
important role. Sr1.9Nd1.1Mn2O7 is also semiconducting be-
low 300 K, but the temperature dependence of the sample
magnetization, although again complex, shows significant
differences from that of Sr2NdMn2O7. It is particularly inter-
esting that both Nd-containing compounds show magnetore-
sistance~.104%! over a wide temperature range~4<T/
K<100!, but neither shows a spontaneous magnetization.
The observation of CMR in the absence of ferromagnetism
distinguishes these compounds from all other CMR materi-
als. In this paper we describe the crystal chemistry and mag-
netic structures of RP Sr22xNd11xMn2O7 ~x50.0, 0.1! as
determined from neutron diffraction data.

EXPERIMENT

The preparation of Sr22xNd11xMn2O7 ~x50.0, 0.1! and
their preliminary structural characterization by x-ray powder
diffraction have been described elsewhere.8,9,13Neutron dif-
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fraction patterns were collected in the temperature range
1.6<T/K<300 on the powder diffractometers D1b~mean
wavelength 2.520 Å, 5<2u/°<85! and D2b ~mean wave-
lengths 1.59412 Å and 2.3979 Å, 5<2u/°<150,D2u50.05°!
at the Institut Laue Langevin, Grenoble, France.14,15 The
former is a low resolution instrument which is best used to
collect diffraction patterns rapidly as a function of, for ex-
ample, temperature. The latter is a higher resolution instru-
ment producing data which facilitate detailed structure analy-
sis. Data were collected on samples contained in cylindrical
vanadium cans with diameters of between 5 and 10 mm. All
diffraction patterns were, analyzed with the Rietveld
technique16 using the program packageGSAS.17 The follow-
ing neutron scattering lengths were used:bSr50.702,
bLa50.827, bNd50.769, bMn520.373, and
bO50.5805310214 m. The free ion form factors of Mn31

~Ref. 18! and Nd31 ~Ref. 19! were used to describe the an-
gular dependence of the magnetic scattering amplitude. The
background was fitted with a twelfth order shifted Cheby-
chev polynomial and the shape of the Bragg peaks was de-
scribed by a four term pseudo-Voigt function.

RESULTS

A. Sr2NdMn2O7

The diffraction pattern of Sr2NdMn2O7 collected on D2b
~l;1.6 Å! at room temperature could be indexed in an ap-
parently satisfactory way on the basis of ann52 RP struc-
ture with space groupI4/mmm; the crystallography of this
structure is summarized in Table I. Attempts to refine the
structure using this simple model resulted in a reasonable
level of agreement between the observed and calculated dif-

fraction profiles~Rwpr57.3%!. However, we were unable to
achieve a satisfactory level of agreement when the same
model~which used isotropic temperature factors for the crys-
tallographically different atoms! was used to account for the
data collected at 1.7 K~Rwp59.89%!. There was a consider-
able mismatch between calculated and observed peak posi-
tions at 2u.80° in the low temperature data set. The value of
Rwp fell to 8.49% when anisotropic temperature factors, pre-
ferred orientation along@001#, and anisotropic peak broaden-
ing ~for the reflections$hkl%, lÞ0! were included in the
model, but the fit was still not considered satisfactory. We
were able to model our data in a more convincing way by

FIG. 1. The n52 Ruddlesden-Popper crystal structure of
Sr22xNd11xMn2O7. MnO6 octahedra are shaded and the Sr/Nd
sites are shown as circles.

FIG. 2. Neutron diffraction profile of Sr2NdMn2O7 modeled as
~a! single phase, symmetric peak profile,~b! single phase, aniso-
tropic peak profile, and~c! two phases, isotropic peak profile.

TABLE I. Generalized crystallography for then52
Ruddlesden-Popper structure, space groupI4/mmm.

Atoms Site Coordinates

Sr/Ln~1! 2b 0 0 1/2
Sr/Ln~2! 4e 0 0 z; z;0.7
Mn 4e 0 0 z; z;0.1
O~1! 2a 0 0 0
O~2! 4e 0 0 z; z;0.2
O~3! 8g 0 1/2 z; z;0.1
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assuming that the sample consisted of two essentially isos-
tructural phases with slightly different unit cell parameters.
The compositions of the two phases were too similar to be
distinguished, particularly in view of the similarity between
the scattering lengths of Sr and Nd. Analysis of the data
collected at 1.7 K using only an overall, isotropic tempera-
ture factor for each phase resulted in relative phase fractions
65:35 ~Rwp57.37%!; four parameters, common to both
phases, were used to model a symmetrical peak shape and no
allowance was made for preferred orientation. The improve-
ment produced by the use of this two phase model~Fig. 2!
was enough to convince us of its validity, and we therefore
reanalyzed our room temperature data using this approach,
but with individual isotropic temperature factors for each
atom. The phase fractions refined to the same values as in the
analysis of the low temperature data, thus justifying the use
of the model. The atomic coordinates derived from a two-
phase refinement~Rwp56.12%! of the room temperature
structure of Sr2NdMn2O7 and the derived bond distances and
angles are given in Tables II and III. The Sr and Nd cations
were assumed to be disordered over two crystallographic

sites. Figure 3 shows the final observed and calculated dif-
fraction patterns. The structural parameters and bond lengths
derived from the experiments performed at 1.7 K are pre-
sented in Tables IV and V, and the diffraction profiles are
plotted in Fig. 4. The cation environments in Sr2NdMn2O7 at
290 K are drawn in Fig. 5. The consequences of the con-
straints imposed on the peak profiles and the temperature
factors in these refinements are discussed below.

Arriving at the interpretation of the diffraction patterns
described above was made more difficult by the presence of
additional, magnetic Bragg peaks in the low temperature data
sets. The development of the neutron diffraction pattern of
Sr2NdMn2O7 as a function of the temperature is shown at
low resolution in Fig. 6, using data collected on D1b at tem-
perature intervals of 4 K. Magnetic Bragg peaks first appear
at 13762 K, and there is a change in their relative intensities
at 2862 K. The additional peaks could all be indexed using
the chemical unit cell, but the presence of$00l % peaks with
l52n11 indicates that the magnetic structure is not body
centered. It was concluded, following an initial analysis of

FIG. 3. Observed, calculated, and difference neutron powder
diffraction patterns for Sr2NdMn2O7 at 290 K ~l;1.6 Å!. Reflec-
tion positions are marked for both phase 1~lower! and phase 2
~upper!.

TABLE II. Crystallographic data for Sr2NdMn2O7 at 290 K.

Phase 1 Phase 2

a ~Å! 3.84905~6! 3.8451~1!

c ~Å! 19.9599~7! 20.022~1!

V ~Å3! 295.711~9! 296.02~2!

Fraction~%! 65~2! 35~2!

U iso ~Sr/Nd1! ~Å2! 0.003~1! 0.002~2!

z ~Sr/Nd2! 0.6833~1! 0.6814~3!

U iso ~Sr/Nd2! ~Å2! 0.002~1! 0.006~2!

z ~Mn! 0.0966~3! 0.0953~7!

U iso ~Mn! ~Å2! 0.001~1! 0.005~3!

U iso ~O1! ~Å2! 0.015~2! 0.014~3!

z ~O2! 0.1946~3! 0.1984~5!

U iso ~O2! ~Å2! 0.009~1! 0.026~4!

z ~O3! 0.0953~2! 0.0968~4!

U iso ~O3! ~Å2! 0.0079~7! 0.008~1!

Rwp , Rp ~%! 6.12 4.40
xred
2 DWd 5.54 0.35

TABLE III. Bond lengths~Å! and selected bond angles~°! in
Sr2NdMn2O7 at 290 K.

Phase 1 Phase 2

Mn-O~1! ~13! 1.928~7! 1.91~1!

Mn-O~2! ~13! 1.956~9! 2.06~1!

Mn-O~3! ~43! 1.924~8! 1.92~1!

Mn-Mn (z,2z) 3.85~1! 3.82~1!

Sr/Nd~1!-O~1! ~43! 2.721~4! 2.719~4!

Sr/Nd~1!-O~3! ~83! 2.707~5! 2.731~5!

Sr/Nd~2!-O~2! ~13! 2.436~6! 2.40~1!

Sr/Nd~2!-O~2! ~43! 2.731~6! 2.74~1!

Sr/Nd~2!-O~3! ~43! 2.606~4! 2.562~7!

O~1!-Mn-O~3! 89.3~2! 90.9~4!

O~3!-Mn-O~3! 178.5~5! 178.1~9!

TABLE IV. Crystallographic and magnetic data for
Sr2NdMn2O7 at 1.7 K.

Phase 1 Phase 2

a ~Å! 3.85062~8! 3.8404~2!

c ~Å! 19.8367~7! 19.947~1!

V ~Å3! 294.12~1! 294.2~2!

Fraction~%! 65~3! 35~3!

z ~Sr/Nd2! 0.6826~2! 0.6819~3!

z ~Mn! 0.0959~3! 0.0950~7!

z ~O2! 0.1965~2! 0.1944~4!

z ~O3! 0.0948~2! 0.0980~3!

U iso ~Å2! 0.0009~4! 0.0067~8!

mMn ~mB! 3.08~4!

fMn ~°! 27.6~12!
mNd ~mB! 2.02~10!

Rwp , Rp ~%! 7.37 5.55
xred
2 , DWd 9.65 0.221
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D2b data in which the unit cell parameters of the magnetic
structure were not tied to either structural phase, that only the
majority phase orders magnetically. The appropriate con-
straints were then applied in subsequent refinements; we
shall return to this point below. The complex magnetic struc-
ture is shown in Fig. 7. The lanthanide elements in the dis-
ordered sheets of Sr~1! and Nd~1! which lie within the octa-
hedral double layers~at z50, 1/2! do not contribute to the
long range magnetic order. The magnetic moments of the
Nd~2! cations in the rocksalt layer align along the crystallo-
graphicz axis to form ferromagnetic sheets which lie per-
pendicular to that axis; the Nd spins at the top and bottom of
each double layer of MnO6 octahedra align antiparallel.
Similarly, the two sheets of Mn cations within each octahe-
dral double layer align in an antiferromagnetic manner, albeit
in a direction which makes an anglef;27° with z; the z
component of the Mn moment is parallel to that of the clos-
est Nd~2! cation. Each double layer can therefore be thought
of as an antiferromagnetic unit. A translation of~1/2,1/2,1/2!,
that is a move to an identical atom in the next double layer,
results in a reversal of the spin direction, and the magnetic
structure is thus antibody centered. At room temperature the
distance between the Mn atoms at (00z) and ~00-z! in the

majority phase is very similar to the Mn-Mn distance in the
xy plane~equal to the unit cell parametera!, but at 1.7 K the
former ~3.80 Å! is much less than the latter~3.85 Å!. This
anisotropic distortion, which has the effect of shortening the
antiferromagnetic superexchange pathways whilst lengthen-
ing those between ferromagnetically aligned cations, is not
observed in the minority phase. It is thus likely to be an
exchange striction effect20 rather than the result of aniso-
tropic thermal contraction, which would be expected to af-
fect two such similar phases to an approximately equal ex-
tent. The observation of this effect in only one of the two
components thus provides strong evidence for our assump-
tion that there is only one magnetically ordered phase. It is
interesting to take another view of the structure and to think
of it as consisting of magnetic blocks perpendicular toz
which are four atom-layers@Mn1Nd1Nd1Mn# thick. These
magnetic blocks are separated from each other by the non-
magnetic Sr/Nd layers. Each block has a net magnetization
which lies close toz, and the magnetizations of neighboring
blocks are antiparallel. We shall use this second description
of the magnetic structure in our discussion below.

The evolution of the magnetic structure of Sr2NdMn2O7
with temperature was quantified by analyzing the individual
diffraction patterns which make up Fig. 6. The atomic coor-
dinates were held constant during the course of these refine-
ments which were concerned primarily with the magnitude
and direction of the ordered atomic magnetic moments. Their
outcome is summarized in Fig. 8. In the temperature range
1.7<T/K<35, the magnitude of the Mn moment remains
essentially constant, whereas the ordered component of the
Nd moment decreases, becoming insignificant above 30 K.

FIG. 4. Observed, calculated, and difference neutron powder
diffraction patterns for Sr2NdMn2O7 at 1.7 K~l;1.6 Å!. Reflection
positions are marked for the phase 1~lower! and phase 2~upper! as
well as for the allowed magnetic reflections~central!.

FIG. 5. The cation environments in Sr2NdMn2O7 at 290 K.

TABLE V. Bond lengths~Å! and selected bond angles~°! in
Sr2NdMn2O7 at 1.7 K.

Phase 1 Phase 2

Mn-O~1! ~13! 1.902~7! 1.90~1!

Mn-O~2! ~13! 1.996~8! 1.98~2!

Mn-O~3! ~43! 1.925~8! 1.92~2!

Mn-Mn (z,2z) 3.80~1! 3.78~1!

Sr/Nd~1!-O~1! ~43! 2.722~6! 2.72~1!

Sr/Nd~1!-O~3! ~83! 2.691~6! 2.74~1!

Sr/Nd~2!-O~2! ~13! 2.398~5! 2.46~1!

Sr/Nd~2!-O~2! ~43! 2.737~5! 2.73~1!

Sr/Nd~2!-O~3! ~43! 2.597~6! 2.546~7!

O~1!-Mn-O~3! 89.3~2! 91.8~5!

O~3!-Mn-O~3! 178.7~4! 176.4~1!
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As the Nd moment diminishes, the Mn moments rotate until,
at;30 K, they lie perpendicular to thez axis ~f590°!. The
magnitude of the latter moments does decrease at higher
temperatures, with the magnetic Bragg peaks being lost in
the experimental noise above;140 K. The antiferromag-
netic structure in the temperature range 30<T/K<140 is thus

that drawn in Fig. 9. It should be noted that we have chosen
to work with a magnetic model in which the spins on each
sublattice~Mn and Nd! are collinear, thereby reducing the
symmetry of the magnetic structure to orthorhombic. It is,
however, impossible to determine the spin direction in thexy
plane when only powder diffraction data are available.

The values of the magnetic moments derived in the data
analysis described above depend on the validity of the con-
clusion that only the majority phase shows long range mag-
netic ordering. In order to obtain further evidence for this we
determined the unit cell parameters of the two coexisting
phases as a function of temperature by a full profile analysis
of high resolution data collected on D2b. The results plotted
in Fig. 10 show that the unit cell parameters and the cell
volume of the minority phase decrease smoothly with tem-

FIG. 6. The development of the neutron diffraction pattern for Sr2NdMn2O7 as a function of the temperature in the angular range
5<2u/°<55 ~l;2.5 Å!. The Bragg reflections are indexed and the magnetic peaks are marked.

FIG. 7. The magnetic structure of Sr2NdMn2O7 at 1.7 K. Mn
atoms are shaded and the Nd atoms are shown as unshaded circles.
Arrows indicate the directions of the magnetic moments.

FIG. 8. The average ordered magnetic moments of Mn~dia-
monds! and of Nd~crosses! and the direction of the moment of Mn
with respect to thez axis ~circles! as a function of temperature
between 1.7 and 35 K.
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perature whereas thea parameter of the majority phase in-
creases on cooling below 170 K even though the cell volume
continues to fall. This phase-specific change in gradient, oc-
curring in the temperature range where magnetic scattering is
first observed~Fig. 6!, provides convincing evidence that the
magnetic phase transition is associated only with the major-
ity phase. It is certainly not associated solely with the minor-
ity phase because such an assumption leads to unphysical
values@4.07~5!mB# for the ordered magnetic moment on the
Mn cations. The relative phase fraction was allowed to vary
during these refinements but it did not deviate from the value
determined at 1.7 K and room temperature.

B. Sr1.9Nd1.1Mn2O7

Profile analysis of data collected from Sr1.9Nd1.1Mn2O7 on
D2b at 1.7 K indicated the presence of twon52 RP phases
in the ratio 46:54. At high temperatures the two sets of unit
cell parameters were too close in value to permit a free re-
finement of the relative phase fraction, which was therefore
constrained to the value determined at 1.7 K. The 290 K
structural parameters and bond lengths are listed in Tables
VI and VII and the observed and calculated diffraction pro-
files are plotted in Fig. 11. The data collected at 1.7 K
showed clear evidence of magnetic ordering, but the ob-
served magnetic scattering was markedly diminished com-
pared to that from Sr2NdMn2O7. In particular, the$00l % re-
flections with l52n11 were absent. The data were
accounted for in a satisfactory way using the same basic

magnetic model as in the case of Sr2NdMn2O7, but with the
spins on both the Mn and Nd sublattices aligned alongz; the
xy component refined to zero. This is consistent with the
absence of$00l % magnetic reflections. The refined structural
and magnetic parameters are listed in Table VIII and the
bond lengths are presented in Table IX. The observed and
calculated diffraction profiles are plotted in Fig. 12.

D2b was used to collect further diffraction data sets on
Sr1.9Nd1.1Mn2O7 at selected temperatures in the range
1.7<T/K<160. No structural phase transitions were ob-
served but, as in the case of Sr2NdMn2O7, the Nd cations in
the rocksalt layers ceased to contribute to the magnetic
Bragg scattering at a relatively low temperature and the mag-
netic moments of the Mn cations rotated to lie in theab
plane. As a result of the nature of our experiment we cannot
identify the transition temperature precisely, but it lies below
30 K. The average ordered moment per Mn cation is plotted
as a function of temperature in Fig. 13. No magnetic peaks
were visible in data sets collected atT.120 K. By analogy
with Sr2NdMn2O7, the analysis of these data was carried out
assuming that only one of the two phases present shows long
range magnetic order. The temperature dependence of the
unit cell parameters drawn in Fig. 14 indicated that it was

FIG. 9. The magnetic structure of Sr2NdMn2O7 in the tempera-
ture range 30&T/K&140. Mn sites are shaded and the Nd atoms are
shown as unshaded circles. Arrows indicate the direction of the
magnetic moments.

FIG. 10. Unit cell parametersa ~a!, c ~b!, and the unit cell
volume~c! of Sr2NdMn2O7 as a function of the temperature. Phase
1 is the majority phase.
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again the phase with the lowerc/a ratio, in this case the
minority component~phase 1!.

DISCUSSION

The structural chemistry of this system is clearly com-
plex, and further experimentation is needed in order to estab-
lish the equilibrium phase diagram.@Prolonged heating of
our samples at 1300 °C for 17 days resulted in the formation
of a perovskite~n5`! phase, thus indicating that we are
working with metastable compositions.# Before discussing
our results in depth, we should focus attention on the as-
sumptions made during the course of our Rietveld analyses.
The use of only an overall isotropic temperature factor for
each phase in the refinement of the low temperature structure
of Sr2NdMn2O7 could be considered inadequate, particularly
when the refined values differ markedly despite the similari-
ties between the two phases. Refinements using different
temperature factors for each atom, but with the correspond-

ing atoms in the two phases constrained to have the same
value, resulted in parameters which were significantly nega-
tive, and therefore unphysical. We have consequently chosen
to report the former model, despite the latter having a lower
R factor ~6.32%!. Similarly, we were able to obtain an im-
proved fit by allowing the parameter (Ly) which defines the
Lorentzian component of the peak shape to vary between
phases, but the resultant sevenfold difference in values was
felt to be unacceptably large. Furthermore, the relaxation of
the constraints on this parameter caused large correlations
~up to 98%! and variations in others, particularly the relative
phase fractions, and consequently, the magnitudes of the or-
dered magnetic moments. Hence these parameters cannot be
considered to be well determined by our analysis. However,
the basic magnetic structure, the unit cell parameters, and the
assumption that only one magnetic phase is present proved to
be robust in all our refinements. The latter relies only on the
determination of peak positions, and not on the deconvolu-
tion of intensities. The model dependence of the bond
lengths was also minimal. Thus we conclude that uncertain-
ties in excess of the statistical fitting errors are associated

FIG. 11. Observed, calculated, and difference neutron powder
diffraction patterns for Sr1.9Nd1.1Mn2O7 at 290 K ~l;1.6 Å!. Re-
flection positions are marked for both the majority and minority
phases as in Fig. 3.

TABLE VI. Crystallographic data for Sr1.9Nd1.1Mn2O7 at 290
K.

Phase 1 Phase 2

a ~Å! 3.84567~6! 3.84219~7!

c ~Å! 20.0266~6! 20.0831~7!

V ~Å3! 296.17~1! 296.48~1!

Fraction~%! 46a 54a

U iso ~Sr/Nd1! ~Å2! 0.000~1! 0.003~1!

z ~Sr/Nd2! ~Å2! 0.6834~2! 0.6820~2!

U iso ~Sr/Nd2! ~Å2! 0.0015~9! 0.0042~9!

z ~Mn! 0.0965~4! 0.0969~5!

U iso ~Mn! ~Å2! 0.000~1! 0.010~2!

U iso ~O1! ~Å2! 0.015~2! 0.018~2!

z ~O2! 0.1961~3! 0.1978~3!

U iso ~O2! ~Å2! 0.018~2! 0.019~2!

z ~O3! 0.0954~2! 0.0970~2!

U iso ~O3! ~Å2! 0.0077~7! 0.0102~7!

Rwp , Rp ~%! 6.32 4.43
xred
2 , DWd 5.03 0.38

aConstrained at the value obtained from the refinement at 1.7 K.

TABLE VII. Bond lengths~Å! and selected bond angles~°! in
Sr1.9Nd1.1Mn2O7 at 290 K.

Phase 1 Phase 2

Mn-O~1! ~13! 1.93~1! 1.94~1!

Mn-O~2! ~13! 1.99~1! 2.02~1!

Mn-O~3! ~43! 1.92~1! 1.92~1!

Mn-Mn (z,2z) 3.86~1! 3.89~1!

Sr/Nd~1!-O~1! ~43! 2.719~5! 2.716~5!

Sr/Nd~1!-O~3! ~83! 2.711~4! 2.737~4!

Sr/Nd~2!-O~2! ~13! 2.411~7! 2.414~7!

Sr/Nd~2!-O~2! ~43! 2.731~7! 2.735~7!

Sr/Nd~2!-O~3! ~43! 2.609~5! 2.569~5!

O~1!-Mn-O~3! 89.3~3! 90.1~3!

O~3!-Mn-O~3! 178.7~6! 179.8~6!

TABLE VIII. Crystallographic and magnetic data for
Sr1.9Nd1.1Mn2O7 at 1.7 K.

Phase 1 Phase 2

a ~Å! 3.8448~1! 3.8376~1!

c ~Å! 19.9313~9! 20.0148~9!

V ~Å3! 294.64~1! 294.76~2!

Fraction~%! 46~3! 54~3!

z ~Sr/Nd2! 0.6824~2! 0.6818~2!

z ~Mn! 0.0953~5! 0.0956~5!

z ~O2! 0.1960~3! 0.1981~3!

z ~O3! 0.0960~2! 0.0966~3!

U iso ~Å2! 0.0027~7! 0.0054~6!

mMn ~mB! 2.16~7!

mNd ~mB! 1.62~14!

Rwp , Rp ~%! 7.65 5.50
xred
2 , DWd 9.19 0.231
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with some of the parameters in any model used to reproduce
the experimental data on this complex system, but that the
fundamental features of the model are well established.

With these limitations in mind, consideration of the re-
sults ~Tables II and III! obtained from the sample of overall
composition Sr2NdMn2O7 shows that Mn-O~2!, a bond di-
rected out of the double octahedral layer in thez direction,
shows the most striking change in length between phases 1
and 2. This increase, which is apparent to a lesser extent in
Sr1.9Nd1.1Mn2O7 ~Table VII!, is associated with the relatively
large unit cell parameterc of phase 2. However, the mean
Mn-O bond length does not differ significantly from one
phase to the other, nor from one composition to the other. In
both samples the Sr/Nd~1! site is larger than the Sr/Nd~2!
site, as is to be expected in view of the larger coordination
number. More interestingly, in both cases the Sr/Nd~1! site
~perovskite layer! is significantly larger for phase 2 than for
phase 1, whereas the Sr/Nd~2! site ~rocksalt layer! is, in both
cases, larger for phase 1. This suggests that the cation distri-
bution over the two sites is different in the two phases, a
relatively large size being representative of an increased Sr
concentration on that site. However, the similarity in volume
of the two phases suggests that the overall Sr/Nd ratio is the

same in both. This is a very significant observation because it
implies that we are not simply dealing with a sample of poor
bulk homogeneity, but rather with a system in which subtle
crystal-chemical effects are operating at a local level. This
behavior derives from the near-identical structural require-
ments of Sr21 and Nd31, and leads to the strikingly different
properties of two phases in a homogeneous sample. The rela-
tively large standard deviations associated with the Mn-O
bond lengths make it difficult to draw firm conclusions about
their temperature dependence. However, the Mn-O~2! dis-
tance in phase 1~magnetic! of Sr2NdMn2O7 clearly length-
ens on cooling from room temperature to 1.7 K whereas the
corresponding bond in phase 2 contracts. There is a con-
comitant shortening of the bond Mn-O~1! in phase 1, but no
corresponding change in phase 2. This can be linked with the
presence of a relatively high Sr concentration on site Sr/
Nd~1! in phase 2, and also with the lack of long-range mag-
netic ordering; the increased concentration of the larger cat-
ion on this site prevents the compression of the perovskite
blocks, which would involve a shortening of Mn-O~1!, and
thus prevents the exchange striction which stabilizes antifer-
romagnetism in phase 1. The resolution of our data does not
allow us to detect any significant temperature dependence in
the bond lengths of Sr1.9Nd1.1Mn2O7. We are presently char-
acterizing a wide range of samples in the series
Sr22xLn11xMn2O7 ~Ln is any lanthanide! ~Ref. 13! in an
attempt to gain further insight into the cation ordering in
these materials and the consequences for magnetotransport
properties.

It is interesting to compare the magnetic behavior de-
scribed above with the magnetic susceptibility data presented
previously.9 The susceptibility of Sr2NdMn2O7 shows a
maximum at;220 K. The results of our neutron scattering
experiments show that this does not coincide with the onset
of long range magnetic ordering, and the origin of this fea-
ture remains a matter for speculation. The local maximum in
the susceptibility at;140 K does however coincide with the
appearance of magnetic Bragg scattering in the diffraction
patterns and thus represents the magnetic ordering tempera-
ture. Hysteresis is apparent between the zero-field-cooled
~zfc! and field-cooled~fc! susceptibilities below 140 K, and

FIG. 12. Observed calculated and difference neutron powder
diffraction patterns for Sr1.9Nd1.1Mn2O7 at 1.7 K ~l;1.6 Å!. Re-
flection positions are marked for the majority and minority phases
as well as for the allowed magnetic reflections as in Fig. 4.

FIG. 13. The average ordered magnetic moment per Mn in
Sr22xNd11xMn2O7 as a function of temperature.

TABLE IX. Bond lengths~Å! and selected bond angles~°! in
Sr1.9Nd1.1Mn2O7 at 1.7 K.

Phase 1 Phase 2

Mn-O~1! ~13! 1.90~1! 1.91~1!

Mn-O~2! ~13! 2.00~1! 2.05~1!

Mn-O~3! ~43! 1.922~6! 1.918~8!

Mn-Mn (z,2z) 3.79~1! 3.83~1!

Sr/Nd~1!-O~1! ~43! 2.718~7! 2.713~7!

Sr/Nd~1!-O~3! ~83! 2.713~4! 2.724~4!

Sr/Nd~2!-O~2! ~13! 2.423~8! 2.403~6!

Sr/Nd~2!-O~2! ~43! 2.732~7! 2.733~8!

Sr/Nd~2!-O~3! ~43! 2.580~6! 2.567~5!

O~1!-Mn-O~3! 90.4~3! 90.6~3!

O~3!-Mn-O~3! 179.1~7! 178.8~6!
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this is compatible with the presence of two phases in our
sample. We suggest that one of the phases~phase 1! is anti-
ferromagnetic whereas the other~phase 2! is frustrated and
shows no long-range order. This is of course consistent with
our decision to include only one magnetic phase in the analy-
sis of our neutron diffraction data. In the temperature range
30<T/K<140 only the Mn cations are involved in the mag-
netic ordering, and it seems likely, in view of the absence of
a strong Curie-like behavior in the susceptibility, that the
magnetic moments of the Nd cations in the ordered phase are
frozen in a spin-glass-like fashion and thus contribute to the
observed hysteresis. The second local maximum in the sus-
ceptibility data, at;30 K, is clearly associated with the on-
set of magnetic ordering of the Nd~2! cations within the
rocksalt layers. The single ion anisotropy derived from the
orbital contribution to the magnetic moment of Nd31 pre-
sumably selects thez axis as the direction of spin alignment,
and the anisotropy of the Mn sublattice is sufficiently weak
for the magnetic moments of those cations to rotate some
way towards the parallel alignment with Nd which is favored
by exchange interactions. The Nd~1! cations at the center of
the octahedral double layer have equal numbers of neighbors
with spins aligned in two antiparallel directions. They are

therefore frustrated and we believe they continue to form a
spin-glass layer between the magnetized blocks. This is con-
sistent with a representation analysis of the structure in that
the spins of the Nd~1! cations have the wrong symmetry
(Eg

xy1A 2g
z ) to couple to the observed representations of the

Mn sublattice (Eu
xy1A 1u

z ). The z components of the Mn
moments order with the same representation (A 1u

z ) as the
rocksalt layer Nd~2! moments, which only have az compo-
nent. There is no evidence in either the neutron data or the
susceptibility data for a ferromagnetic component in this
sample. The saturation value of the ordered magnetic mo-
ment of the Nd cations@2.0~1!mB# lies between that~1.1mB!
found previously in Nd2CuO4 ~Ref. 21! and the free ion
value ~3.27mB!. The differences presumably stem from a
combination of crystal field effects, variations in the mag-
netic form factor used in data analysis, and the error in our
phase fraction. The average oxidation state of the Mn cations
in this compound is 3.5, and the ideal spin-only magnetic
moment would thus be 3.5mB if the localized electron model
was applicable; it is not clear that this assumption is entirely
valid in a compound which shows such unusual transport
behavior. Furthermore, the measured moment is expected to
be reduced below the theoretical value by the effects of co-
valency, and we therefore believe that the refined value of
3.08~4!mB is not incompatible with our model.~The some-
what arbitrary choice of a form factor introduces some un-
certainty into this parameter.!

The properties of Sr1.9Nd1.1Mn2O7 are similar to those of
Sr2NdMn2O7, but, as in the pseudocubic manganate perovs-
kites, the differences between them are large considering
how small a change~from 3.5 to 3.45! has occurred in the
oxidation state of Mn. The relative phase fractions have
changed markedly, the magnetic phase with the shortera
axis being the minority phase in Sr1.9Nd1.1Mn2O7. This
might be a kinetic consequence of the sample preparation
rather than a thermodynamic change, and more experimental
work is needed to elucidate this point.~It should also be
remembered that the phase fractions were particularly sensi-
tive to the parameter set used in the Rietveld analysis.! The
general features of the magnetic structures do not change, but
the magnetic anisotropy is modified by the slightly enhanced
concentration of Nd cations such that the Mn moments align
along thez axis ~f50! in the low temperature phase. The
average ordered magnetic moments of the Mn and Nd cat-
ions in the magnetic phase are significantly reduced com-
pared with those in Sr2NdMn2O7, suggesting that there is a
considerable degree of magnetic frustration in both of the
phases present in the Nd-rich sample. This conclusion is con-
sistent with the magnetic susceptibility data on
Sr1.9Nd1.1Mn2O7, which show hysteresis over a wide tem-
perature range~4<T/K<100! but which, unlike those on
Sr2NdMn2O7, do not show well-defined transition
temperatures.9 The magnetoresistance of Sr1.9Nd1.1Mn2O7 is
considerably greater than that of Sr2NdMn2O7. It is therefore
not surprising that differences in their magnetic properties
are revealed by susceptibility and neutron diffraction experi-
ments. It is, however, difficult to link the three sets of obser-
vations and to identify the structural features, either chemical
or magnetic, which are important in the control of the mag-
netoresistance. If we initially assume that the CMR is asso-
ciated with the magnetically ordered phase in each sample,

FIG. 14. Unit cell parametersa ~a!, c ~b!, and the cell volume
~c! of Sr1.9Nd1.1Mn2O7 as a function of the temperature. Phase 2 is
the majority phase.
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then the model we are searching for must account for a co-
lossal magnetoresistance over a temperature range~4<T/
K<100! which spans two distinct magnetic phases, both an-
tiferromagnetic, in compounds which are insulators in the
absence of an applied field. If this assumption is incorrect,
and the CMR is associated with that part of the sample which
does not show long-range magnetic order at any temperature,
then we would have to rely on a model involving field-
dependent spin alignment in a spin glass phase to account for
our data over the whole temperature range. Such a model is
defensible because it can be argued that CMR has previously
only been observed in compounds having a spontaneous
magnetization, and that phase 2 is more compatible with fer-
romagnetism by virtue of having the longer Mn-O~1! dis-
tance; that is the competing antiferromagnetic interactions
are not stabilized by the crystal structure. However, the ab-
sence of CMR in other spin-glass manganates, for example
then51 phase La12xSr11xMnO4 ~Ref. 22! encourages us to
rely on our original assumption. We can then suggest two
mechanisms for CMR in the magnetically ordered phase 1
which merit further investigation. In the first we build a link
with ferromagnetic CMR materials by considering the four-
layer @Mn1Nd1Nd1Mn# blocks referred to above. These
blocks carry a spontaneous magnetization forT,30 K in
both Sr2NdMn2O7 and Sr1.9Nd1.1Mn2O7. However, the or-
dered component of the cation magnetic moment is much
reduced in the latter compared to the former. This suggests
that a considerable amount of spin disorder is present on
both the Nd and Mn sublattices in Sr1.9Nd1.1Mn2O7, even at
4 K. It is possible that the application of an external field
reduces the spin disorder and hence the spin scattering of the
Mn d electrons, thus reducing the resistivity in theab plane
of the crystal structure. This model would lead to a strongly
two-dimensional conductivity. The persistence of the field
dependence in the temperature region 30,T/K,120, where
the Nd layers within the blocks appear to be showing spin
glass behavior, can be explained by a similar argument, that
is that a strong external field causes an alignment of the Nd
spins and a rotation of the Mn moments so that they are
collinear with those of the rare earth cations. The model
described above is consistent with the magnetoresistance of
Sr2NdMn2O7 being less than that of Sr1.9Nd1.1Mn2O7 be-
cause the atomic moments are more fully aligned in the latter
in the absence of a magnetic field, and the application of a
field can therefore have less influence. The principal differ-
ence between this model and that which assumes that the
CMR occurs in phase 2 is that the former involves the inter-
action of ordered spins and glassy spins, rather than just
relying on a glassy phase.

The second mechanism which we wish to propose is per-
haps more intuitive because it focuses on the double octahe-
dral layers which make up the perovskite blocks in then52
RP structure; there is thus a direct structural link with other
known CMR materials. If the external field modifies the

magnetic structure such that the magnetic moments of the
Mn cations within a double layer became parallel, then the
structure can still remain antiferromagnetic if neighboring
double layers adopt opposite spin directions, as represented
in Fig. 15. The symmetry representation of the Mn sublattice
is thus changed toEg

xy1A 2g
z , allowing this sublattice to

couple to the Nd~1! cations in the center of the double layer.
It has previously been shown that single perovskite layers in
n51 K2NiF4-like manganates do not show CMR, but the
double ferromagnetic layers in the structure proposed may be
thick enough to permit an effect. We are therefore suggesting
that an effect previously seen in the bulk of a perovskite is
occurring within a double layer.

The appearance of our magnetization data9 shows that any
ferromagnetism in these samples remains a local rather than
a bulk effect for fields of<5 T. Both of the ‘‘phase 1’’
models described above provide a source of local ferromag-
netism, and hence reduced electron scattering, by identifying
magnetized blocks within the structure; they differ in where
they place the interblock boundaries. Both of the models
would lead to significant, albeit different, changes in the neu-
tron diffraction pattern of Sr22xNd11xMn2O7 as a function
of applied field, and we plan to carry out the appropriate
measurements to distinguish between them in the near future.
They are clearly both attempts to rationalize the data in a
way that differs as little as possible from the currently ac-
cepted mechanism of CMR, which is based on double ex-
change in ferromagnets. It may be that, in the absence of true
ferromagnetism, we should be more radical and seek a com-
pletely different explanation.
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