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Ferromagnetism and metal-insulator transition in F-doped LaMnO;
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We present our studies on polycrystalline samples of fluorine doped LaMnO3 (LaMnOs_,F,). LaMnOs_,F,
exhibits remarkable magnetic and electrical properties. It shows ferromagnetic and metallic behavior with a high
Curie temperature of 2239 K and a high magnetoresistance of —64%. This drastic change in magnetic properties
in comparison to pure LaMnOj is ascribed to the presence of mixed-valence Mn ions driven by the F-doping at
the O-sites, which enables double exchange in LaMnO;_,F, . Furthermore, the resistivity data exhibits two peaks
at 239 and 213 K, respectively. Our results point towards the possibility of multiple double exchange hopping
paths of two distinct resistances existing simultaneously in the sample below 213 K.
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I. INTRODUCTION

Perovskite manganites have been known to exhibit exotic
phenomena such as colossal magnetoresistance (CMR), fer-
romagnetism, half-metallic behavior [1-3], etc. Perovskites
have the chemical formula ABO;. In perovskite mangan-
ites the smaller B ions (transition metals) sit at the center
of an oxygen octahedra BOg, as shown in Fig. 1. The ex-
otic properties of manganites are derived from the parent
compound LaMnO; (LMO), which is an insulating A-type
antiferromagnet with a Néel temperature of 140 K [4-6].
LMO being an antiferromagnetic insulator, is “interesting but
useless,” to quote Louis Néel from his Nobel prize speech.
A common strategy to extract “useful” properties out of
LMO is doping the A-sites with divalent atoms. A large
number of these exciting phenomena results from doping the
La-site of the parent compound LaMnO;3. Prominent exam-
ples include compounds such as La;_,Sr,MnO; (LSMO),
Lal,XPera0_375MnO3 (LPCMO), Lal,xCaXMnO3 (LCMO)
etc., which exhibit rich phase diagrams at various dopant
concentrations [7—11]. It is observed that for a certain range
of the value of the doping concentration x, we can in-
duce ferromagnetism and metallic properties in LMO. In
the case of LSMO, the range of x is 0.2 < x < 0.5 [12,13].

Doping at the A-site or the La-site with divalent ions results
in a mixed valency of the Mn ions, i.e., both Mn** and Mn**
[14,15]. The Mn** and Mn** jons occupy the B-site of the
LMO lattice. Mixed valency of Mn is essential for the ferro-
magnetic and metallic behavior, which result from the double
exchange (DE) hopping of electrons along the Mn**-O-Mn**
chains from one B site to another B site in the manganite
lattice [16]. The DE hopping depends on the Mn>*-O-Mn**
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bond angle 6 [17]. Double exchange hopping is maximum for
6, = 180°, and decreases as 6 deviates from 6,. Consequently,
ferromagnetic and metallic properties of manganites are very
sensitive to distortions of the MnOg octahedra.

An alternate route to tune the properties of manganites is
doping at the anion sites. Although La site doping of LMO has
been studied extensively, there are very few reports on O-site
doping of LMO. One possible way is to dope the O-site with
fluorine [18,19]. Here, we present our studies on F doping of
LMO sample. We observe, that on F doping, the LMO sample
exhibits ferromagnetic and metallic behavior with high values
of magnetoresistance (MR). The ferromagnetic properties are
at par with La-site doped manganites.

II. EXPERIMENTAL DETAILS

LaMnOs;_,F, (LMOF) samples (withy = 0.25, 0.50, 0.75)
were synthesized by the solid-state reaction method. The
pure sample LaMnO; is represented as LMO and the
F-doped samples are represented as LMOF-S1/S2/S3 fory =
0.25, 0.50, 0.75 respectively. Powders of La; O3, Mn,O3; and
LaF; were taken in stoichiometric ratios and were ground and
mixed thoroughly using a mortar and pestle for 45 minutes.
The ground powder was sintered in air for 24 hours at a fixed
temperature of 600, 700, 800, 900, 1000, and 1100 °C. Before
each sintering process, the powder was thoroughly reground.
Finally, the sintered powder was pressed into a pellet and
annealed in air at 900 °C.

X-ray diffraction (XRD) and energy-dispersive x-ray spec-
troscopy (EDX) was used for structural characterization and
elemental analysis of the samples, respectively. XRD was
performed using a Panalytical Expert Pro x-ray diffractometer
with a Cu-K, radiation. JXA-8230 Electron Probe Microan-
alyzer (JEOL Ltd.) was used for determining the chemical
composition. lodometric titration was also used for determi-
nation of oxygen content. The electrical and magnetotransport
measurements were carried out in a Quantum design physical
property measurement system (PPMS). Standard four-probe
technique was used for the electrical resistivity measurements.
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FIG. 1. Structure of a perovskite oxide with the chemical
formula ABO;. The B ion sits at the center of an oxygen
octahedra BOg.

X-ray photoemission spectroscopy (XPS) measurement (us-
ing Al-K, x-ray source, hv = 1486.6 eV, PHI 5000 Versa
Probe II, FEI Inc.) was carried out to determine the valence
states of Mn and La in LMOF.

III. RESULT AND DISCUSSION

The results of the XRD measurement carried out on the
LaMnOs_,F, sample with intended F-doping value of y = 0.5
is shown in Fig. 2. XRD result of a LMO control sample
is also shown in Fig. 2 (red line) for comparison. The XRD
data reveal coinciding LMO and LMOF-S2 peaks, indicating
that LMOF-S2 also maintains the same perovskite structure
as LMO. The absence of extra peaks in the XRD data con-
firms the absence of any secondary phases in the LMOF-S2
sample. The lattice parameters of LMO sample was deter-
mined to be a = 0.5483 nm, b = 0.7803 nm, ¢ = 0.5543 nm
which are comparable to the values reported by others [20].
The lattice parameters of LMOF-S2 are a = 0.5477 nm, b =
0.7802 nm, ¢ = 0.5542 nm. The grain size of the different
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FIG. 2. Powder x-ray diffraction result of LaMnO; and LMOF-S2.
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FIG. 3. EDX average area points scan of various LMO samples:
(a) undoped, (b) LMOF-S1, (c) LMOF-S2, (d) LMOF-S3.

LMOF samples determined using Scherrer’s formula are 29,
39, and 32 nm for different F concentrations with y = 0.25,
y = 0.50, and y = 0.75, respectively. EDX measurements (at
room temperature) on different regions of the LMOF sam-
ple show La deficiency. EDX data for undoped and F-doped
LMO samples are shown in Fig. 3 along with atomic ratio
of all elements. For undoped LMO, EDX [Fig. 3(a)] reveals
La:Mn:0=1.024£0.01:1.00+£0.01:3.50+0.01 with
excess oxygen and with atomic concentration (£ standard
error) La = 18.48 £ 0.46, Mn = 18.04 £ 0.78, O = 63.44 +
1.99. The atomic ratio averaged over many point scans for
different F-doped samples are depicted in the Figs. 3(b)—
3(d). For y=0.5 F-doped LMO it is La:Mn:O:F =
0.93+0.03:140.04:3.41 £0.05:0.17£0.02 (with at.
concentration La = 17.00 £ 0.60, Mn = 18.10 £ 0.65, F =
3.21 £0.35, O = 61.54 £ 0.97). For undoped LMO, at% of
the cations are La = 18.48 and Mn = 18.04. Similarly, for
F-doped LMO it is La = 17.00 and Mn = 18.10. It is clearly
seen that the Mn content is more or less the same in both
the doped and undoped LMO, whereas La content decreases
in the F-doped sample. Thus, it is reasonable to normalize
with respect to Mn rather than La. For all F-doped sam-
ples, fluorine concentration is seen to increase monotonically
(0.11 £0.02, 0.17 £ 0.02, 0.21 £ 0.03) but is less than the
intended value of y = 0.25, 0.5 and 0.75, respectively. EDX
data show considerably higher value of oxygen concentration
for both undoped and F-doped LMO.

The low atomic number of oxygen makes it difficult for
EDX measurements to make reliable estimate of its concen-
tration in oxides. Therefore, we also performed iodometric
titration [21,22] to further determine the oxygen concentration
in both doped and undoped LMO samples. Titration involves
slowly adding a chemical substance to a reaction mixture until
the chemical change is complete. For undoped LMO, iodo-
metric titration yields a concentration of 3.21 with an excess
oxygen of 0.21. The excess oxygen obtained with this method
is much less than the EDX value of 0.5 for undoped LMO.
Similarly, for y = 0.5 F-doped LMO, it shows a concentration
of 3.15, with excess oxygen of 0.15. This is again less than the

214446-2



FERROMAGNETISM AND METAL-INSULATOR TRANSITION ...

PHYSICAL REVIEW B 107, 214446 (2023)

TABLE I. EDX estimated values for all F-doped samples.

Intended EDX measured
Sample name y composition composition
LMO 0 LaMnO3 La._onn._0003_50
LMOF-S1 0.25 LaMnO, 75F 25 Lag.9:Mny 09O3.60Fo.11
LMOF-S2 0.50 LaMnO; 50Fo 50 Lag.93Mny 0903.40F0.17
LMOEF-S3 0.75 LaMH02_25F0_75 La0_93Mn1_0003_60F0_2.

excess oxygen value obtained from EDX for y = 0.5 F-doped
LMO (which is 0.41). Combining the EDX and iodometric
titration we conclude that the undoped and doped samples
have some excess oxygen and there is a systematic increase of
F-content for different F-doped samples. The excess oxygen
is due to sintering and annealing of the samples in air. The
intended compositions and EDX determined compositions of
the pure and F-doped samples are presented in a tabular form
in Table I.

A very interesting feature of our LMOF-S2 sample is the
observation of a ferromagnetic transition close to room tem-
perature. Figure 4(a) displays the results of the field cooled
(FC) and zero-field cooled (ZFC) magnetization measurement
as a function of temperature. For the FC measurement the
sample was cooled in an applied field of 2000 Oe and the
data acquisition was carried out during the heating cycle.
The Curie temperature 7¢; of the ferromagnetic transition is
238 K. Another ferromagnetic transition is also observed in
the M(T) data at Tc, = 217 K, indicating the presence of two
distinct ferromagnetic exchanges in the LMOF sample. M (H )
measurement done at 120 K [shown in Fig. 4(b)] exhibits
a hysteresis loop typical of ferromagnets, further confirm-
ing the ferromagnetic nature of LMOF-S2 below the Curie
temperature.

To further probe the nature of ferromagnetism we carried
out electrical transport measurements on the LMOF-S2 sam-
ple, the results of which are shown in Fig. 5(a). The sample
exhibits a metallic behavior with a metal-insulator transition
(MIT) at T,,; =239 K and another slightly broad resistivity
peak at 7, = 213 K. It is to be noted that the undoped LMO
control sample exhibits an insulating behavior without any
MIT as can be seen in the upper inset of Fig. 5(a). Hall
measurement carried out at 300 K on the LMOF-S2 sample
reveals hole-type carriers, inferred from the positive slope of
the p,y-H curve [shown in lower inset of Fig. 5(a)]. The carrier
concentration was determined to be 0.18 x 10> cm™3. For
comparison, we also carried out resistivity measurements on
two additional samples LMOF-S1 and LMOF-S3. Their resis-
tivity data also exhibit metallic behavior with similar double
peaks as shown in Fig. 5(b). The field dependent resistivity
data of LMOF is shown in Fig. 6(a). In the presence of a
7 T magnetic field both the resistivity peaks at 7,,; and T
are suppressed and are also shifted to higher temperatures by
40 and 22 K, respectively, suggestive of a similar magnetic
origin of the two peaks. Moreover, a large magnetoresistance
[MR = [p(H) — p(0)]/p(0)] of about —64% and —50% is
also observed at T},; and Ty, respectively. The MR below 7},
show no significant change with temperature. Interestingly,
the onset of the ferromagnetic transition 7¢; and the MIT
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FIG. 4. (a) Results of FC and ZFC-M (T') measurements carried
out on LMOF-S2. Two magnetic transitions in the M(T') data are
apparent at Ty = 238 K and T, = 217 K. (b) M (H) measurement
of the LMOF-S2 sample at 120 K (<T¢;, Tr,) exhibits a hysteresis
loop, which confirms the ferromagnetic nature of LMOF-S2. The
inset shows the blown up view of the central region of the hysteresis
loop. The coercivity is 64 Oe.

temperature Tp,; coincide [shown in Fig. 6(b)]. This result
strongly suggests that the ferromagnetic and the metallic
properties of LMOF-S2 are related. One such example of con-
current ferromagnetic and metallic behavior in A-site doped
LMO (such as LSMO, LCMO) results from double exchange
mechanism [13,23], where the charge carriers are holes. Such
DE mechanism in LMOF-S2 is only possible in the presence
of the mixed valence of Mn. Also, the resistivity peak T,
coincides with the ferromagnetic transition in the M(7T') data
at Te» = 217 K, which further indicates that 7 is related to
ferromagnetic properties of the sample.

The core-level XPS spectra of the LMOF-S2 sample is
shown in Fig. 7. Mn in LMOF-S2 exhibits a mixed-valence
state as is apparent from its XPS spectra displayed in Fig. 7(a).
Analysis of the XPS spectra for Mn reveals a valence state of
Mn?*, Mn**, and Mn**. The Mn?**, Mn**, and Mn** peak
positions occur at 641.0, 642.1, 643.6 and 653.0, 653.6, 654.6
for the 2p3,, and 2p;,, spin-orbit split peaks, respectively,
which are similar to earlier reported values [24,25]. The XPS
spectra of La [shown in Fig. 7(b)] determines its valence state
to be La*>* [26]. The deconvoluted La 3ds 2 and 3d3;, show
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FIG. 5. (a) Electrical resistivity of LMOF-S2 exhibits metallic
behavior with two distinct resistivity peaks at 7, =239 K and
T,, =213 K. On the other hand, pure LMO sample exhibits insu-
lating behavior as is observed from its resistivity data shown in the
upper inset. The bottom inset shows the Hall measurement on the
LMOF-S2 sample at 300 K. The positive slope in the Hall mea-
surement indicates hole-type carriers in LMOF-S2. (b) Resistivity
measurement on samples with different F concentrations (LMOF-S1
and LMOF-S3) also exhibit metallic behavior with similar double
peaks.

multiple peaks due to La binding with oxide and hydroxyl
species and also final-state effects. The peaks A, C, E, and
G correspond to La binding with oxygen while the peaks B,
D, and F correspond to La binding with hydroxyl species [26].
F Is and O 1s XPS spectra are shown in Figs. 7(c) and 7(d),
respectively. The additional peak at 531.5 eV in the O 1s XPS
spectra is ascribed to the formation of hydroxyl species [27].
Thus, F doping induces a mixed-valence state of the Mn
ions. Using resonant inelastic x-ray spectroscopy, Orgiani
et al. established that Mn>* ions occupy the La site in LMO
[28], which probably explains the La deficiency in our LMOF
sample. The origin of the Mn?* is due to the sample’s ten-
dency to maintain charge neutrality upon F doping. Mn?*
ions occupying the La-sites is analogous to A-site doping of
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FIG. 6. (a) Magnetic-field-dependent resistivity of the LMOF-S2
sample. At T,; and T, a large magnetoresistance of —64% and
—50% is observed. MR (shown on the right axis) is independent of
temperature below T},;. (b) Comparison of the resistivity peaks with
the magnetic transition temperature of LMOF-S2. It is observed that
the two magnetic transition temperatures in M (T) correspond to the
two resistivity peaks in p(T').
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FIG. 7. XPS spectrum of LMOF-S2. The XPS data were fit using
a combination of Gaussian-Lorentzian peak shapes. (a) Mn 2p spec-
trum with its two spin-orbit doublet. The presence of Mn>*, Mn?*,
and Mn** peaks are observed in the XPS spectra. (b) La 3d spectrum
showing the two spin-orbit peaks, 3ds/, and 3d3/,. Additional peaks
due to La bonding with hydroxyl groups and final-state effects are
also observed. (c) F 1s spectrum (d) O 1s XPS spectrum with an
additional peak at 531.5 eV due to the formation of hydroxyl species.
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manganites by divalent atoms (such as in LSMO, LCMO,
etc.). It leads to the generation of Mn*" ions at the B (or the
Mn) sites of LMOF. With the assumption that the La-deficient
sites (we deduce La deficiency of 0.07 per unit cell from EDX
measurements) are occupied by Mn>*, we obtain a doping
level of 0.07 Mn?* ions per unit cell at the A site. In analogy
with A-site doped manganites (with divalent atoms such as Sr,
Ca, etc.), we obtain a carrier concentration of 0.07 holes per
unit cell. Furthermore, Hall measurement at 300 K confirms
hole-type carriers with a concentration of 0.18 x 10*? cm ™.
Using the volume of the unit cell obtained from XRD data,
we determine the carrier concentration to be 0.11 holes per
unit cell, which is comparable with the EDX result. This result
further supports Mn?* occupancy of the A sites.

The presence of Mn** and Mn** in LMOF does provide
a fertile ground for the existence of double exchange, which
would explain its metallic and ferromagnetic properties below
Te1. On the other hand, F~ doping at the O?~ sites will
break the Mn**-O-Mn** DE chain, which should degrade the
metallic and ferromagnetic properties. The Mn ions occupy-
ing the A sites have a considerably longer Mn-O bond lengths
(2.7 A) as compared with when the Mn ions occupy the B sites
(1.9 A) [28]. Additionally, the occupation of the La sites by
the smaller Mn*" ions would result in lattice distortions which
would also lead to a decrease in DE hopping. Against this
conflicting backdrop, the observed persisting ferromagnetism
and metallic behavior of LMOF is very much intriguing.

A fascinating feature of the LMOF-S2 sample is the
presence of two resistivity peaks in p(7T') data at 7,; and
T,,. Double peak in the resistivity of manganites have been
reported earlier. Such double peaks were ascribed to the pres-
ence of excess oxygen in the manganites samples [29], grain
size [30], and grain-boundary effects [31,32]. The results of
EDX and iodometric titration show oxygen excess in both
undoped and F-doped LMO samples. However, double peaks
in p(T) is observed only in F-doped LMO. This confirms
that the double peak feature originates exclusively from F
doping. The peak at T that originate due to small polycrystal
grain size exhibit low MR which is typically less than 20%
as reported in the literature [30]. However, the MR at 7},
(at 7 T) is high in the LMOF-S2 sample, with a value of
50%. The grain-boundary effects manifest themselves as a
gradual increase in MR as the temperature is lowered, with
MR increasing to a value which is comparable to the MR value
at T, at the lowest temperatures [33]. No such MR behavior
is observed in the LMOF-S2 sample [please see Fig. 6(a)].
The MR is more or less independent of temperature below 7,5.
The last two observations discount the possibility of grain-size
and grain-boundary effects as the origin of double peak in
the resistivity data. Another important feature to note is the
presence of an additional magnetic transition in the M (T ) data
at T¢o, which roughly corresponds to the second resistivity
peak at Ty [see Fig. 6(b)]. Moreover, a large MR of —50%
is observed at T,,. These results indicate that the second
resistivity peak is related to ferromagnetic properties of the
sample.

The persistent ferromagnetism and metallic properties
of LMOF may have its origin in the presence of Mn*"
ions at the La site. Such occupancy of the A site by di-
valent Mn>* would explain the hole-type carriers and the
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FIG. 8. Schematic of the two DE hopping paths in LMOF. Top
panel represents DE hopping in the temperature range T, < T <
T,:. The figure on the left shows a lattice with La*" at the A site,
whereas on the right we have a lattice with Mn?* at the A site.
Hopping takes place by conventional DE along the low resistance
path B-B’ for both lattices. The bottom panel depicts the hopping
mechanism in the temperature range 7 < T),,. At T),, local orbital
ordering of Mn*" ¢, (along the 7 direction) takes place in the lattice
with Mn?" at the A site. As a result orbital overlap takes place along
the z direction. Consequently, DE hopping takes place along the
high resistance path B-A-B'. In this lattice, conventional DE hopping
along B-B’ is forbidden due to lack of orbital overlap along the
x direction. On the contrary, for lattice with La®* at the A site, there
is no orbital ordering and hence conventional DE hopping along B-B’
survives.

mixed-valent Mn** and Mn** ions (in the LMOF sample)
observed in the Hall and XPS measurements, respectively.
The observed ferromagnetism may also originate from excess
oxygen in LMOF. The excess oxygen can increase Mn*"
concentration thereby facilitating double exchange. However,
we do not observe ferromagnetism and metallic behavior in
the undoped LMO sample with a similar oxygen excess.
Thus, ferromagnetism in LMOF originates exclusively from
F doping. In LMO containing Mn**, it has been shown that
an additional double exchange hopping path via an interme-
diate Mn?* ion (Mn*T-O-Mn?*-O-Mn*") exists [28], other
than the conventional Mn** to Mn** (Mn**-O-Mn**) hop-
ping path. This DE hopping path involves electron hopping
along B-A-B’ sites (B’ is a neighboring B site) in contrast
to conventional DE, where the hopping sites are B-B in the
manganite lattice (shown in Fig. 8). We suspect that the sec-
ond peak in the resistivity data at T, is on account of double
exchange hopping along this additional path. The FM ordering
at T, further lends some credibility to our assumption. We
could model the LMOF sample as consisting of some Mn-ions
at B sites (Mn** and Mn**) and some at A sites (Mn?"),
which exhibit ferromagnetic ordering at different tempera-
tures T and T¢», respectively. The ferromagnetic ordering of
the A and B sites originate from DE hopping of electrons via
the B-B’ and B-A-B’ hopping paths. Furthermore, the two DE
paths exhibit different resistance. The higher resistance path
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include DE hopping via the Mn>" ions located at the A sites.
Due to the decreased angle (<180°) between the Mn ions
and the longer hopping path, it will have a higher resistance.
Whereas the lower resistance path involves DE hopping via
the conventional Mn**-O-Mn** chains which occupy the B
sites with angle between the neighboring Mn ions close to
180°. In the temperature range of 7, < T < T, the metallic
behavior is due to DE hopping via the low resistance path. At
T, the Mn?* ions at the A sites start to exhibit ferromagnetic
order, which implies that a DE hopping via the high resistance
path is also activated. One possible trigger for the activation of
DE hopping along B-A-B' is local orbital ordering of Mn?>* e,
orbitals. Local ordering of Mn*" e, orbitals have been ob-
served in thin films of LSMO and LMO [34,35]. Here due
to the presence of Mn*" at the A sites, e, orbitals of Mn*"
(at the B sites) order along the z direction (i.e., electrons
occupy the d._,» orbital) [34,35]. Consequently, for those
lattices where Mn?* ions occupy the A site, hopping takes
place via the d._,» orbital. It is also interesting to note that
this orbital ordering prevailed despite the presence of a tensile
strain from the substrate on the LSMO film which would have
otherwise preferred an in-plane (i.e., d,>_,») orbital ordering
[35]. Thus, such local orbital ordering of Mn?* is attributed
to the presence of Mn”* at the A-sites. Such a local orbital
ordering of Mn** e, orbitals is the only possible scenario that
favor hopping along B-A-B’ as shown in Fig. 8 (since DE
hopping takes place only in the presence of orbital overlap
between the participating Mn ions and the intermediate O
ion). Mn** being Jahn-Teller (JT) active, its e, orbitals (d2_»
and d_,2) are nondegenerate, whereas Mn?t and Mn** are
JT inactive and hence their e, orbitals are degenerate. In the
temperature range T, < T < T}y, electrons occupy the lower
energy d,>_,» in-plane orbital. As a result the orbital overlap is
in the in-plane direction leading to conventional DE (as shown
in top panel of Fig. 8). At T, the Mn®* ¢, orbitals in the lattice
containing Mn** ions at the A sites order locally along the
out-of plane direction, i.e., the energy of the d._,» orbital is
lowered. Consequently, orbital overlap with the O ions take
place along the out-of plane direction as shown in the bottom

panel of Fig. 8. This results in a DE hopping along the high
resistance B-A-B’ path. Thus, below T, the electron hopping
is along the low resistance B-B’ and high resistance B-A-B’
paths in series. Such low resistance and high resistance paths
in series leads to a re-emergent MIT in manganites [36]. The
second resistivity upturn at 7, in the LMOF sample can be
explained in terms of addition of the resistance of the two
paths. Initially at T, the resistivity of the sample increases
due to the inclusion of the high resistance B-A-B’ path. Below
T}, more number of hopping paths via Mn?* are activated. As
a result, the resistance starts to decrease again after an initial
increase at Ty, as temperature is further lowered.

IV. CONCLUSION

To conclude, we prepared fluorine-doped LaMnO3 poly-
crystalline samples using the solid-state reaction method.
The LMOF samples exhibit ferromagnetic and metallic prop-
erties which are similar to La-site-doped manganites. The
Curie temperature is 239 K and a high MR of —64% is
observed. The ferromagnetic and metallic behavior is as-
cribed to the DE mechanism. Furthermore, the resistivity data
exhibit two resistivity peaks around the same temperature
at which the M(T) data exhibit two magnetic transitions.
Our XPS studies show the presence of Mn>*, Mn**, and
Mn** ions in the LMOF-S2 sample. The two peaks in the
resistivity data are attributed to the presence of multiple DE
hopping paths i.e., one along Mn*"-O-Mn*" and another
along Mn**-O-Mn?*-O-Mn**. Our study shows that anion
site doping of perovskite manganite can be a robust technique
to explore new and exciting physics in perovskite manganites.
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