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We studied three distorted perovskite manganites, Pr1y2Sr1y2MnO3 and Nd12xSrxMnO3 with x  1y2
and 0.55 by the neutron diffraction technique. Two samples withx  1y2 exhibit a transition from
a ferromagnetic (FM) metal to an antiferromagnetic (AFM) nonmetal. We demonstrate that, in
low temperature phase, Nd1y2Sr1y2MnO3 has a CE-type AFM structure with charge ordering, while
Pr1y2Sr1y2MnO3 and Nd0.45Sr0.55MnO3 exhibit anA-type layered AFM structure, but show no clear sign
of charge ordering. From the present results, we suggest a possible anisotropy of transport as w
magnetic properties in theA-type AFM structure nearx , 1y2. [S0031-9007(97)03224-9]

PACS numbers: 71.27.+a, 71.30.+h, 75.25.+z
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Recent discovery of the colossal negative magnet
sistance has attracted a considerable interest on dist
perovskite manganites. As is well known, distort
perovskite manganites such as La12xSrxMnO3 [1] and
La12x-CaxMnO3 [2–4] undergo a transition from an ant
ferromagnetic (AFM) insulating state to a ferromagne
(FM) metallic state by doping carriers. However, t
FM metallic state is easily suppressed by the forma
of charge ordering. Especially, a commensurate frac
of the carrier concentration such as 1y8, 1y3, and 1y2 is
expected to favor a particular type of charge orderi
For example, charge ordering nearx ø 1y2 is reported
in several systems such as Pr12xCaxMnO3 [5–8],
Pr1y2Sr1y2MnO3 [9,10], Nd1y2Sr1y2MnO3 [11], and
La12xCaxMnO3 [3,4], and a type of charge ordering
these materials is claimed to be of a CE-type structur
initially named by Wollan and Koehler in Ref. [3].

In Fig. 1, typical behavior of resistivity in a charge o
dered system withx ø 1y2 is exemplified by those o
Pr1y2Sr1y2MnO3 [10] and Nd1y2Sr1y2MnO3 [11]. Note that
both systems exhibit metal-to-nonmetal transitions u
cooling. They become a FM metal belowTC , 250 K,
but transform to an AFM nonmetal atTN , 150 K. A
salient feature of their resistivity is a drastic difference
the behavior belowTN , despite their having very simi
lar TC ’s and TN ’s. The resistivity of Nd1y2Sr1y2MnO3
shows a dramatic increase atTN , and continues to increas
upon cooling (R , 1.6 3 102 V cm at 5 K). By contrast
the resistivity of Pr1y2Sr1y2MnO3 shows an increase atTN ,
but remains a relatively low value down to 5 K (R ,
1.8 3 1022 V cm at 5 K, being 4 orders of magnitud
smaller than the resistivity of the Nd compound).
elucidate such a distinct difference in the resistivity,
seems to be important to gain profound understand
of the nature of the charge ordering state in these m
ganites. These considerations motivated us to investi
their magnetic and structural behavior utilizing the ne
0031-9007y97y78(22)y4253(4)$10.00
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tron diffraction technique. For this purpose, we chos
three samples, Pr1y2Sr1y2MnO3 and Nd12xSrxMnO3 with
x  1y2, 0.55. We note that Nd0.45Sr0.55MnO3 orders an-
tiferromagnetically atTN  TS  225 K with a first order
structural transition. Its resistivity shows a sharp increa
at TN . But, interestingly, it remains a very low value o
4.0 , 5.0 3 1023 V cm before it shows an upturn below
80 K (not shown), similar to Pr1y2Sr1y2MnO3.

For CE-type charge ordered manganites withx ø 1y2,
the CE-type AFM spin structure due to a specific arrang
ment ofeg orbitals is also presumed. In the present stud
however, we found that Pr1y2Sr1y2MnO3 and Nd0.45Sr0.55-
MnO3 samples exhibit a layeredA-type AFM ordering.
We suggest that a wider one-electron band width m

FIG. 1. Temperature dependence of the resistivity
Pr1y2Sr1y2MnO3 and Nd1y2Sr1y2MnO3. Thick and thin arrows
denote transition temperatures for Pr and Nd manganit
respectively.
© 1997 The American Physical Society 4253
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suppress the CE-type charge ordering in the samples
x ø 1y2, and then it favors theA-type AFM ordering.

Single crystal samples were melt grown by the floatin
zone method. The details of a sample preparation met
were reported in the previous papers [10,11]. We chec
the stoichiometry of the samples by electron-probe mic
analysis, ICP-MS, and iodometric titration, and the resu
show that our samples agree with a nominal concentra
within a 1% accuracy.

Neutron diffraction measurements were performed w
triple axis spectrometers GPTAS, HQR, and HER instal
at the JRR-3M research reactor in JAERI, Tokai, Jap
Neutrons with incident momentum ofki  2.57 Å21 were
obtained by the (002) reflection of the pyrolytic graphi
monochromator, and a combination of400-200-200 colli-
mators was utilized for profile measurements on GPTA
while collimation was relaxed to400-400-400 for measure-
ments of the temperature dependence of the integra
intensities.

We briefly summarize the temperature dependence
magnetic behavior of three samples by showing that
magnetic Bragg reflections in Fig. 2. Two samples w
x  1y2, Pr1y2Sr1y2MnO3 and Nd1y2Sr1y2MnO3, show FM
ordering in the intermediate phase forTC . T . TN ,

FIG. 2. Temperature dependence of magnetic Bragg refl
tions in three samples. Integrated intensities were meas
through au 2 2u scan.
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and they enter an AFM state belowTN as shown in
Figs. 2(a) and 2(b), respectively. The third sample Nd0.45-
Sr0.55MnO3 exhibits AFM ordering belowTN  TS 
225 K as shown in Fig. 2(c). In the low temperature phas
all three samples have the AFM ordering.

In contrast to our expectation of the CE-type AFM spi
structure accompanied with the well-established charge
dering for the samples withx ø 1y2, we have discovered
that Pr1y2Sr1y2MnO3 and Nd0.45Sr0.55MnO3 samples ex-
hibit a different magnetic structure in their AFM phases
The difference of magnetic structures in three samples
best contrasted by their neutron powder diffraction patter
shown in Fig. 3. Shaded peaks in Fig. 3 indicate AFM
superlattice peaks. By comparing three panels, one c
easily see that magnetic structures of Pr1y2Sr1y2MnO3 and
Nd0.45Sr0.55MnO3 are qualitatively identical, but are dif-
ferent from that of Nd1y2Sr1y2MnO3. Indeed, the powder
pattern of Nd1y2Sr1y2MnO3 can be indexed by the CE-type
AFM structure as is proposed by previous studies [11]. W
found, however, that the patterns of Pr1y2Sr1y2MnO3 and
Nd0.45Sr0.55MnO3 should be indexed with anA-type AFM
structure similar to those in LaMnO3 [3] and lightly doped
La12xSrxMnO3 [12].

We should note that a previous neutron scattering stu
by Knizek et al. [9] showed that their Pr1y2Sr1y2MnO3
sample had the CE-type AFM structure in its low tem
perature phase. We have studied several samples of
Pr12xSrxMnO3 system with0.45 , x , 0.55, but found
that none of them exhibits a CE-type AFM phase. W
note that our powder sample was prepared by grinding m

FIG. 3. Portion of powder profiles in the low temperature
phase of three samples. Shaded area indicates magn
contributions.
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grown single crystals, while their sample was prepared
the solid state reaction method. In order to elucidate t
discrepancy of the magnetic structure for Pr1y2Sr1y2MnO3

between two groups, we have prepared a calcined po
crystalline sample by the solid state reaction method a
examined its magnetic structure. Being consistent with o
melt-grown samples, our calcined polycrystalline samp
also showed theA-type AFM structure, although the AFM
transition was drastically broadened. Therefore, we co
clude that Pr1y2Sr1y2MnO3 has theA-type AFM structure,
and the different magnetic structure in the preceding stu
should be attributed to a slight off-stoichiometry (differen
x and/or oxygen content).

For the CE-type magnetic structure, Mn31 and Mn41

ions are believed to form thesp, 0, pd-type charge order-
ing [13]. As evidence for the CE-type charge orderin
in Nd1y2Sr1y2MnO3, we observed superlattice reflection
which correspond to a doubling of the unit cell along th
c direction due to a specific arrangement ofeg orbitals in
the CE-type charge ordering. On the other hand, in theA-
type AFM case of Pr1y2Sr1y2MnO3 and Nd0.45Sr0.55MnO3,
we have made a systematic search of charge orde
peaks in single crystal samples, but found no evident in
cation of charge ordering. We emphasize here, howev
that the two magnetic structures atx , 1y2 observed in
the present study are beautifully correlated with distinc
different behavior of the resistivity in the AFM phas
shown in Fig. 1.

In the present two samples, Nd1y2Sr1y2MnO3 and
Pr1y2Sr1y2MnO3, the hole concentrationnh is held fixed
at nh  1y2. Therefore, the replacement of Nd ions wit
ngles
netic,
TABLE I. Magnetic structure (MS), moments, the direction of magnetic moment, lattice constants, and Mn-O-Mn bond a
determined from Rietveld analysis of powder profile data. In the column of MS, symbols F, A, and CE denote the ferromag
A-type AFM, and CE-type AFM structures, respectively.Qb and Qac denote the Mn-O-Mn bond angles along theb axis and
within the a-c plane.

Mn-O-Mn (deg.)
T sKd MS Moment smBd a sÅd by

p
2 sÅd c sÅd Qb Qac

Pr1y2Sr1y2MnO3 6.7 A 3.1 [010] 5.362(4) 5.531(2) 5.371(3) 171.6(2.5) 163.1(3.0)a 161.4(3.0)a

110 A 3.0 [010] 5.360(3) 5.525(2) 5.377(3) 175.9(2.5) 165.4(3.0)a 162.2(3.0)a

170 F 2.8 [010] 5.380(1) 5.505(1) 5.408(1) 158.2(3.0) 171.4(3.0)
276 P 5.382(1) 5.509(1) 5.420(1) 157.9(2.5) 170.6(2.5)

Nd1y2Sr1y2MnO3 10 CE 3.0b 2.8b [001]c 5.445(1) 5.326(1) 5.515(1) 161.8(2.0) 161.9(2.0)
155 CE 1.9b 1.8b [001]c 5.442(1) 5.331(2) 5.504(1) 162.1(2.8) 161.9(2.5)
174 F 2.6 [001] 5.423(1) 5.397(1) 5.469(1) 162.7(1.7) 167.2(2.5)
296 P 5.434(1) 5.398(1) 5.477(1) 159.6(2.5) 168.2(2.5)

Nd0.45Sr0.55MnO3 6.7 A 3.0 [001] 5.440(1) 5.312(1) 5.494(1) 161.8(4.0) 168.3(2.0)
180 A 2.5 [001] 5.437(1) 5.324(1) 5.491(1) 161.8(3.5) 168.1(2.0)
250 P 5.360(2) 5.498(2) 5.413(2) 156.7(2.5) 170.6(3.0)

aThe lattice structure of Pr1y2Sr1y2MnO3 in the A-type AFM phase isP21yn. The bond angles in thea-c plane in the monoclinic
P21yn phase are not identical. The values in the first and second columns give the angles along the [101] andf101 g directions,
respectively.
bFor the CE-type AFM structure, the first and second columns give the magnetic moments for the Mn31 and Mn41 sites (site I and
II), respectively.
cThis direction is for Mn31 (site I) and the direction of magnetic moment for Mn41 (site II) is not determined.
y
e

ly-
d

ur
le

n-

y
t

e

ng
i-

er,

y

larger Pr ions causes an increase of the tolerance fa
In other words, the substitution widens the one-elect
bandwidth (W), leading to a strong enhancement of t
itinerant character ofeg electrons in the Pr1y2Sr1y2MnO3
system. With the increase ofW , the double exchange
(DE) mechanism may allow metallic conductivity withi
FM layers in theA-type AFM structure through gain o
kinetic energy foreg electrons. We consider that such
change ofW can be an origin of theA-type AFM structure.
It is relevant to mention the recent study on thesNd12z-
Lazd1y2Sr1y2MnO3 system [14]. In this study, influence
of W on the transport properties was studied for a fix
hole concentrationnh  1y2. Interestingly, another AFM
phase was suggested in between the CE-type AFM ph
and the FM metallic phase. These results can be un
stood as a consequence of the reduction ofW . For the
nh  1y2 system, the CE-type charge ordering is realiz
when the system has a smallW , while with the increase
of W , the CE-type charge ordering is progressively su
pressed, and surprisingly, the layeredA-type AFM phase
can be favored before the FM metallic state is establish

Finally, we point out that theA-type magnetic structure
also affects the crystal structure. We have performe
standard Rietveld refinement analysis of our powder p
tern data [15], and part of the results on the magne
and lattice structures are summarized in Table I. Int
esting quantities in these crystal structures are Mn-O-
bond angles along theb direction and within theac plane,
and they are listed in the columnsQb and Qac. There
is a clear correlation between the Mn-O-Mn bond a
gles and theA-type AFM structure. In the case of th
4255
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FIG. 4. A-type layered AFM structure and its propagatio
vector t for the orthorhombic Nd0.45Sr0.55MnO3 and the
monoclinic Pr1y2Sr1y2MnO3.

CE-type AFM phase of Nd1y2Sr1y2MnO3, the Mn-O-Mn
bond angles along the three directions are almost ide
tical, being ,162±. On the other hand, in the case o
the A-type AFM phase of Nd0.45Sr0.55MnO3, the bond
angles within the FM layersQac , 168± are substan-
tially larger than those between the FM layersQb , 162±.
A similar trend is also found in Pr1y2Sr1y2MnO3. This
sample has a monoclinicP21yn structure in the AFM
phase [16]. The monoclinic distortion causes the chan
of the propagation vector,t, of theA-type AFM structure
from the [0, 1, 0] direction in the case ofPnma structure
to the [1y2, 0, 1y2] direction as depicted in Fig. 4. Never
theless, the largest Mn-O-Mn bond angle still lies in th
FM layers. This systematic difference of the Mn-O-M
bond angles in theA-type AFM structure might cause an
anisotropy of transport and magnetic properties within a
perpendicular to the FM layers. We also comment that t
DE mechanism further favors an anisotropy of resistivi
within and perpendicular to the FM layers in theA-type
spin structure.

In conclusion, we studied three distorted perovski
manganites, Pr1y2Sr1y2MnO3 and Nd12xSrxMnO3 with
4256
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x  1y2 and 0.55, and demonstrated that there exists
close correlation among the magnetic, crystal structur
and the transport properties. We suggest that theA-type
AFM ordering which appears in a limited region with
x , 1y2 certainly deserves further studies, including the
possible anisotropies on magnetic and transport properti
It is also interesting to investigate theoretically in wha
case theA-type ordering is stabilized against the FM
ordering.
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