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Neutron diffraction studies on a ferromagnetic layered manganite La_,,Sr;,,,Mn,0; (x=0.3)
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Low-temperature neutron diffraction data on a ceramic sample of layered perovskite type
La, 5,Sr 4 2Mn,0,, x=0.3, are reported. The neutron diffraction data show that this compound undergoes a
ferromagnetic transition at 100 KI'¢), but there is no antiferromagnetic signal as reported on a floating zone
melt grown sample of the same nominal composition. The unit cell constants and cell volume for this nominal
x=0.3 sample are slightly larger than those for samples which do show an antiferromagnetic component which
indicates a higher Sr content. The magnetic structure was determined to have colinear Mn spins with a tilting
angle against the axis. The tilting angle abruptly increases from about 20° feao about 50° at 75 K and
then gradually decreases afterwards to 30° at 15 K. This anomalous tilting angle behavior correlates with a
distortion index based on the variance of the Mn-O bond distances and can be understood qualitatively with a
simple crystal field argument. BeloW, there is a magnetostrictive effect on thaxis which correlates with
the behaviors of the spin orientation and the Mn-O bond distan8€4.63-18209)08241-1

INTRODUCTION interbilayer interaction is not reported for the=0.4
compound-213

Since the discovery of the strongly anisotropic colossal Noting that the physical properties of these layered com-
magnetoresistance€CMR) and other physical properties of pounds are very sensitive to the doping level, we have started
layered n=2 Ruddlesden-Popper (RP)  phases, @ systematic study by varying Especially, we have em-
La,_5,Sh 1 2Mn,0; (x=0.3 and 0.4 (Fig. 1), there has
been much effort to understand the nature of these
materials=** The physical properties of these compounds
show a strong dependence on the hole doping legelFor
example, for thex=0.4 compound is reported that bgth,,
andp. show metal-to-nonmetal transitions with concomitant
ferromagnetic(FM) transitions at 120 K, while thex=0.3
compound is reported to have two different transition tem-
peratures at 100 and 260°KThe higher-temperature transi-
tion was attributed to the onset of a two-dimensio(&iD) v it
double-exchange interaction and the lower to the 3D order- ® © ¢ © Ln/Srl
ing of the 2D metallic and FM layefs® However, there has P L
been controversy on the existefi@nd the natufe?® of the ‘
2D FM state of this compound.

Recently, employing low-temperature neutron diffraction,
Perringet al® and Argyriouet al!! showed that their float
zone melt growrx=0.3 samples had interbilayer antiferro-
magnetic(AF) interactions. They argued that this AF inter-
action is responsible for the large MR along theirection
reported by Kimuraet al? Argyriou et al. also reported that
their sample had a FM minan=2 RP phase. The lattice
parameters of this minor phase, with respect to the major FIG. 1. Structure and labeling scheme for,La S, . ,,Mn,0;
one, indicated that it had a larger Indeed, such an AF compounds.

' Mn
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ployed the solid-state synthesis method, which may provide TABLE I. Simulations refinement results of powder x-ray and
a point of comparison with the literature samples that areneutron diffraction data for La »,Sr ; ,,Mn,0;, x=0.3, at room
mostly prepared by the float zone melting technique. temperature. a=3.86866(9) A, ¢=20.3066(7)A, and V

In this paper, we present our low-temperature neutron dif-=303.92(2) &. For x-ray datavRp=11.81,Rp=9.29, fraction of
fraction data on a ceramic=0.3 sample. We show that our the major phase94.485%. For neutron datwRp=11.52, Rp
sample does not have any AF component, but is composed 6f8:85 fraction of the major phas®0.319%. The total isvRp
a pure FM phase in which the Mn moments are tilted with = 11-61,Rp=8.98, andy"=3.086.
respect to the axis. In addition, the refinement results show

that there is an anomalous behavior of the temperature de- z Uso(A%)  Occupancy
pendence of the tilt angle. o(1) 0 0.0172) 1
0(2) 0.196G2) 0.0122) 1
EXPERIMENT o)) 0.09541)  0.0828) 1
La(1) 0.5 0.0081) 0.71(4)
About 7 g of a polycrystalline La_5,Sr_5,Mn,07, x Si(1) 05 0.0031) 0.294)
=0.3, sample was prepared according to our previous g 0.31681) 0.0041) 0.342)
paper** Stoichiometric amounts of L®; (heated at 700 °C Si2) 0.31681) 0.0041) 0.662)
prior to use, SrCQ;, and MnO; were ground together, \, 0.09653) 0.000911) 1
pressed into a pellet, and heated at 1400 °C for total of 100 fy,_o(1) 1.9596) A
with several cycles of intermittent grinding, pelletizing, and Mn-0(2) 2.0218) A
heating to ensure a single-phase product. n-0(3) 1.934459)A
Field-dependent magnetization data at 300 K obtaine (1)-Mn-0(3) 89.3619 A
with a superconducting quantum interference deviceo(s)_Mn_o(g) 178'7(4) A

(SQUID) magnetometer indicate that there is a ferromagnetic
impurity which was identified as a perovskite phase of com-

p_osition close to _L@68r0-4Mno3 based on a neutron diffrgq- distribution, 66.7%. A similar behavior of the Sr and La
tion data analysi®® The temperature-dependent reS'St'V'tngistributions was also found in the other

and magnetic susceptibility data show that this compoun 8,51, + »,Mn,0, compounds with different hole doping

undergoes a transition from a paramagnetic insulator to g, s (k=0.4 and 0.5and can be attributed to the matching

ferromagnetic metfal at ;OO K . . ) between the average size of La/Sr and the perovskite hole
Powder x-ray diffraction data for Rietveld profile refine- size provided by the rather rigid Mn-O framewdfki®

ment were recorded on a Nicolet 12 diffractometer using CU e |attice parameters of our sample from this refinement

Ka radiation in th_e .} range 10°-90° with a step size of [a=3.86866(9) A,c=20.3066(7) A are close to those the
0'Oseli?gnap%?lt’;:rngigfargg r?f di%asaﬁe\:asrggﬁls temperature Sic_)ther nominalx=0.3 compounds reported in the literature.

. attice parameters can be a good indicator of the doping
were Obt?'”ed on a HRPD at HANARO Center, KAERI' level x of this system. From a systematic study of the crystal
Korea, using 1.8339 A neutrons obtained by reflection fromgctures  of LA S »Mn,0,, Seshadriet al. deter-

X —2X ’ .

a singlg-crystal Ge331) monochromator. Thg Samp'e WaS mined that the lattice parameters show the following depen-
loaded in a V can ¢=8 mm, L=80mm), which, in turn, dence omnx:2°

was placed in a He-filled Al canister for the low-temperature

experiments. The temperature of the sample was monitored a=3.84406)+0.072610)x,
at the top and bottom of the V can to ensure thermal homo-
geneity of the sample. c=20.8646)—1.83210)x.
The Rietveld profile refinements were performed by using
the FULLPROF (Ref. 16 and GsAs (Ref. 17 programs. Five According to these equations, thevalue of our com-

parameters of Chevynev-type background parametergound is 0.340 and 0.304 based on thandc parameters,
pseudo-Voigt-type profile function with three parametersrespectively. The lattice parameters of the sample of Argy-
and asymmetric peak shape function with four terms wergiou et al'* convert tox=0.245 (for the a parameter and
used in the refinements wittULLPROF. For the refinements 0.278 (for the c parametex. Of course, these results cannot
with GsAs the background was refined with a 12-term cosinepe taken as an absolute measure, but still may be useful in
Fourier series, and the peak profile was refined with aomparing the relative composition. The utility of the above
pseudo-Voigt function with eight terms. formulas can be confirmed from a calculation onxan0.4
compound reported by Mitche#it al. which givesx values
of 0.417 and 0.392 based oa and c parameters,
respectively? It is clear that ourx=0.3 sample is richer in
Both the room-temperature powder neutron and x-ray dif-Sr than that of Ref. 11, but the difference is fairly small.
fraction patterns of our sample were refined simultaneously The x-ray powder diffraction pattern of our compound did
to get the parameters in Table I. X-ray data can be used toot reveal any sign of the biphasic nature reported for the
differentiate La and Sr, and thus the distribution of these ionselated LSrLMn,0; (L=La-Gd) (Ref. 18 and
over the two possible sitegocksalt and perovskite sites Nd,_5,Sr 2,Mn,0; (x=0.4 and 0.45 (Refs. 21 and 2P
could be determined. The results are tha@3% of the total compounds. According to Battlet al., many samples of the
La occupies the rocksalt site, which is smaller than a random=2 members of the RP manganites may be composed of

RESULTS AND DISCUSSION
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phase model. A similar result was reported for the0.3
sample by Argyriouet al. who employed synchrotron x-ray
diffraction to resolve the two-phase nature of their sample.
Based on their magnetic neutron diffraction data, they con-
cluded that the major phase had an AF interbilayer interac-
tion while the minor was FM. However, their neutron dif-
fraction patterns did not reveal the two-phase mixing
because of the lower resolution of the neutron
diffractometert! In attempts to fit the x-ray diffraction data
for our nominalx=0.3 sample with a biphasic model with
and without constraints, we have obtained merging lattice
parameters or divergent results. Our inability to observe two-
phase mixing in our sample is not conclusive and may be due
to the lower resolution of the laboratory x-ray system which
uses CuK« radiation. However, the magnetic neutron dif-
fraction data at low temperaturéselow) were refined suc-
cessfully with a singlen=2 RP phase moddplus a perov-
skite impurity) as also reported in Ref. 11.

The neutron diffraction patterns of our sample show that
there is a perovskite impurity phadeefined fraction of
9.58% for the neutron and 5.51% for the x-ray diffraction
data with an orthorhombic lattice. Based on the lattice pa-
rameters and the magnetic properties, the composition of this
impurity phase was determined to be close to
Lag ¢S15.4MNO,. The presence of a La-rich impurity phase
implies that the major phase is Sr rich relative to the target
composition. However, even if this impurity is taken into
account, thex value of ourn=2 RP phase is 0.305 at most.

Because of the magnetic impurity phase, the refinements
of the neutron diffraction data were performed with a four-
phase model, both nuclear and magnetic phases for the major
n=2 RP and the impurity phases. In FiggaRand Zb), we

FIG. 2. Calculated and observed powder neutron diffraction patShow the refinement results for the room-temperature and 15
terns for Lg_5,Sr ; ,,Mn,0;, x=0.3, at room temperatur@) and

15 K (b).

two phases with slightly different lattice paramet&tdhey
argued that the two-phase nature is apparent from the peaitotted in Fig. 3. Both the andc parameters decrease with
shape of the(0 0 10 reflection, the profile fitting with a cooling. There is an abrupt contraction of thparameter by

biphasic model giving much better agreement than a singled.02 A (Ac/c=0.13%) in the temperature range 100—70 K,

K data. The atomic positions and selected bond distances
obtained for some representative temperatures are listed in
Tables Il and Ill, respectively.

The variation of the lattice parameters with temperature is

TABLE Il. Refinements of the neutron diffraction data for,La,Sr;, ,,Mn,0O;, x=0.3, at

some selected temperatures.

15 K 85 K 115 K 300 K

7/B (A?) 2/B (A?) z/B (A?) 2/B (A?)
0(1) 0/0.3011) 0/0.4713) 0/0.7312) 0/1.0613
0(2) 0.19612)/0.6914) 0.19583)/1.22)  0.19632)/1.1415) 0.19562)/1.1313)
0(3) 0.09592)/0.556) 0.0955%2)/0.457) 0.09562)/0.527) 0.09551)/0.566)
La(1)/Sr(1) 0.5/0.0810) 0.5/0.2q12) 0.5/0.2911) 0.5/0.2%11)
La(2)/SK(2) 0.31782)/0.31(7)  0.31692)/0.298) 0.31742)/0.31(7) 0.31712)/0.397)
Mn 0.09584)/0.1510) 0.09734)/0.2311) 0.09684)/0.1010) 0.09713)/0.1810)
M (ug)/6(deg) 3.075)/30.515)  1.489)/40(6)
a(A) 3.864938) 3.8649Q9) 3.864848) 3.869207)
c(A) 20.22818) 20.24419) 20.25848) 20.30927)
V (A3 302.162) 302.402) 302.602) 304.041)
WRp 11.8 11.9 11.3 10.5
Rp 8.62 8.79 8.25 7.68
0% 3.99 3.80 3.37 3.20
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TABLE 1ll. Selected bond distances and angles for
La,_ 5, Sh 1 2xMn,0;, x=0.3, at some selected temperatures

15K 85 K 115K 300 K
Mn-O(1) 1.9387) 1.9698) 1.9608) 1.9717) o
Mn-O(2) 2.0289) 1.994100 2.0189) 2.00%8) =
Mn-O(3) 1.93250) 1.93282) 1.9326@1) 1.93491) é

O(1)-Mn-O(3) 90.1(2) 88.93) 89.32) 89.02)
O(3)-Mn-O(3) 179.8935) 177.8889) 178.59%7) 178.0637)

indicating a magnetostrictive effect, while tleeparameter
shows no such effect. The Ak=0.3 sample of Argyriou
et al. also showed a magnetostrictive contraction of the
axis belowT, by 0.14%. Their magnetic structure showed
that the Mn spins are aligned along tbexis with a tilting
angle!! On the other hand, the=0.4 compound was re-
ported to show a magnetostrictive effect on the
parameter? which appears to be related with the direction of
spin orientation as discussed below.

The low-temperature neutron diffraction patterns showed
magnetic Bragg peaks beloW. (100 K) (Fig. 4). These are 1(004)/1(110 =K tar? 6,
indexed on the nuclear unit cell, and their systematic extinc
tion conditions conform to the space grolmmmof the
nuclear unit cell, consistent with a long-range FM ordering
In their papers, Argyriowet al. and Perringet al. reported
magnetic peaks such &01) and(005), which led them to
conclude that their compound had AF interbilayer

interactions. . Moreoyer, Argyriouet altl.repolryed that their ._angle also reaches its maximum value at 76Fg. 5(b)]. It
sample contained a minor FM phase in addition to the majofnitially increases from 30° at 15 K to 52° at 75 K, and then

AF phase, consistent with the biphasic nature of their samplt@jrops to 20° at 95 K. Above 95 K. the refinements of the
revealed from a synchrotron x-ray diffraction. The absence ' '

of any AF peaks in our sample indicates that it is a pure

FIG. 4. Temperature variations of the neutron diffraction pattern
Of La2_2XSI’1+2XMn207, X:03

1(004)|M|?sir? 6,

1(110)|M|? cog 6,

where|M| is the amplitude of the magnetic moment vector,
is the tilting from thec axis, andK is a constant. As can be
'seen in the figure, thé04) peak intensity shows a normal
behavior, decreasing as the temperature is increaséd,to
while the (110 peak intensity shows an anomalous behavior
with temperature, peaking at about 75 K. The resulting tilting

ferromagnet. (a) = ZOO‘EEEH (110)
The variations of some magnetic peak intensities are plot- % L)
ted as a function of temperature in Figap In this figure, E ii ’
we have chosen th@04) and (110 reflections that corre- b 1001 n o TR
spond to the projections onto thé plane andt axis, respec- ® (004) }
tively, of the magnetic moment vector. The ratio of these two 2 :
peaks is related to the tilting angle of the magnetic moment £ 0Or , e i
vector from thec axis as shown in the following relations: (b) - -
%0 50 -
e
AL M T Tt Tt T ©  40r ,i/-
3875 F 12032 0l ;ifl *,\
42030 201 : 1
3.870 | A . s . ,
f/ 42028 ©) S ]
L 5.865 [ oeome-cro-ts. uJ l\'.
® ! 42026 ° 220
- 3,
7 00 T
3.860 | : o, A 1.0 ‘ﬁ B '
t e c O 0 L T\‘._—‘I_—lv‘—‘l\l L
38551 12022 ~0 50 100 150 200 250 300
0 50 100 150 200 250 300 Temperature (K)

Temperature (K)
FIG. 5. Temperature variations of the integrated intensities of
FIG. 3. Temperature variations of lattice parameters ofthe (004 and (1100 magnetic Bragg peak&), refined and tilting
La, 5,Sr . o,Mn,0;, x=0.3, from powder neutron diffraction pat- angld6) (b), magnetic momentM) (c) of La, 5,Sr ; ,,Mn,0O5, X
tern refinements =0.3.
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(a) 204k ' ' ' ' ] tration of Mr?* in thex= 0.4 compound. While the Mn-@)
%j} - Mn-O2(R) bond distance of ouk=0.3 compound is almost constant
2 i T? % ____________________ ﬁ% with temperature, showing a slight thermal expansion, the
brd 201 *ETE L1 axial Mn-O bond lengths are strongly temperature dependent
2 3 Mn-O1(P) 1 [Fig. 6(@]. Between 300 K and. (100 K), the Mn-Q1)
£ 198t - T + distance decreased to 1.960 A, while the M{®distance
S . - —11 ___________ PR ) increased to 2.018 A, making the difference in axial bond
=] L (g [ b4 .
& 195L T T4 1L ] lengths even larger. Over the temperature interval 100-75 K
o liﬁ Mn-03(e) these trends are actually reversed and, by 85 K, Mb-Bas
® e e increased to 1.969 A and Mn{® has decreased to 1.994 A,
1.92 * : : : : : resulting in a much smaller axial bond length difference than
(b) 0.040 - . at room temperature. From 75 K downwards, the signs of the
T I T, thermal expansions change again and, at 15 K, Mb-@&
0.0351 o7 | i much reduced to 1.938 A and Mn®) is much increased to
l L T T T 2.028 A. As well, the equatorial Mn{@) (1.9325 A and
oy i} ; ll axial Mn-O(1) (1.938 A) distances in the bilayer are not
o 0-030r | 1 ?I - significantly different at 15 K. Therefore, at this temperature,
- * i the MnQ; octahedron can be described as having five short
0.025 J ' and one long Mn-O long bonds. In comparison, the 11 K
L data of Argyriouet al. give slightly more different values for
0.020 T 1.9551 A[Mn-O(1)] and 1.929 29 AMn-0O(3)].**
0 50 100 150 200 250 300 It is also of interest to compare the temperature variation

Temperature (K) of the three Mn-O distances of the nominat 0.3 samples,
the one described here and that of Ref. 11. As both materials

FIG. 6. Temperature variations of Mn-O bond distan@sand  can pe regarded as single phase with respect to the neutron
octahedral distortion parameteb) of L&, 2,Sn.2Mn07n X (diffraction data, such comparisons should be valid. Although
=0.3, from powder neutron diffraction pattern refinements. only a few details are given in Ref. 11, it is clear that the

longer axial bond Mn-@) shows a contraction below,

tilting angles resulted in large uncertainties due to the very100 K) which is barely significant, 2.048) A at 100 K and
weak magnetic peak intensities. As mentioned, this behavio?-0364) A at 11 K. In the sample reported here, we note an
of the temperature-dependent tilting angle is anomalous. Alexpansion, 2.018) A (115 K) to 2.0289) A (15 K), also
of the othern=2 RP phases studied by neutron diffraction barely significant, but clearly in the opposite sense to that
are reported to show either monotonic changes or no changéeported in Ref. 11. In both samples the shorter axial Mn-
of tilting angles with temperature. The temperature range o(1) bond length decreases with temperature.
the tilting angle anomaly coincides with that of the magne- It is also a common practice to examine the temperature
tostrictive effect, implying a direct relationship. On the otherdependence of a Jahn-Teller distortion index. This is
hand, the refined magnetic momé&M) of the Mn atom de- often defined as a simple ratio d(Mn-O)a/
creases monotonically with the increase of temperature frord{Mn-O)cquatoria+ It has been reported that;r, so defined
3.07(5)ug at 15 K to zero at around 115 Kig. 5(c)]. The  decreases with decreasing temperature upon entering the FM
magnetic moment value at 15 K is close to the experimentalegime forx=0.3, while an increase occurs for 0.41The
value of 3.2ug (under 5000 G which is close to the theo- temperature variation af ; for ourx=0.3 sample shows no
retical value of 3.%g for a fully aligned Mn moment? This  significant change over the entire temperature range studied.
magnetic structure is different from that described for theWhile a very slight decrease upon entering the FM state may
FM impurity phase of Argyriouet al. For the minor FM  be masked by the relatively higher errors on the bond dis-
phase in their sample, Argyrioet al. reported AF interac- tances from our study, the null result appears to be due,
tions between the neighboring double layers alongahe primarily, to the fact that the two axial bond distances have
direction. opposite and nearly quantitatively compensating temperature

In order to understand the complex behavior of the magdependences. This observation is consistent with the argu-
netic moment, we refined the crystal structure variation as aent, posed earlier, that our sample is slightly more Sr rich
function of temperaturéFig. 6 and Table Ill. At room tem-  than the sample of Ref. 11; that is, it exhibits behavior inter-
perature, the coordination environment of a Mn atom can bénediate between that reported for the nomiral0.3 and
described as a tetragonally elongated octahedron with foud.4 phases.

short equatorial Mn-C8) bonds(1.9349 A, one longer Mn- Another type of distortion index has been ugéd:
O(2) (2.001 A), and one intermediate Mn{® (1.971 A
axial bond. Overall, the Mng octahedron of thex=0.3 UJT:[%2{(Mn-0)i'<M”'O>}2]1/21

compound is more distorted than that of tke 0.4 one. In

the latter, the equatorial Mn{@) (1.93733 A and Mn-Q1)  which is the variance of the Mn-O bond distances and pro-
(1.942 A of the bilayer are close to each other and the Mn-vides a measure of the overall distortion within the Mn-O
0O(2) (1.994 A is longer than the others, but with a smaller octahedron. For these materials it is also a measure of the
amount'? This difference, of course, is a consequence of alahn-Teller distortion as the four equatorial Mn-O distances
reduced Jahn-Teller distortion because of the lower concerare equal and thermally invariant, while the axial Mn-O dis-
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to the localz axis which is parallel to the crystallographic
axis. As for these materials the moment direction is never
exactly parallel taz, this implies, in the simplest picture, that
the crystal field ground state involves a linear combination of
d,2 andd,2_,2. One expects thel2_,2 proportion of the
admixture to increase as;t decreases, which should lead to
an increase in the tilt angle, which is in qualitative agreement
with observation.

In summary, the sample of La,,Sr,Mn,0; with
nominal x=0.3, prepared by a solid-state ceramic method,
has been shown by powder neutron diffraction to have a
ferromagnetic magnetic structure in which the Mn moments
are canted with respect to tleaxis. The canting angle is
strongly temperature dependent and markedly anomalous
with values near 20°-30° just beloW and at low tempera-
tures(15 K) and a maximum of 50° near 75 K. This anoma-
lous temperature behavior can be correlated with changes in
the Mn-O bond distances via a Jahn-Teller distortion index
and a qualitative crystal field argument.

These results are in contrast to those reported for other
nominal x=0.3 samples®!! prepared by a floating zone
melt method, for which an antiferromagnetic component to
the magnetic structure is observed. Otherwise, the two
: v samples show essentially the same bulk magnetic behavior, a

(@ (®) © T, of 100 K and a 0.13-0.14 % magnetostrictive effect on
the c-axis lattice constant. The principal difference appears

FIG. 7. Schematic diagram for the correlation of the spin direc-to be the Sr content or the actual, as opposed to the nominal,
tion and crystal-field-split Mrd levels derived from the Mn-O bond X value. Comparing unit cell volumes 304(@% A3 (this
distances at different temperaturéa) at 15 K, (b) 85 K, and(c) work) and 303.43 A (Ref. 11, it is reasonable to argue that
100 K. the Sr content ok value of the present sample is somewhat
greater than that of Ref. 11. It is thus abundantly clear that
dor the La_,,Sn_,,Mn,0; system, neak=0.3, the details
of the magnetic structure are remarkably sensitive to small
variations inx.

tances vary strongly with temperature. The thermal variatio
of this parameter is plotted in Fig(l§ and indicates that the
distortions are greatest at temperatures abbvend well
below T. with a pronounced minimum at 85 K.

By comparison of Figs. ®) and Gb) it is clear that the
tilt angle of the Mn moment is correlated with the variance-  Financial support for this research from the Korea Science
based version of ;7. This can be understood, qualitatively, and Engineering FoundatidiGrant No. KOSEF 971-0305-
by consideration of the effect of the Mn-O environment dis-050-3, Y.-U.K) and Natural Science and Engineering Re-
tortion on the splitting of the Mrd levels (Fig. 7). At all  search of CanaddNSERC, J.E.Q.is gratefully acknowl-
temperaturesl(Mn-0) ™ d(MN-0)¢quatoriar SO thed,2 or-  edged. The neutron diffraction experiment has been
bital will be stabilized with respect to tha2 2 orbital and  performed at HRPD operated under a nuclR&D program
in general the preferred moment direction should be paralleby MOST.
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