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Abstract

The magnetic structure of colossal magneto-resistive Ndg ,Sro 3(Mn; _ >"Fe,)O3 (x=0.02, 0.05, 0.10, and 0.15) has
been studied by Méssbauer spectroscopy in magnetic fields up to 60 kG. >’Fe ions appear to spread over two different
magnetic phases. One of them remains ferromagnetic for all values of x, but the other one changes from canted to anti-
ferromagnetic with increasing x. For x=0.02 and 0.05, the latter magnetic phase is comprised of small clusters, which
are very sensitive temperature and strongly influenced by the applied fields. © 2001 Published by Elsevier Science B.V.

PACS: 75.30.Vn; 75.25.+z; 76.80. +y
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1. Introduction

Numerous studies have been conducted on
perovskite compounds having the composition
R, _ ;M ,MnO; (R =trivalent lanthanide; M = di-
valent element) since the initial realization of their
colossal magnetoresistance [1,2]. Most of these
efforts have focused on optimizing and explaining
the greatly enhanced magnetotransport properties
by systematically varying the Mn> " /Mn** ratio in
the material through modifications of the divalent
cation concentration within the perovskite struc-

*Corresponding author. Tel.: +1-316-978-3992; fax: +1-
316-978-6556.
E-mail addresses: jchohoho@hotmail.com (J.C. Ho).

ture [3]. Less effort has been spent in examining the
effects of substitutions on the octahedral sites
occupied by the manganese cations, in part
because such a replacement causes a quenching
of the desirable magnetotransport properties [4].
However, a systematic examination of the changes
in micromagnetic properties of the perovskites
with cation substitution for manganese can reveal
insight on the dependence of the local spin
moment behavior on cation occupation and the
competition between exchange mechanisms for
manganese cations having different nearest-neigh-
bor combinations.

Such information on the local spin moment
behavior may be obtained by straightforwardly
replacing Mn®" cations by Fe®" cations within
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the perovskite structure. Here, both manganese
and ferric iron ions have similar ionic radii while
occupying octahedral sites [5] such that this
substitution is expected to minimally impact the
lattice parameters, although it has been noted that
this substitution may change the Mn—O-Mn bond
angles and thus modify the exchange interactions
[6]. Most importantly, the substitution of >'Fe®*
for Mn®* allows inference of the behavior of the
majority manganese spin system through the usage
of Mossbauer effect measurements. Unfortunately,
the behavior of the Fe’" spin moments in these
manganites will not necessarily reproduce those of
the Mn®", since the iron cations always have an
antiferromagnetic exchange coupling to magnetic
ions on neighboring sites through the super-
exchange interaction, whereas the manganese
cations can have either an antiferromagnetic or
ferromagnetic exchange coupling to nearest-neigh-
bor manganese cations depending upon the
respective types and valencies of the involved
cations. Thus, small replacements of iron for
manganese can be viewed as a perturbation of
the magnetic ground state, whereas very large
substitutions are expected to drive the spin system
towards an antiferromagnetic state exemplified by
the orthoferrite compound LaFeOs;. Meanwhile,
intermediate levels of substitution are expected to
inject a considerable amount of frustration into
the spin system since the manganese cations will
have competing couplings by both the antiferro-
magnetic superexchange and ferromagnetic dou-
ble-exchange interaction to neighboring magnetic
ions.

In this work, we have examined the micro-
magnetic response of the spin system in the
perovskite compound Nd, ;Sro3(Mn; _ .°"Fe,)O;
(x=0.02-0.15) through the usage of Mossbauer
effect measurements at temperatures down to
4.2K and applied fields up to 60kG. This study
follows previous measurements of the magnetic
and magnetotransport properties of this system
[7]. The macroscopic magnetic properties evolve
from those typical of the ferromagnetic perovs-
kites that show a colossal magnetoresi stance effect
for x=0, to a material that shows antiferromag-
netic ordering and canted behavior for an iron
substitution of x=0.15. This evidence for strong

competition between exchange couplings at mod-
erate levels of iron substitution has been extended
to single crystal materials of pure Ndg ;Sry ;MnO3,
where recent ac-susceptibility measurements have
been interpreted as indicating that a significant
competition between antiferromagnetic and ferro-
magnetic exchange mechanisms exists even in the
ferromagnetic phase of these unsubstituted crys-
tals [8]. Thus, it is evident that the
Nd, 7Sro3(Mn; _ >"Fe,)O; system possesses intri-
guing spin moment behaviors even to the lowest
substitution levels.

2. Experimental Procedure

The pressed powder Nd 7Sty 3(Mn; _ >'Fe,)Os
(x=0.02, 0.05, 0.10, and 0.15) samples were
produced by the solid state synthesis process given
in Ref. [7]. To allow for high quality Mdssbauer
effect measurements, pure ' Fe,O; was used in
stoichiometric proportions with Nd,Os, SrCOs;,
and MnCOs;. The mixture was milled and calcined
at 1200°C in air for 16 h, milled again and pressed
into a pellet under a 3-ton/cm?® pressure, and then
given a final sintering at 1400°C for 16 h. Room
temperature X-ray diffraction on powder samples
showed only peaks corresponding to the orthor-
hombic perovskite-like structure, with no signifi-
cant change in lattice parameters occurring with
iron substitution. One expected result of this Fe**
cation substitution for Mn*" is a shift in balance
between Mn cations having differing valence
states. In particular, the predicted Mn®*/Mn*"
ratio of (0.7 — x)/0.3 will vary from 2.33 for x=0-
1.83 and for x=0.15, as is shown in Fig. 1.

Mossbauer measurements were taken in the
transmission mode, with two °'Co sources
mounted on the ends of the shaft in a standard
constant acceleration drive unit. The first, 70 mCi
’Co, source was used to measure the absorption
lines of the samples under study, while the second,
25mCi ¥’Co, source was used to calibrate the drive
unit with pure Fe for every measurement in order
to eliminate the effects of stray magnetic fields.
Each powder sample was prepared between two
layers of thin tape, and was then mounted on the
finger of a liquid *He-flow cryostat. The sample
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Fig. 1. Varying abundance of the two sextets with respect to Fe
concentration and the corresponding Mn>* /Mn** ratio.

assembly was then placed in the bore of a
superconducting solenoid magnet, such that the
gamma ray beam was directed along the magnetic
field axis for all measurements.

3. Results and discussion

All samples showed the distinct °’Fe hyperfine
sextet patterns in the Mdssbauer spectra expected
for long range magnetic ordering at temperatures
below 20 K. An inspection of the Mdssbauer data
taken at zero applied field indicated that each
spectra is best fitted by a pair of sextets having
different hyperfine field parameters and line
widths. The hyperfine parameters extracted from
the zero field data are listed in Table 1, along with

the line widths. These results show that the mean
hyperfine magnetic field (HMF) of both sextets
decreases with increasing Fe concentration. More-
over, both sextets were found to be very sensitive
to temperature between 10 and 20K, with the
sextet of lower HMF showing the greater decrease
in HMF. Thus, the two sextets will be denoted in
terms of the respective values of their hyperfine
magnetic fields, such that the “first sextet” always
showed the larger HMF in each measurement. The
isomer shift of the both sextets (0.35-0.40 mmy/s;
relative to pure Fe) were typical of Fe’ " in an
octahedral coordination [9], indicating a straight-
forward substitution of Fe** for Mn®* within the
lattice as x increases, as expected for the similar
jonic radii of the Mn®* and Fe*" cations. Values
for the population of each sextet were found from
the sextet relative area, and are shown in Fig. 1.
Here the increase in population of the second
sextet with x is clearly apparent.

The major finding of this Mdssbauer study is
undoubtedly the existence of the second sextet,
which has not been reported by previous studies
on similar CMR materials with x=0.02 [10,11],
perhaps due to its shallowness and great sensitivity
to temperature. The presence of this feature may
have been obscured from previous measurements
because it may have been buried underneath the
first (high intensity) sextet at 4.2 K, while at higher
temperatures it may be smeared due to broadening
of the linewidth caused by fast relaxation pro-
cesses, as will be described below.

Due to the sensitivity of the spin ordering in
these perovskites to applied magnetic fields, the
micromagnetic behavior of the °’Fe* ™ cations was
further investigated by taking the Mdssbauer effect

Table 1
Zero-Field Mossbauer data fitting parameters representing two sextets for each Fe content
Sample Temperature HMF, HMF, Line width, Line width,
(x) (K) kG) kG) outer line outer line
(mm/s) (mm/s) (mm/s)
0.02 10 540 484 0.41 1.16
17 514 440 0.50 1.21
0.05 16 515 458 0.53 1.04
0.10 15 477 444 0.58 1.25
0.15 15 477 440 0.59 0.90
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measurements at applied fields up to 60kG at a
fixed temperature of 10 K. For the measurement
geometry used here, the spin state of each sextet
can be appraised by the behavior of the second
and fifth lines of the sextet upon application of a
strong longitudinally oriented magnetic field (H).
In particular, the intensity of the second and fifth
lines will vanish if the spins are oriented either in a
ferromagnetic or ferrimagnetic state. In contrast, it
will be unaffected by H if the system has anti-
ferromagnetic ordering, but will decrease gradu-
ally with H if the spins exist in a disordered or spin
glass state.

Maossbauer spectra taken at high magnetic fields
are shown for the different samples in Figs. 2-5.
These figures also show the fitting results, which
represent the summation of the two hyperfine
sextets. Qualitatively, the first sextet behaves
similarly for each sample at the same H value.
The second and fifth lines of this sextet disappear
around 20 kG and the HMF increases linearly with

0 kG

Intensity (arbitrary unit)

Velocity (mm/s)

Fig. 2. Mossbauer spectra for x = 0.02 at 10K in the indicated
external fields. The solid lines are the calculated sextets and
their sum.

the applied field, as shown in Fig. 6. This behavior
shows that the >’Fe®" spins of the first sextet are
ferromagnetically ordered, and are aligned anti-
parallel to the applied field. In turn, this implies
that the Mn majority spins have ordered ferro-
magnetically and are aligned parallel to the
applied field, since the iron spins are coupled anti
ferromagnetically to them through the super-
exchange interaction.

In contrast to the first sextet, the second (lower
HMF) sextet goes through a more complex
evolution with increasing >’Fe® " substitution. A
marked drop is noted in the HMF of this sextet for
the x=0.02 and 0.05 samples above 20 and 30 kG,
respectively, as shown in Fig. 6. These drops are
associated with a rapid decrease in the intensity of
the second and fifth lines of each sextet, which
disappear completely at 40 and 50 kG for x=0.02
and 0.05, respectively, as shown in Fig. 7. The
intensity ratio in Fig. 7 is the ratio of the area
under the second and fifth lines to the area under
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Fig. 3. Mossbauer spectra for x = 0.05 at 10K in the indicated
external fields. The solid lines are the calculated sextets and
their sum.
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Fig. 4. Mossbauer spectra for x = 0.10 at 10K in the indicated
external fields. The solid lines are the calculated sextets and
their sum.

the first and sixth lines. At lower fields, the
decrease in HMF and the intensity of the second
and fifth lines are typical of Fe moments gradually
rotating into the direction of the applied fields.
However, this interpretation must be coupled with
the remarkable broadening of the remaining lines
of the sextet at high fields.

One mechanism that can explain this overall
behavior is the dominance of fast magnetic
relaxation processes at fields higher than 20kG
for x=0.02, and 30 kG for x=0.05. Seemingly, the
second sextet originates from Fe ions occupying
magnetic clusters with canted order. These clusters
are small enough for the applied fields to reduce
the energy barrier and cause rapid fluctuations of
the transverse component of the Fe moments.
Then the net average of the transverse component
of the HMF decreases to zero as the fluctuations
become faster than the Md&ssbauer measurement
time (of the order of 10 ~ ®s) as the applied field
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Fig. 5. Mossbauer spectra for x = 0.15 at 10K in the indicated
external fields. The solid lines are the calculated sextets and
their sum.

increases [12]. The consequences of this behavior
include both the rapid drop of the HMF and the
vanishing of intensity for the second and fifth lines.
It is also worth noting that this information on the
micromagnetic behavior will be undetectable by
magnetization measurements, since the magnitude
of the measured magnetization is unaffected
regardless of whether the transverse components
of the spin moments are frozen randomly or
fluctuating.

In contrast to the samples having small x, the
Mossbauer effect results for samples having a
substantial iron substitution show behaviors attri-
butable to antiferromagnetic ordering. For the
x=0.1 sample, the intensity of the second and fifth
lines of the sextet does not vanish even at 60 kG
(Figs.4 and 6) indicating non-collinear spin
ordering. However, the HMF shown in Fig. 7
does show a gradual decrease for H less than
40 kG before leveling off at higher fields. Both of
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Fig. 6. Field dependence of the hyperfine magnetic fields of the
two sextets at 10 K.
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Fig. 7. Field dependence of the relative intensity ratio of the
second and fifth lines of the second sextet at 10 K.

these observations imply that the net spin state has
at least a partial antiferromagnetic ordering. The
evolution of this sextet into one showing true anti-
ferromagnetic ordering occurs for x=0.15 sample,

as demonstrated by the insensitivity of both the
HMF and the intensity of the second and fifth lines
to the applied fields, as shown in Figs. 6 and 7.

4. Conclusions

Based on the Mdssbauer spectroscopic data,
trivalent Fe ions in Nd0.7Sr0,3(Mn1_x57FeX)O3
reduce the Mn®*/Mn*" ratio. Moreover, the
second and new magnetic phase is identified in
the colossal magnetoresistive materials. For
x=0.02 and 0.05, this phase is composed of small
clusters, which are highly sensitive to both
temperature and magnetic fields. Their magnetic
behavior could conceivably contribute to the
transport properties.
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