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Neutron powder diffraction techniques have been used to refine the crystal and magnetic structures of the
Ruddlesden PoppéRP) compounds Sr ,Nd, , \Mn,0; (x=0.0, 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. Fr=0.0, 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 rar@#<28137, only the Mn
cations are ordered. The decoupling of the Nd cations is accompanied by a rotation of the Mn moments from
a direction closé¢=27°) to thez axis into thexy plane. A similar temperature dependence is seen in the case
x=0.1, although the ordered components of the cation moments are much reduced and the low temperature
phase has a collinear magnetic structure with the moments alignedzaldhg magnetotransport properties of
these samples are discussed in the light of their crystal and magnetic strucB@E83-182606)07246-3

INTRODUCTION duction of a two-dimensional character and a reduction from
6 to 5 in the number of nearest-neighbor Mn cations around
The observation of colossal magnetoresistaf@R) in ~ each transition-metal site. This is expected to produce an
the pseudocubic perovskites LnA,MNnO; (A=Ca, Ba, Sr, anisotropic reduction in the width of the energy bands de-
Pb, Bi has attracted considerable attentfon.Similar be-  rived (largely) from the Mn 3 orbitals, and hence to modify
havior has recently been observed in the pyrochlordhe electrical and magnetic properties. In the case of
TI,Mn,0; (Ref. 6 and in the Ruddlesden-Popp&P) phase  Sr,_4La; . ,Mn,0;, a metal-insulator transition can be ob-
Sr, dLa; Mn,0;.7 All these manganates, which have an in- served at~130 K."® This transition is accompanied by the
sulating, high-temperature paramagnetic phase and a met@lppearance of a spontaneous magnetization. In contrast,
lic, low-temperature ferromagnetic phase, show CMR in aSLNdMn,0; is semiconducting throughout the temperature
relatively small temperature range around the Curie temperaange 4<T/K=<300, and magnetic susceptibility measure-
ture, indicating a strong relationship between electrical resisments indicate the existence at low temperatures of a com-
tivity and spin alignment. The observed magnetoresistancplex behavior in which magnetic frustration seems to play an
arises because the additional spin alignment caused by tfigportant role. SrgNd; ;Mn,0; is also semiconducting be-
external field effectively moves the metal-insulator transitionlow 300 K, but the temperature dependence of the sample
to T=T,. Recently, our attention has been focused on anagnetization, although again complex, shows significant
group of compounds that do not show a transition to a fullydifferences from that of SNdMn,O;. It is particularly inter-
ordered ferromagnetic state but which do show a large maggsting that both Nd-containing compounds show magnetore-
netoresistance effef We have observed a magnetoresis-sistance(>10'%) over a wide temperature rang@d<T/
tance ratio, pg— po)/pg, of —4x10°% at 4.2 K and 14 T K=<100, but neither shows a spontaneous magnetization.
for SLNdMn,0;, and of —3X10°% at 40 K and 14 T for The observation of CMR in the absence of ferromagnetism
Sn, Nd; ;Mn,0;. These compounds are isostructural withdistinguishes these compounds from all other CMR materi-
the n=2 member of the series of Ruddlesden-Pop(i) als. In this paper we describe the crystal chemistry and mag-
phasesA,, ;Mn, 05, ;.2 The RP phases can be thought netic structures of RP §r,Nd;,,Mn,0; (x=0.0, 0.1 as
to consist of perovskitelike blocks octahedra thick, sepa- determined from neutron diffraction data.
rated by a rock-salt-typéSr,Ln),0, layer!? The perovskite
structure corresponds to=«, and the KNiF, structure to
n=1. The double layefn=2) compounds can be prepared
for a wide variety of elements, and the structure of such a The preparation of $r,Nd; ,Mn,0; (x=0.0, 0.1 and
compound is drawn in Fig. 1. Among the structural conse+their preliminary structural characterization by x-ray powder
quences of moving from perovskite te=2 RP are the intro-  diffraction have been described elsewh&?é? Neutron dif-
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TABLE

Generalized

crystallography for

54

then=2

Ruddlesden-Popper structure, space grigbifopnmm

Atoms Site Coordinates
Sr/Ln(1) 2b 001/2

Sr/Ln(2) 4e 00z z~0.7

Mn 4e 00z z~0.1

0o(1) 2a 000

0(2) 4e 00z z~0.2

03 89 01/2z;z~0.1

fraction profiles(R,,,,=7.3%. 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 atomyswvas used to account for the
data collected at 1.7 KR,,,=9.89%. There was a consider-
able mismatch between calculated and observed peak posi-
tions at 2>80° in the low temperature data set. The value of
Ry fell to 8.49% when anisotropic temperature factors, pre-
ferred orientation alonf001], and anisotropic peak broaden-

ing (for the reflections{hkl}, 1#0) were included in the
model, but the fit was still not considered satisfactory. We

Sro_xLn1,xMn207

FIG. 1. The n=2 Ruddlesden-Popper crystal structure of
Sr,_«Nd; , ,Mn,0;. MnOg octahedra are shaded and the Sr/Nd
sites are shown as circles.

fraction patterns were collected in the temperature range
1.6<T/K=<300 on the powder diffractometers DXmean
wavelength 2.520 A, §26/°<85) and D2b(mean wave-
lengths 1.59412 A and 2.3979 A<®6/°<150,A26=0.059

at the Institut Laue Langevin, Grenoble, Frant& 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
techniqué® using the program packagesas?’ The follow-

ing neutron scattering lengths were uselds=0.702,

b, ,=0.827, bng=0.769, byn=—0.373, and
bo=0.5805<10"1* m. The free ion form factors of M
(Ref. 18 and N&* (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.

Intensity (counts)

Intensity (counts)

RESULTS
A. Sr,NdMn,0,

The diffraction pattern of SNdMn,O; collected on D2b
(A~1.6 A) at room temperature could be indexed in an ap-
parently satisfactory way on the basis of ms#2 RP struc-
ture with space groupd/mmm the crystallography of this
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structure is summarized in Table |. Attempts to refine the FIG. 2. Neutron diffraction profile of SNdMn,O, modeled as

structure using this simple model resulted in a reasonabley) single phase, symmetric peak profil®) single phase, aniso-
level of agreement between the observed and calculated difropic peak profile, andc) two phases, isotropic peak profile.
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TABLE II. Crystallographic data for SNdMn,O; at 290 K.

SrgNdMn207 at 290K

Phase 1 Phase 2 5000
aA) 3.8490%6) 3.84511) z %7
c (R) 19.95997) 20.0221) g 30004
V (A3 295.7119) 296.022) = :
Fraction (%) 65(2) 35(2) g 2000
Uiso (SI/NdD (A?) 0.0031) 0.0022) £ 10004
Z (Sr/Nd2 0.68331) 0.68143)
Uiso (Sr/Nd2 (Az) 0.0021) 0.0062) Oqr 1 mn HiAHH‘.'K‘.I“:HuH'.'. TR AR TR S
z (Mn) 0.09663) 0.09537) RSN e e————— R
Uiso (Mn) (A?) 0.0011) 0.0053) 20 40 60 80 100 120 140
Uiso (01) (A?) 0.0152) 0.0143) 2 ()
z (0y) 0.19463) 0.19845)
Uiso (02 1% 0.0091) 0.0264) FIG. 3. Observed, calculated, and difference neutron powder
z (03) 0.09532) 0.09684) diffraction patterns for SNdMn,O, at 290 K (A~1.6 A). Reflec-
Uiso (03 A3 0.00797) 0.0081) tion positions are marked for both phase(lawer) and phase 2

(uppey.
Rup: Rp (%) 6.12 4.40
2

Xieg DWd 5.54 0.35 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-
Zented in Tables IV and V, and the diffraction profiles are
‘plotted in Fig. 4. The cation environments in,SdMn,O; at

90 K are drawn in Fig. 5. The consequences of the con-

distinguish(_ad, particularly in view of the simila_lrity between straints imposed on the peak profiles and the temperature
the scattering lengths of Sr and Nd. Analysis of the date1‘actors in these refinements are discussed below.

collected at 1.7 K using only an overall, isotropic tempera- — apjying at the interpretation of the diffraction patterns

ture factor for each phase resulted in relative phase fraction&escribed above was made more difficult by the presence of
N = (VAN .. . .

6ﬁ.35 (Rwp 7'37?’ fourd p:arameters,. cclnmmokn hto bOthd additional, magnetic Bragg peaks in the low temperature data

phases, were used to mode asymme.trlca.pea shape and is The development of the neutron diffraction pattern of

allowance was made for preferre_d orientation. The_ IMProves, NgMn,0, as a function of the temperature is shown at

ment produced by the use of this two phase ma&@. 2) |,y resolution in Fig. 6, using data collected on D1b at tem-

was elnough to convince us of its Vgl'd'ty' gnd vr\]/g therefor erature intervals of 4 K. Magnetic Bragg peaks first appear
reanalyzed our room temperature data using this approacli y3z:5 K and there is a change in their relative intensities

but with individual isotropic temperature factors for eachat 28+2 K. The additional peaks could all be indexed using
atom. The phase fractions refined to the same values as in ttgﬁ )

X L e chemical unit cell, but the presence{60l} peaks with
analysis of the low temperature data, thus justifying the USE—2n+1 indicates that the magnetic structure is not body

of the model. The atomic coordinates derived from a tWo-,qared. It was concluded, following an initial analysis of
phase refinementR,,=6.12% of the room temperature

structure of SNdMn,0O; and the derived bond distances and  tag g |v. Crystallographic and magnetic data for
angles are given in Tables Il and Ill. The Sr and Nd CationSSerdMn207 at 1.7 K.

were assumed to be disordered over two crystallographic

tructural phases with slightly different unit cell parameters
The compositions of the two phases were too similar to b

Phase 1 Phase 2
TABLE Ill. Bond lengths(A) and selected bond angl¢3 in A =~ 2
Sr,NdMn,0O, at 290 K. a 3.850628 3.84042
2 il cA) 19.8367(7) 19.9471)
Phase 1 Phase 2 V (A3 294.121) 294.22)
Fraction (%) 65(3) 35(3)
Mn-O(1) (1x) 1.9287) 1.911) z (Sr/Nd2) 0.68262) 0.68193)
Mn-0O(2) (1) 1.9569) 2.061) 2 (Mn) 0.09543) 0.095a7)
Mn-O(3) (4x) 1.9248) 1.921) 2 (02 0:19652) 0219 444)
Mn-Mn (z,~2) 3.851) 3.821) 2 (03 0.09482) 0.098a3)
Sr/Nd(1)-O(1) (4x) 2.7214) 2.7194) U (AD 0.00084) 0.00678)
Sr/Nd(1)-0(3) (8X) 2.7075) 2.7315) #'Sf’ (e) 3'08( 2) '
Sr/Nd2)-0(2) (1X) 2.4366) 2.401) ¢M” (O)B 2'7 612
Sr/Nd(2)-0(2) (4x) 2.7316) 2.741) Mn (ae) 5 62(10)
SI/NA2)-0(3) (4X) 2.6064) 2.5627) Fhd \HB ;
0O(1)-Mn-0O(3) 89.32) 90.94) Rup: Ry (%) 7.37 5.55

0(3)-Mn-0(3) 178.55) 178.19) Xeoq, DWd 9.65 0.221
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TABLE V. Bond lengths(A) and selected bond anglé® in
SLNdMn,0; at 1.7 K.

— 0O(2) (1.956A)

Phase 1 Phase 2 _ 0@) (1.924'&)
Mn-O(1) (1x) 1.9047) 1.901) Mn .
Mn-O(2) (1x) 1.9968) 1.992) O(1) (1.928A)
Mn-O(3) (4x) 1.9258) 1.922)
Mn-Mn (z,—2) 3.801) 3.781) — 0(3) (1.924A)
Sr/Nd1)-O(1) (4x) 2.7226) 2.721) .
SI/Nd(1)-0(3) (8%) 2.6916) 2.741) — 0(2) (1.9564)
Sr/Nd(2)-0(2) (1x) 2.3985) 2.461)
Sr/Nd(2)-0(2) (4x) 2.7375) 2.731)
Sr/Nd(2)-0(3) (4x) 2.5976) 2.5467) 0(3) (2.707A)
0O(1)-Mn-O(3) 89.32) 91.905)
O(3)-Mn-O(3) 178.74) 176.41)

Sr/Nd(1) — o) (2.721A)

D2b data in which the unit cell parameters of the magnetic 0(3) (2.707A)
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 @) and Nd1) which lie within the octa-
hedral double layerg¢at z=0, 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 Mngoctahedra align antiparallel.
Similarly, the two sheets of Mn cations within each octahe-

dral double layer align in an antiferromagnetic manner, albei . .
in a directionywhick? makes an angtevg7° with z* the z ormer (3.80 A) is much less than the latté8.85 A). This

component of the Mn moment is parallel to that of the CIOS_anlsotroplc distortion, which has the effect of shortening the

est Nd2) cation. Each double layer can therefore be thoughgntiferromagnetic superexchange pathways whilst lengthen-

of as an antiferromagnetic unit. A translation(df2,1/2,1/2, ing those _between_ferr_omagnetically aligned_ cations, is not
that is a move to an identical atom in the next double Iayero)t(’(fﬁ(;\f(?a Igtr?c]gonmlgl?fgg rg?ﬁgf'tr:;r']s t:]r;u?els'ﬁlyo]foasg O";_m
results in a reversal of the spin direction, and the magnetig 9

0(2) (2.436A)
— 0(2) (2.731A)

O(3) (2.606A)

FIG. 5. The cation environments in BldMn,0O; at 290 K.

majority phase is very similar to the Mn-Mn distance in the
y plane(equal to the unit cell parametay, but at 1.7 K the

structure is thus antibody centered. At room temperature th opic thermal contraction, which would be expected to af-

- R ect two such similar phases to an approximately equal ex-
distance between the Mn atoms at £p@nd (002) in the 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
8roNdMn 07 at1.7K interesting to take another view of the structure and to think
of it as consisting of magnetic blocks perpendicularzto
4000 . which are four atom-layef$vin+Nd+Nd+Mn] thick. These
magnetic blocks are separated from each other by the non-
. magnetic Sr/Nd layers. Each block has a net magnetization
2000 which lies close ta@, and the magnetizations of neighboring
blocks are antiparallel. We shall use this second description
of the magnetic structure in our discussion below.
ety e Y The evolution of the magnetic structure of,8dMn,O,

1
TR T T
[T

IR n IIHIT:H\IIHD [N AR RTTTTA RNV ) Wlth temperature was quantlfled by aﬂa|yZ|ng the |nd|V|dua|

W | A A

5000

3000 4

Intensity (counts)

: : L, : : diffraction patterns which make up Fig. 6. The atomic coor-
20 40 60 80 100 120 140 dinates were held constant during the course of these refine-
26 () ments which were concerned primarily with the magnitude

and direction of the ordered atomic magnetic moments. Their

FIG. 4. Observed, calculated, and difference neutron powdePutcome is summarized in Fig. 8. In the temperature range
diffraction patterns for SNdMn,0; at 1.7 K(A~1.6 A). Reflection ~ 1.7<T/K<35, the magnitude of the Mn moment remains

positions are marked for the phaséldwer) and phase 2uppe) as  €ssentially constant, whereas the ordered component of the

well as for the allowed magnetic reflectiofsentra). Nd moment decreases, becoming insignificant above 30 K.
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Sr,NdMn,0, (1.7 < T/K < 150)

FIG. 6. The development of the neutron diffraction pattern fo/N8Mn,O; as a function of the temperature in the angular range
5<26/°<55 (\~2.5 A). The Bragg reflections are indexed and the magnetic peaks are marked.

As the Nd moment diminishes, the Mn moments rotate untilthat drawn in Fig. 9. It should be noted that we have chosen

at ~30 K, they lie perpendicular to theaxis (¢=90°. The

to work with a magnetic model in which the spins on each

magnitude of the latter moments does decrease at highsublattice(Mn and N are collinear, thereby reducing the
temperatures, with the magnetic Bragg peaks being lost isymmetry of the magnetic structure to orthorhombic. It is,

the experimental noise abovel40 K. The antiferromag-
netic structure in the temperature ranges3UK <140 is thus

Sr/Nd(1)

Sr/Nd(2)

St/Nd(2)

Sr/Nd(1)

Sr/Nd(2)

Sr/Nd(2)

Sr/Nd(1)

¢
Sro_xNd1.xMn207 \i
T<30K

FIG. 7. The magnetic structure of BldMn,O; at 1.7 K. Mn

however, impossible to determine the spin direction inxihe
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-

100 _%
80— © Hmn %
X
< 6 Oqthd }
P T
40 s °
Ty o @
20
30 &% T T T T [ T ] @
25
& 204 X b3
= X ¥ %
= 154 % %
=
1.0+
0.5
0.0
f T T T T T T T
0 5 1 15 20 5 35
T(K)

FIG. 8. The average ordered magnetic moments of (dia-
monds and of Nd(crossesand the direction of the moment of Mn

atoms are shaded and the Nd atoms are shown as unshaded circleith respect to thez axis (circles as a function of temperature

Arrows indicate the directions of the magnetic moments.

between 1.7 and 35 K.
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Sr/Nd(1)
3.850
5 3.848~D\‘D\u/D
SrNd(2) < 386
3.844]
3.842]
Cp SI’/Nd(Z) T T T T T T
0 100 200 300
T(K
d) Sr/Nd(1)
20.00-@/0/0/O
—ad — 19.95
Sr/Nd(2) <
19.90
Sr/Nd(2) 19.85
o 100 200 300
-9 T
Sr/Nd(1)

296.0]
2955
Srp_xNd14xMn207 L5
T>30K >
294.5
FIG. 9. The magnetic structure of SldMn,0O; in the tempera- '

ture range 3&T/K=<140. Mn sites are shaded and the Nd atoms are 100 200 300
shown as unshaded circles. Arrows indicate the direction of the T
magnetic moments.

o -

SI’2NdMﬂ207
-0 phase 1, -o-phase 2
perature whereas the parameter of the majority phase in-
creases on cooling below 170 K even though the cell volume g, 10. Unit cell parametera (a), ¢ (b), and the unit cell
continues to fall. This phase-specific change in gradient, 0Ggolume () of S,NdMn,0, as a function of the temperature. Phase
curring in the temperature range where magnetic scattering i is the majority phase.
first observedFig. 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-magnetic model as in the case 05$dMn,0,, but with the
ity phase because such an assumption leads to unphysigpins on both the Mn and Nd sublattices aligned alzritpe
values[4.075) ug] for the ordered magnetic moment on the Xy component refined to zero. This is consistent with the
Mn cations. The relative phase fraction was allowed to varyabsence of00i} magnetic reflections. The refined structural
during these refinements but it did not deviate from the valu@nd magnetic parameters are listed in Table VIII and the
determined at 1.7 K and room temperature. 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
B. Sry.dNdy ;Mn20; Sr Nd; ;Mn,0; at selected temperatures in the range
Profile analysis of data collected from;gNd; ;Mn,O,0on  1.7<T/K<160. No structural phase transitions were ob-

D2b at 1.7 K indicated the presence of twe-2 RP phases served but, as in the case of,8dMn,O;, the Nd cations in
in the ratio 46:54. At high temperatures the two sets of unithe rocksalt layers ceased to contribute to the magnetic
cell parameters were too close in value to permit a free reBragg scattering at a relatively low temperature and the mag-
finement of the relative phase fraction, which was thereforaetic moments of the Mn cations rotated to lie in thb
constrained to the value determined at 1.7 K. The 290 Kplane. As a result of the nature of our experiment we cannot
structural parameters and bond lengths are listed in Tabladentify the transition temperature precisely, but it lies below
VI and VII and the observed and calculated diffraction pro-30 K. The average ordered moment per Mn cation is plotted
files are plotted in Fig. 11. The data collected at 1.7 Kas a function of temperature in Fig. 13. No magnetic peaks
showed clear evidence of magnetic ordering, but the obwere visible in data sets collected Bt-120 K. By analogy
served magnetic scattering was markedly diminished comwith Sr,NdMn,O-, the analysis of these data was carried out
pared to that from SNdMn,O;. In particular, the[00} re-  assuming that only one of the two phases present shows long
flections with 1=2n+1 were absent. The data were range magnetic order. The temperature dependence of the
accounted for in a satisfactory way using the same basianit cell parameters drawn in Fig. 14 indicated that it was
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TABLE VI. Crystallographic data for $gNd; ;Mn,O; at 290

K. 5000 Sry gNdy 1Mn,07 290K
Phase 1 Phase 2 40007
@
a () 3.845676) 3.842197) 5 300
cR) 20.02666) 20.08317) i 2000
V (A¥ 296.171) 296.481) g
Fraction (%) 46° 542 £ 1000
Uiso (SI/NdD) (A?) 0.0001) 0.0031)
z (SrINd2 (A?) 0.68342) 0.682@2) O 1 b I L e T
Uiso (SIINd2 (A?) 0.001%9) 0.00429) by :
z (Mn) 0.09654) 0.09695) 2 4 6 8 10 120 140
Uiso (Mn) (A?) 0.00Q1) 0.0102) 200)
Uiso (01) (A2 0.0152) 0.0182)
z (02 0.19613) 0.19783) FIG. 11. Observed, calculated, and difference neutron powder
Uiso (02) (A2 0.0182) 0.0192) diffraction patterns for SrgNd; ;Mn,0; at 290 K(A~1.6 A). Re-
z (03 0.09542) 0.097@2) flection positions are marked for both the majority and minority
Uiso (03 (A?) 0.00777) 0.01027) phases as in Fig. 3.
R;Vp’ Rp (%) 6.32 443 ing atoms in the two phases constrained to have the same
Xied: DWd 5.03 0.38 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%99. Similarly, we were able to obtain an im-
proved fit by allowing the parametet () which defines the
Lorentzian component of the peak shape to vary between
phases, but the resultant sevenfold difference in values was
DISCUSSION felt to be unacceptably large. Furthermore, the relaxation of
) ) ) the constraints on this parameter caused large correlations
The structural chemistry of this system is clearly com-(yp 1 9894 and variations in others, particularly the relative
plex, and further experimentation is needed in order to estatb-hase fractions, and consequently, the magnitudes of the or-
lish the equilibrium phase diagrarfiProlonged heating of jereq magnetic moments. Hence these parameters cannot be
our samples at 1300 °C for 17 days resulted in the formatioRqnsidered to be well determined by our analysis. However,
of a perovskite(n==) phase, thus indicating that we are e pasic magnetic structure, the unit cell parameters, and the
working with metastable compositiofisBefore discussing  55symption that only one magnetic phase is present proved to
our results in depth, we should focus attention on the aspe ropyst in all our refinements. The latter relies only on the
sumptions made during the course of our Rietveld analysegjetermination of peak positions, and not on the deconvolu-
The use of only an overall isotropic temperature factor forjon of intensities. The model dependence of the bond
each phase in the refinement of the low temperature structuq@ngths was also minimal. Thus we conclude that uncertain-

of SpNdMn,0; could be considered inadequate, particularlyiies”in excess of the statistical fitting errors are associated
when the refined values differ markedly despite the similari-

ties between the two phases. Refinements using different 1 5 £ vy Crystallographic and magnetic data for
temperature factors for each atom, but with the correspondsrl.gl\ldllllvInZO7 at 1.7 K.

8Constrained at the value obtained from the refinement at 1.7 K.

again the phase with the lowefa ratio, in this case the
minority componentphase L

TABLE VII. Bond lengths(A) and selected bond angléy in Phase 1 Phase 2
Sr; Nd; 4Mn,0O5 at 290 K. A 3 84280 383760
a . .
Phase 1 Phase 2 c (A) 19.93139) 20.01489)
v (A3 294.641 294.762
Mn-O(1) (1) 1.931) 1.941) Frécti)on %) 4603) 4 543) 62
Mn-O(2) (1) 199D 2.021) Z (SrNd2 0.68242) 0.68182)
Mn-O(3) (4x) 1.921) 1.921) 2 (Mn) 0.09535) 0.09565)
Mn-Mn (z,—2) 3.861) 3.891) 2 (02 0.19603) 0.19813)
Sr/Nd(1)-0(1) (4x) 2.7195) 2.7165) 2 (03) 0.09602) 0.09663)
Sr/Nd(1)-0(3) (8x) 2.7114) 2.7374) U (AY 0.00277) 0.00546)
SrINd(2)-0(2) (1X) 2.4117) 2.4147) S0 (4e) 2' 167) ’
SIINd2)-0(2) (4X) 2.7317) 2.7357) Fmn (“ B) L6014
SIINd2)-0(3) (4X) 2.6095) 2.5695) Hnd s :
O(1)-Mn-O(3) 89.33) 90.1(3) Rup: Ry (%) 7.65 5.50

0(3)-Mn-0(3) 178.76) 179.86) Xeoq, DWd 9.19 0.231
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TABLE IX. Bond lengths(A) and selected bond anglé€3 in

S Nd; ;Mn,0; at 1.7 K. 30 MH@HQ%M
3 ¢ x=00
Phase 1 Phase 2 25 %5% x x=01
o3
Mn-O(1) (1X) 1.901) 1.91(1) Nt . %Q
Mn-O(2) (1X) 2.001) 2.051) o i T
Mn-O(3) (4X) 1.9226) 1.9188) 2 ] z
Mn-Mn (z,—2) 3.791) 3.831) = s
Sr/Nd1)-O(1) (4X) 2.7187) 2.7137) . s
Sr/Nd1)-0(3) (8X) 2.7134) 2.7244) z 3
SIINd2)-0(2) (1X) 2.4238) 2.4036) 05 %
SI/Nd(2)-0(2) (4X) 2.7327) 2.7338) H%h
SI/Nd(2)-0(3) (4X) 2.5806) 2.5675) 00
0(1)-Mn-0(3) 90.43) 90.63) o 0 4 6 80 w00 120 140 160
0(3)-Mn-0(3) 179.17) 178.86) T(K)

. . FIG. 13. The average ordered magnetic moment per Mn in
with some of the parameters in any model used to reproducgrziX,\mllﬂ(ano7 as a function of temperature.

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- Same in both. This is a very significant observation because it
sults(Tables Il and 11) obtained from the sample of overall implies that we are not simply dealing with a sample of poor
composition SINdMn,O, shows that Mn-@®), a bond di- bulk homoge_nelty, but rather with a system in which subtl_e
rected out of the double octahedral layer in thdirection, ~ crystal-chemical effects are operating at a local level. This
shows the most striking change in length between phases kehavior derives from the near-identical s_tr_uctural_ require-
and 2. This increase, which is apparent to a lesser extent fents of St and Nd*, and leads to the strikingly different
Sr, Nd, ;Mn,0; (Table VII), is associated with the relatively Properties of two phases in a homogeneous sample. The rela-
large unit cell parametec of phase 2. However, the mean tively large standard deviations associated with the Mn-O
Mn-O bond length does not differ significantly from one boqd lengths make it difficult to draw firm conclusmnslabout
phase to the other, nor from one composition to the other. I#€ir temperature dependence. However, the M2)@is-
both samples the Sr/Nt) site is larger than the Sr/Ng) ~ tance in phase Imagneti¢ of S,p,NdMn,O, clearly length-
site, as is to be expected in view of the larger coordinatiorns on cooling from room temperature to 1.7 K whereas the
number. More interestingly, in both cases the StMNdsite ~ corresponding bond in phase 2 contracts. There is a con-
(perovskite layeris significantly larger for phase 2 than for comitant shortening of the bond Mn¢D in phase 1, but no
phase 1, whereas the Sr/iiisite (rocksalt layeyis, in both ~ corresponding change in phase 2. This can be linked with the
cases, larger for phase 1. This suggests that the cation distRfesence of a relatively high Sr concentration on site Sr/
bution over the two sites is different in the two phases, aNd(1) in phase 2, and also with the lack of long-range mag-
relatively large size being representative of an increased gietic ordering; the increased concentration of the larger cat-
concentration on that site. However, the similarity in volumeion on this site prevents the compression of the perovskite

of the two phases suggests that the overall Sr/Nd ratio is thBlocks, which would involve a shortening of MncD, 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
Sry gNdy 1Mn,0; 1.7K the bond lengths of $gNd; ;Mn,O;. We are presently char-
4000 acterizing a wide range of samples in the series

; Sr,_,Ln; ,Mn,O; (Ln is any lanthanide (Ref. 13 in an
3000 attempt to gain further insight into the cation ordering in
these materials and the consequences for magnetotransport
properties.
10004 It is interesting to compare the magnetic behavior de-

; scribed above with the magnetic susceptibility data presented
LT T R previously’ The susceptibility of SNdMn,0O; shows a
e maximum at~220 K. The results of our neutron scattering
T

e
s N s

- : : : : . experiments show that this does not coincide with the onset
20 40 60 80 100 120 140 of long range magnetic ordering, and the origin of this fea-
200) ture remains a matter for speculation. The local maximum in
the susceptibility at-140 K does however coincide with the
FIG. 12. Observed calculated and difference neutron powdefppearance of magnetic Bragg scattering in the diffraction
diffraction patterns for SrgNd; ;Mn,O, at 1.7 K(A~1.6 A). Re-  patterns and thus represents the magnetic ordering tempera-
flection positions are marked for the majority and minority phasegure. Hysteresis is apparent between the zero-field-cooled
as well as for the allowed magnetic reflections as in Fig. 4. (zfc) and field-cooledfc) susceptibilities below 140 K, and
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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) cations have the wrong symmetry
(E§¥+A%,) to couple to the observed representations of the
Mn sublattice E}Y+A%,). The z components of the Mn
moments order with the same representatiéif,j as the
rocksalt layer N¢2) moments, which only have acompo-
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 cationf2.0(1) ug] lies between thafl.1lug)
found previously in NgCuO, (Ref. 23 and the free ion
value (3.27ug). 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 3u& 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
3.084) ug is not incompatible with our mode(The some-
what arbitrary choice of a form factor introduces some un-
certainty into this parameter.

The properties of SENd; ;Mn,0; are similar to those of
SrLNdMn,O,, but, as in the pseudocubic manganate perovs-
kites, the differences between them are large considering
how small a changéfrom 3.5 to 3.4% has occurred in the
oxidation state of Mn. The relative phase fractions have

changed markedly, the magnetic phase with the sharter
axis being the minority phase in S§iNd; ;Mn,0O;. This
FIG. 14. Unit cell parametera (a), ¢ (b), and the cell volume might be a kinetic consequence of the sample preparation

(c) of Sr; Nd; ;Mn,0O7 as a function of the temperature. Phase 2 israther than a thermodynamic change, and more experimental
the majority phase. work is needed to elucidate this poir{tt should also be

remembered that the phase fractions were particularly sensi-
this is compatible with the presence of two phases in outive to the parameter set used in the Rietveld analy$ise
sample. We suggest that one of the phapbase lis anti-  general features of the magnetic structures do not change, but
ferromagnetic whereas the othgrhase 2 is frustrated and the magnetic anisotropy is modified by the slightly enhanced
shows no long-range order. This is of course consistent witltoncentration of Nd cations such that the Mn moments align
our decision to include only one magnetic phase in the analyalong thez axis (¢=0) in the low temperature phase. The
sis of our neutron diffraction data. In the temperature rangeverage ordered magnetic moments of the Mn and Nd cat-
30<T/K=140 only the Mn cations are involved in the mag- ions in the magnetic phase are significantly reduced com-
netic ordering, and it seems likely, in view of the absence opared with those in SNdMn,0O,, suggesting that there is a
a strong Curie-like behavior in the susceptibility, that theconsiderable degree of magnetic frustration in both of the
magnetic moments of the Nd cations in the ordered phase aphases present in the Nd-rich sample. This conclusion is con-
frozen in a spin-glass-like fashion and thus contribute to thesistent with the magnetic susceptibility data on
observed hysteresis. The second local maximum in the su$r Nd; ;Mn,O,, which show hysteresis over a wide tem-
ceptibility data, at~30 K, is clearly associated with the on- perature rangg4<T/K=<100 but which, unlike those on
set of magnetic ordering of the X&) cations within the SrpbNdMn,O;, do not show well-defined transition
rocksalt layers. The single ion anisotropy derived from thetemperatureS.The magnetoresistance of,gNd; ;Mn,0; is
orbital contribution to the magnetic moment of Ndpre-  considerably greater than that ot 8dMn,0,. It is therefore
sumably selects the axis as the direction of spin alignment, not surprising that differences in their magnetic properties
and the anisotropy of the Mn sublattice is sufficiently weakare revealed by susceptibility and neutron diffraction experi-
for the magnetic moments of those cations to rotate someents. It is, however, difficult to link the three sets of obser-
way towards the parallel alignment with Nd which is favored vations and to identify the structural features, either chemical
by exchange interactions. The (4 cations at the center of or magnetic, which are important in the control of the mag-
the octahedral double layer have equal numbers of neighborgetoresistance. If we initially assume that the CMR is asso-
with spins aligned in two antiparallel directions. They areciated with the magnetically ordered phase in each sample,
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then the model we are searching for must account for a co-

lossal magnetoresistance over a temperature raagd/ B > -@> g g g
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, - o

and the CMR is associated with that part of the sample which B «B- <& & <5 <o

does not show long-range magnetic order at any temperature, B B> S & & <&
then we would have to rely on a model involving field-

dependent spin alignment in a spin glass phase to account for (a) (b)

our data over the whole temperature range. Such a model is

defensible because it can be argued that CMR has previously Ordering of Mn sublattice Proposed ordering of
only been observed in compounds having a spontaneous in zero field Mn sublattice in an
magnetization, and that phase 2 is more compatible with fer- applied field

romagnetism by virtue of having the longer MrAD dis-

tance; that is the competing antiferromagnetic interactions riG. 15 proposed change in magnetic structure of
are not stabilized by the crystal structure. However, the absy,  Nd, . Mn,0, in an applied magnetic field.

sence of CMR in other spin-glass manganates, for example

then=1 phase La ,Sr; . ,MnO, (Ref. 22 encourages us t0 magnetic structure such that the magnetic moments of the
rely on our original assumption. We can then suggest twavin cations within a double layer became parallel, then the
mechanisms for CMR in the magnetically ordered phase Ltructure can still remain antiferromagnetic if neighboring
which merit further investigation. In the first we build a link double layers adopt opposite spin directions, as represented
with ferromagnetic CMR materials by considering the four-in Fig. 15. The symmetry representation of the Mn sublattice
layer [Mn+Nd+Nd+Mn] blocks referred to above. These is thus changed tcE’éy+A§g, allowing this sublattice to
blocks carry a spontaneous magnetization Ter30 K in  couple to the Nél) cations in the center of the double layer.
both SpNdMn,O, and Sg gNd, ;Mn,0;. However, the or- |t has previously been shown that single perovskite layers in
dered component of the cation magnetic moment is much=1 K,NiF,-like manganates do not show CMR, but the
reduced in the latter compared to the former. This suggestgouble ferromagnetic layers in the structure proposed may be
that a considerable amount of spin disorder is present othick enough to permit an effect. We are therefore suggesting
both the Nd and Mn sublattices in;SNd; ;Mn,0O;, even at  that an effect previously seen in the bulk of a perovskite is
4 K. It is possible that the application of an external field occurring within a double layer.
reduces the spin disorder and hence the spin scattering of the The appearance of our magnetization dateows that any
Mn d electrons, thus reducing the resistivity in the plane  ferromagnetism in these samples remains a local rather than
of the crystal structure. This model would lead to a stronglya bulk effect for fields of<5 T. Both of the “phase 1”
two-dimensional conductivity. The persistence of the fieldmodels described above provide a source of local ferromag-
dependence in the temperature regior<30K <120, where  netism, and hence reduced electron scattering, by identifying
the Nd layers within the blocks appear to be showing spirmagnetized blocks within the structure; they differ in where
glass behavior, can be explained by a similar argument, thakey place the interblock boundaries. Both of the models
is that a strong external field causes an alignment of the Nglould lead to significant, albeit different, changes in the neu-
spins and a rotation of the Mn moments so that they argron diffraction pattern of Sr ,Nd;.,Mn,O, as a function
collinear with those of the rare earth cations. The modebf applied field, and we plan to carry out the appropriate
described above is consistent with the magnetoresistance gfeasurements to distinguish between them in the near future.
SKLNdMn,O; being less than that of S¢Nd; ;Mn,O; be-  They are clearly both attempts to rationalize the data in a
cause the atomic moments are more fully aligned in the lattefyay that differs as little as possible from the currently ac-
in the absence of a magnetic field, and the application of @epted mechanism of CMR, which is based on double ex-
field can therefore have less influence. The principal differchange in ferromagnets. It may be that, in the absence of true
ence between this model and that which assumes that therromagnetism, we should be more radical and seek a com-
CMR occurs in phase 2 is that the former involves the interpletely different explanation.
action of ordered spins and glassy spins, rather than just
relying on a glassy phase. ACKNOWLEDGMENTS
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