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Abstract. We have employed magnetization measurements, Mössbauer and ESR spectroscopic techniques,
in order to study the ferromagnetic insulating (FMI) compound La1−xCaxMnO3 (x = 0.175) doped with
1% 57Fe. We have used two samples; one prepared in air which has cation vacancies and a second in
inert atmosphere, which is stoichiometric. An abrupt change of the experimental results is obtained, by all
techniques, in the ferromagnetic insulating regime, in the temperature region of TO/O// ≈ 60 K, where an
orbital rearrangement is suggested to occur. An analysis of these findings points to an orbital rearrangement
transformation. Ferromagnetic resonance reveals considerable differences between stoichiometric and cation
deficient samples, indicating anisotropy of the exchange interactions in the former sample with significant
temperature dependence, most pronounced in the vicinity of TO/O//

PACS. 87.64.Pj Mössbauer spectroscopy – 75.47.Lx Manganites – 75.50.Dd Nonmetallic ferromagnetic
materials – 87.64.Hd EPR and NMR spectroscopy

1 Introduction

Despite the large number of works dedicated to the study
of La1−x Cax MnO3 (see [1], and references therein) de-
tailed elucidation of its ground state for certain values of
x, is still an unresolved problem. The two end-compounds
x = 0 and x = 1 are A and G-type antiferromagnets, re-
spectively. As Ca substitutes for La in the LaMnO3 com-
pound, for 0 ≤ x ≤ 0.125 the samples display an insulated
canted antiferromagnetic (CAF) ground state, changing to
ferromagnetic insulated (FMI) for 0.125 ≤ x ≤ 0.23 and
ferromagnetic metallic (FMM) for 0.23 ≤ x < 0.5. [2–4]

Although the FMM state has been explained partially
by the double exchange model, the FMI state lacks a com-
plete microscopic explanation. Ferromagnetic exchange
interactions in insulating compounds, according to the
Goodenough-Kanamori-Anderson rules, traditionally ex-
ist only for certain orbital orientations of Mn+3 orbitals in
the perovskite structure. The experimental elucidation of
the orbital ordering is not a simple task. Only indirectly
can one detect the orbital ordering, through a particu-
lar ordering of the bond lengths in the crystal structure
or by resonant X-ray scattering data at the manganese
K edge. [5] For the La1−xCaxMnO3 and La1−xSrxMnO3

compounds, in the FMI regime, the crystallographic data
are not clear enough to support any particular orbital
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ordering which would explain, without any doubt, the
orbital ordering driven ferromagnetic exchange interac-
tions. Stoichiometric La1−xCaxMnO3 samples in the FMI
regime, firstly undergo a structural transition at TJT, from
an orbital disordered state, to a cooperative Jahn-Teller
orbital ordered state. In this orbital ordered state the
orthorhombic splitting s = 2(a − b)/(a + c) (a, b and c
are the unit cell parameters) increases as the temper-
ature decreases. On further cooling, a paramagnetic to
ferromagnetic transition takes place at Tc < TJT. Be-
low Tc the orthorhombic strain parameter s decreases and
at TO/O// ≈ 60 K the strain parameter becomes nearly
temperature independent. [4,6] Nevertheless, although
the crystallographic data, in the temperature regime
TO/O// < T < Tc, to a first approximation support the
orbital ordering explanation of the FMI state, the struc-
tural transition at TO/O// further complicates the situa-
tion. This structural transition in the FMI regime reduces
the orbital ordering driven ferromagnetic exchange inter-
actions. In addition, the situation is further complicated
since the FMI state also exists in samples with cation non-
stoichiometry, which do not show a clear long range or-
bital ordered crystal structure. Samples prepared in air
or in high oxygen partial pressure atmosphere are non-
stoichiometric through cation vacancies [2,3,6] which are
created at both La and Mn sites.
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In the case of La1−xSrxMnO3 let us review the
data of the compound with x = 1/8 where detailed
experimental results exist ([7] and references therein).
This sample first undergoes a structural transition at
TJT = 270 K, from an orbital disordered state to a coop-
erative Jahn-Teller orbital ordered state. At Tc = 185 K,
where the orthorhombic strain s becomes a maximum,
a ferromagnetic transition takes place similar to the be-
havior of the La1−xCaxMnO3 compound. Subsequently,
at TO/O// = 150 K a second structural transition oc-
curs which is accompanied by a sudden drop of the
orthorhombic strain and a step-like increase of the fer-
romagnetic moment. Based on the recent X-ray resonant
scattering data, Geck et al. [7] proposed that the transition
TO/O// = 150 K (which is the subject of the present arti-
cle) concerns a static structural modulation phenomenon
that reduces the orthorhombicity, increases the ferromag-
netic moment, localizes the charge carriers and reduces
the Jahn-Teller cooperative ordering (without completely
canceling it). Geck et al. [7] called this complicated change
an orbital rearrangement. In spite of state of the art mea-
surements, it is not possible to draw a final answer for the
ground state of the ferromagnetic insulating regime.

All the above unexplained features ask for a micro-
scopic explanation. Besides scattering techniques which
provide information on the average structure, probing a
coherent volume, local experimental techniques may help
to probe the system at the atomic level. The Mössbauer
technique is a valuable tool since it gives information
on the immediate neighborhood of the 57Fe probe. The
Fe3+ ion substitutes for Mn3+ without significant distur-
bance of the lattice, due to their similar ionic radii. The
ESR technique (or FMR in the ferromagnetic regime) on
the other hand, is extremely sensitive to changes of the
magnetic anisotropy providing information related to the
magnetic structure. In the field of manganese perovskites
Mössbauer spectroscopy in low 57Fe and 119Sn-doped
samples [8–16] has contributed useful information. As an
example, the sublattice magnetization can be determined
directly from the hyperfine field. We have investigated the
FMI regime for x = 0.175 (i.e. the middle of the regime)
with emphasis on the microscopic origin of the intricate
behavior near the TO/O// temperature. To this end we
used samples prepared in air and inert atmosphere in or-
der to clarify the role of non-stoichiometry. The analysis of
the results points to an orbital rearrangement at TO/O// .

2 Experimental details

A sample with nominal composition La1−xCaxMn0.99-
Fe0.01O3 (x = 0.175) was prepared by the standard solid
state reaction method using Fe2O3 90% enriched with
57Fe. We prepared two samples. The first sample was pre-
pared in an air atmosphere in all stages of the prepara-
tion. We call this sample the Air Prepared sample (AP).
The second sample was annealed in the final stage of
the preparation at 1000 ◦C in an inert atmosphere and
we call this the Reduced sample (R). The X-ray diffrac-
tion data at T = 300 K were analyzed using the Ri-

etveld refinement method (assuming the orthorhombic
Pnma space group for both samples) and revealed sin-
gle phase materials. The lattice parameters for the AP
and R samples were determined to be a = 5.4883(1) Å,
b = 7.7585(2) Å, c = 5.5062(1) Å and a = 5.5012(4) Å,
b = 7.7706(4) Å and c = 5.5093(4) Å, respectively. The
R samples in this doping regime follow the so called O/

structure (a � c > b/
√

2) for T < TJT ≈ 270 K [6]. On
the other hand the AP sample adopts the O∗ structure
(c > a > b/

√
2) [3]. In the temperature region 50–100 K,

where a magnetic anomaly exists in the magnetic mea-
surements in both R and AP samples, a reduction of the
orthorhombic strain s = 2(a−c)/(a+c) has been observed
only in the R sample [6]. The absorption Mössbauer spec-
tra (MS) were recorded using a conventional constant ac-
celeration spectrometer with a 57Co(Rh) source moving at
room temperature, while the absorber was kept fixed in
a variable temperature cryostat equipped with a 6.5T su-
perconducting magnet with the field perpendicular to the
γ–rays. The resolution was determined to be Γ/2 = 0.12
mm/sec using a thin α-Fe foil. DC magnetization measure-
ments were performed in a SQUID magnetometer (Quan-
tum Design).

ESR experiments were carried out on a Bruker ER
200D spectrometer at the X-band (ν ≈ 9.41 GHz) with
100 kHz field modulation. The magnetic field was scaled
with a NMR gaussmeter, while temperature dependent
measurements were carried out in the range of 4–300 K
employing an Oxford flow cryostat during heating runs.
Measurements were performed using fine powdered sam-
ples dispersed in high vacuum grease or small ceramic
pieces (mass of 1–2 mg).

3 Magnetic moment measurements

Figure 1a shows the temperature dependence of the dc-
magnetic moment (m) in a field of 100 Oe for the AP
and R samples respectively measured using the SQUID
magnetometer. For both samples the data were collected
on heating (zero field cooling branch ZFC) and on cool-
ing (field cooling branch FC). Both measurements show a
sharp ferromagnetic transition at 180 K and 190 K for the
R and AP samples respectively. In addition, strong irre-
versibility between ZFC and FC branch has been observed
for both samples at a temperature (Tirr), slightly below
Tc (see Fig. 1a). The ZFC branch displays a step-like in-
crease within the temperature intervals 70 ≤ T ≤ 110 K
and TO/O// = 70 ≤ T ≤ 90 K for the AP and R sam-
ples respectively. The corresponding FC branches show a
slope change at the upper limit of the temperature inter-
vals mentioned above. Figure 1b shows the temperature
variation of the real part of the ac susceptibility χ(T ) for
both samples. For the AP sample χ shows a tempera-
ture dependence characteristic of all the AP samples with
0 ≤ x ≤ 0.22 (see [3]). In the interval 70 ≤ T ≤ 110 K χ
shows a similar temperature behavior to the correspond-
ing ZFC branch of the dc magnetic measurements. The
χ(T ) curve for the R sample displays a narrow peak at
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Fig. 1. (a) Temperature dependence of the magnetic moment
at H = 100 Oe and (b) ac susceptibility of AP and R samples.

Tirr which is related to the Hopkinson effect [3] which sig-
nals the sudden drop of the anisotropy near Tc. We note
that this particular behavior is observed only in R sam-
ples. The AP samples do not show such a peak, probably
due to the isotropic character of the exchange interactions.
As the temperature is reduced further there is a shoulder
at 100 K. For T < 60 K χ(T ) approaches T = 0 K with
zero slope.

The irreversibility of m(T ) for T < Tirr is sometimes
an indication of spin glass behavior. This behavior how-
ever can also be attributed to domain wall pinning. Sim-
ply, the Tirr represents the temperature where pinning
of the domain wall gives rise to a finite coercivity. Sim-
ilarly, one could also invoke a mechanism that increases
the cohesive field to interpret the abrupt change that oc-
curs at ∼60 K [17,18]. Some other researchers have at-
tributed this feature to a spin glass behavior due to the
observed frequency dependence in the particular temper-
ature regime [19,20].

Figure 2 depicts the temperature variation of the elec-
trical resistivity for the AP and R samples. The resistance
of the AP sample displays a small peak at Tc indicative of
a metal to insulator transition. A few degrees lower, the
resistivity increases again as the temperature decreases.
It is interesting that a small anomaly at TO/O// is also
present in the resistance data. As far as the R sample
is concerned, the resistance increases as the temperature
decreases. In the semi-logarithmic plot we can recognize
distinct anomalies corresponding to TJT, Tc and TO/O// .
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Fig. 2. Temperature variation of the electrical resistance of
the AP (a) and R (b) samples.

4 Mössbauer spectra

Figures 3 and 4 show the temperature variation of the
Mössbauer spectra of the AP and R samples respectively.
At T = 300 K the spectra for both samples display a peak
which can be fitted by an unresolved doublet, keeping the
linewidth constant at the value found from the calibra-
tion. The isomer shift δ = 0.37 mm/s is characteristic of
high spin iron Fe+3 in an octahedral environment. The
small value of the quadrupole splitting ε = 0.08 mm/s in-
dicates that for this particular x the crystal structure at
T = 300 K does not display cooperative Jahn-Teller dis-
tortion, i.e. the MnO6 octahedra are nearly undistorted
and are rotated with respect to the ideal perovskite struc-
ture. It is interesting to note that similar values for ε were
found for x = 0.25 and 0.33 compounds [8,13]. As the tem-
perature passes the Curie temperature the spectra become
magnetically split. Near Tc the spectra are rather compli-
cated consisting of a distribution of hyperfine fields and
a paramagnetic component. By further cooling, the para-
magnetic component gradually disappears, and the width
of the hyperfine field distribution decreases.

At T = 4.2 K, only one sextet is present with hyper-
fine parameters Hhf = 526(1) kOe, δ = 0.506(2) mm/s,
ε = 0.038(2) mm/s, and (Hhf = 530(1) kOe,
δ = 0.506(2)mm/s, ε = 0.023(1) mm/s), for the R and
AP samples respectively. These hyperfine parameters are
common for Fe+3 in an octahedral coordination and in the
high spin state S = 5/2. Spectra taken at intermediate
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Fig. 3. Mössbauer spectra of (AP) sample. The solid lines
through the experimental points results from a least-squares
fit using the Le Caer-Dubois program.
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Fig. 4. Mössbauer spectra of (R) sample. The solid lines
through the experimental points results from a least-squares
fit using the Le Caer-Dubois program.

temperatures, were fitted by employing the Le Caer-
Dubois program [21]. In this program a continuous
distribution of magnetic components is assumed. The
quadrupole interaction and the linewidth are the same
for each component and only the magnetic hyperfine field
varies in a continuous fashion. The resulting hyperfine field
distributions p(H) for both samples are depicted in Fig-

ure 5. The solid lines through the solid squares in the insets
of Figure 5 are obtained from the mean-field approxima-
tion, by solving the equation σ = BJ [(3J)/(J + 1)(σ/τ)],
where σ = Hhf (T )/Hhf(0)) is the effective hyperfine field,
τ = T/Tc is the reduced temperature, J is the spin of Fe
in the high spin state (J = 5/2) and BJ is the Brillouin
function [22]. The good agreement between the mean field
approximation and the most probable hyperfine magnetic
field means that the latter represents the host magnetic
moment.

At T = 4.2 K, the p(H) of the R sample is centered
at about 525 kOe with a FWHM ∆ ∼ 15 kOe. The same
broadening is present up to 60 K (inset of Fig. 5). For
T > 60 K the FWHM of the p(H) increases linearly with
temperature, up to Tc. Similar behavior is seen in the AP
sample (Fig. 5) Interestingly, in order to account for the
region of the spectrum near v = 0 it is necessary that the
p(H) be extended down to H = 0. This part of the p(H)
is more pronounced as Tc is approached. Clearly, the tem-
perature variation of ∆H resembles the ZFC branch of the
dc-magnetic moment or the real part of χ. If we accept a
scenario that for T < TO/O// an orbital rearrangement
occurs inside the FI phase, then the abrupt increase of
∆H presumably originates from the orbital degree of free-
dom for T > TO/O// . At this point we note that the tem-
perature variation of ∆H is different than that observed
for the samples in the metallic regime 0.23 < x < 0.5
[13–15]. In these cases p(H) shows a tail in the low field
part and as the temperature increases this tail spreads
out to lower fields. In the x = 0.175 case the main peak
broadens but in a symmetric fashion. The broadening ∆H
can arise from various factors including chemical inhomo-
geneity, spin fluctuations, orbital fluctuations and spin-
cluster fluctuations (superparamagnetism). Chemical in-
homogeneity is temperature independent and should be
excluded. Superparamagnetism is also excluded since in
this case a paramagnetic peak should appear which in-
creases with temperature. Spin fluctuations can arise from
spin-lattice relaxation with a relaxation rate increasing
with temperature, but an abrupt increase is not expected
through this mechanism.

Mössbauer spectroscopy, in the ferromagnetic state,
measures the hyperfine field Hhf (T ) via the line split-
ting which probes the spontaneous magnetization M(T )
of the ferromagnetic phase at the iron sites. For a typ-
ical isotropic ferromagnet, such as α-Fe, the MS below
the critical temperature consist of a sextet with narrow
Lorentzian lines. As the temperature increases from zero,
the Zeeman splitting decreases while the line width re-
mains constant up to the critical regime. Line broadening
due to collective excitation spin waves is unobserved be-
cause the fluctuations of S with respect to S, in such a
case are so fast in comparison with a Larmor frequency
at a field of 200 kOe (fL ∼ 5 × 109 Hz) that they average
out. This is true in normal ferromagnets where the bot-
tom of the spin wave branch is higher than the Mössbauer
frequencies except in the immediate vicinity of Tc, where
very small critical effects have been observed. Based on
the above discussion and data from neutron studies of



M. Pissas et al.: Mössbauer study of 1% 57Fe doped ferromagnetic insulator La0.825Ca0.175MnO3 225

0 100 200
0

100

200

300

400

500

0

100

0

1

0 100 200 300 400 500
0

1 150

4.2

78

p(
H

)/
p(

H
m

ax
)

T=90 K

H
m

ax
(k

O
e)

T (K)

∆ H
(k

O
e)

T=165 K

100

120

140

H (kOe)

T=175 K (R)

Fig. 5. Temperature dependence of the distribution p(H) of the magnetic hyperfine field of for AP (left panel) and R (right
panel) samples, estimated from a least-squares fit using the Le Caer-Dubois program. The insets in the corresponding panels
display the temperature variation of the maximum value of the hyperfine field distribution (open squares) and the width
of the distribution (solid squares). The solid lines through the open squares represent mean-field solutions of the equation
σ = BJ [(3J)/(J + 1)(σ/τ )]. The solid lines though the solid squares are guides to eye.

the pristine sample [6], the observed increasing of the in-
homogeneous broadening is most probably related to the
structural transition occurring at TO/O// (see below).

We turn now to the microscopic origin of the
hyperfine field distribution as revealed in MS. In ferric
oxides, contributions to Hhf from orbital angular momen-
tum and conduction-electron polarization are rigorously
absent, while those from dipolar sources are small. This
leaves only the contact field, which is proportional to the
net polarization of the s-electron density at the nucleus
in question. The contact field (Hcon) is the vector sum of
a local part Hloc and a supertransferred part HST. Hloc is
proportional to the local 3d spin S0 on the ion (S = 5/2
for the case of Fe+3) while HST is the magnetic field at
a nucleus generated by the spin at a neighbor site (Sn)
by transfer and overlap effects through the intervening
anion. The resulting field is:

Hhf ≈ Hcon = −C(S0/S) +
∑

n

Bn(Sn/S) (1)

where C and Bn are positive scalar parameters [23].
The Bn parameters are associated with the coordi-
nation geometry and can be expressed as a function
of the Fe-O-Fe or Fe-O-Mn bond angle φn, namely
Bn = Hπ + (Hσ − Hπ) cos2 φn. In this equation the fields
Hπ,σ arise from overlap distortions of the Fe cation s or-
bitals caused by the ligand p orbitals having been unpaired
by spin transfer via π and σ bonds into unoccupied 3d
orbitals on the NN cations n. We propose here that the
linewidth of the distribution p(H) and its temperature
dependence, arises from the transferred part of the hyper-
fine interactions. The linewidth up to 60 K is small and
constant and it represents mainly inhomogeneities in the
sample. Above this temperature its abrupt increase dis-
plays fluctuations of the transferred hyperfine field arising

from the orbital disorder. In our case Hloc + HST = −530
kOe (the minus sign means that Hhf is antiparallel to the
iron spin). By virtue of theoretical calculations [23] it has
been deduced that Hloc = −450 kOe in octahedral oxy-
gen coordinated ferric iron, a fact implying that the iron
moment must be antiferromagneticaly coupled with the
six nearest-neighbor manganese ions. This antiferromag-
netic coupling is experimentally verified by taking spectra
in the presence of an external field (vide infra).

Summarizing here, we argue that the abrupt increase
of the width of the hyperfine field distribution in the R
sample is related to fluctuations of the supertransferred
field. We speculate that these fluctuations are related to
the different orbital state that exists below TO/O// . Above
TO/O// the manganese eg orbitals, although on average
preserving some characteristics of orbital ordering ob-
served in LaMnO3, also possess a fluctuating component
which produces significant fluctuations in the supertrans-
ferred field. It is interesting to note that we also observed
similar behavior in the AP sample regarding the abrupt
increase of the width of the hyperfine field distribution.
The AP sample does not show long range cooperative or-
bital ordering below Tc but our data reveals that short
range orbital ordering may take place.

Figure 6 displays spectra taken in the presence of an
external magnetic field of 60 kOe directed perpendicular
to the propagation of γ-rays at selected temperatures. We
notice that the spectrum at 4.2 K corresponds to a hyper-
fine field of 588 kOe which is larger by 60 kOe than the
spectrum taken at zero external field. Furthermore the in-
tensity of the absorption peaks are in the ratio of 3:4:1
indicating that the Fe magnetic moments are in the di-
rection of the external magnetic field. The increase of the
hyperfine field by 60 kOe on the other hand shows that
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the electronic magnetic moment (due to the negative sign
of the Hhf ) are antiparallel to the external field. This can
happen only if the Fe moments are antiferromagnetically
coupled to the manganese moments (which in turn are
parallel to the external field). A similar situation was en-
countered in the x = 0.33 system [13] while for the x = 0.5
system the Fe moment was ferromagnetically coupled to
the Mn magnetic moments [14].

5 ESR and FMR results

Figure 7 shows representative ESR spectra for a powder
AP sample as well as that of a small AP pellet, part
of which was exposed to the maximum rf field to avoid
excessive lineshape distortion due to the skin effect, at
T ≤ 200 K. An asymmetric ESR line is observed for both
specimens, which broadens and shifts to lower fields as the
FM ordering transition is approached, while a broad fer-
romagnetic resonance (FMR) mode is observed below Tc,
and is sustained down to low temperatures. The resonance
line can be effectively described by a linear superposition
of absorption and dispersion components (Dysonian-like)
including the tail of the resonance absorption at nega-
tive field, a consequence of the linearly polarized rf field
which becomes important when the width is compara-
ble to the resonance field. However, the specific resistivity
ρ = 1− 2Ω cm reported in the temperature range of 200–
150 K, [19,20,24] yields skin depths of 0.52–0.73 mm at
ν = 9.41 GHz. These values being much larger than the
average grain size of the powder specimen and comparable
to that of the small bulk piece indicate that the persis-
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tent lineshape asymmetry, especially for the powder sam-
ple, is mainly determined by the distribution of the local
anisotropy fields, frequently observed in the FMR spec-
tra of polycrystalline ferromagnets [25–27] rather than by
the reduced microwave penetration imposed by the skin
effect.

Figure 8 shows the temperature dependence of the res-
onance field Hr and the linewidth ∆H for the powder and
pellet (AP) specimens. A small shift of Hr is already seen
at T < 220 K, above the Tc, similar to that observed
in the paramagnetic regime of layered manganites, which
has been explained by the contribution of demagnetizing
fields as well as the presence of short-range anisotropic
interactions [28]. At T < 200 K, a rapid shift of the
FMR mode is observed down to T ≈ 130 K, where a
minimum of Hr is reached for the powder sample, fol-
lowed by an almost linear increase down to low tempera-
tures. This temperature variation agrees qualitatively with
the expected increment of magnetic anisotropy in the FM
phase, stemming from shape as well as magnetocrystalline
anisotropy. Assuming a saturation magnetization of the
order of MS = 3.5µB/Mn ≈ 550 emu/cm3 for x = 0.175,
a maximum demagnetizing field 4πMS = 6.9 kG is ob-
tained. This may account for the shift of the FMR line
when appropriately averaged for the crystallite shape dis-
tribution in a powder sample. This is further supported
by the temperature dependence of the FMR line for the
pellet specimen, where an enhanced shift of the FMR line
due to demagnetizing fields is indeed observed (Fig. 7b).
The linewidth goes through a minimum in the paramag-
netic phase at Tmin ≈ 220 K, and then increases consid-
erably at lower temperatures. This is in agreement with
previous ESR results suggesting inhomogeneous broaden-
ing induced by demagnetizing fields [29] rather than crit-
ical relaxation close to the FM transition [30]. However, a
slower rate of the ∆H increment is observed below 150 K,
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Fig. 8. Temperature dependence of the resonance field Hr and
linewidth ∆H for (a) fine powder, and (b) pellet specimens of
the (AP) sample.

followed by a more rapid increase at T < 100 K, for the
pellet specimen.

Figure 9 shows typical ESR spectra observed for fine
powdered R samples at different temperatures. A single
ESR line at g ≈ 2.0 is observed at T > 200 K in the
paramagnetic regime, whereas a highly distorted FMR
lineshape emerges at T < Tc, with the most pronounced
distortion at T < 75 K, where the spectra appear to split
into two broad modes. Complicated FMR spectra con-
sisting of several narrow FMR lines have been reported
for loose packed micron-sized powders (5–20 µm) ob-
tained from crushed La1−xCaxMnO3 single crystals with
x = 0.18 and 0.20 in the temperature range of 100–
200 K [19,31], whose convolution resemble the present
broad FMR spectra at T > 100 K. These FMR lines have
been found to shift excessively from the available field
range upon lowering temperature, emphasizing the dif-
ferent grain morphology and the partial orientation effect
along the easy magnetization axis that allow narrow lines
to be identified, though with enhanced contribution of de-
magnetizing fields. To obtain an effective description of
the FMR spectra, the lineshape was analyzed accordingly
assuming the superposition of several resonance lines, each
comprised of both absorption and dispersion components
as well as the contribution of the resonance absorption
at negative fields. A three-line pattern, one being cen-
tered near zero field, turned out to reproduce the FMR
spectra in a relatively narrow temperature range below
Tc (160 < T < 190 K), whereas a two-mode behavior
at low (H1) and high (H2) magnetic fields with respect
to g = 2, was found to adequately fit the FMR spectra
at lower temperatures (Fig. 9). Alternatively, the average
resonance field Have = (HR+HL)/2 and the peak-to-peak
linewidth ∆Hpp = HR−HL were determined from the left
and right spectrum peaks, which, however, disregard the
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Fig. 9. Temperature dependence of the ESR spectra for a fine
powder (R) sample at 9.41 GHz. Solid and dashed lines show
the best-fit lineshapes of the total spectrum and its compo-
nents, respectively.

spectrum structure, especially at the high field side of the
resonance lineshape.

Figure 10 summarizes the temperature dependence
of the resonance fields H1 and H2 and linewidths ∆H1

and ∆H2 as well as Have and ∆Hpp for the R sam-
ple. The third resonance line, which was identified at
160 K < T < 190 K was found to be centered at zero
field H3 ∼ 0 with ∆H3 = 1.8(1) kOe. A pronounced shift
of the low-field component and a non-monotonous temper-
ature variation of the high-field line can thus be observed
(Fig. 10a). In particular, a maximum shift of H2 at higher
fields is attained at T ≈ 150 K, followed by decreasing
shifts at lower temperatures, while a reentrant increase of
both resonance fields, more pronounced for the high-field
component, is observed below 90 K. The corresponding
linewidths increase rapidly upon lowering the temperature
to T ≈ 150 K, followed by a moderate increase down to
100 K, below which both lines narrow to an approximately
constant value sustained down to the lowest temperatures
(Fig. 10b). It is worth noting that the latter variations can
hardly be distinguished in Have(T ) and ∆Hpp(T ), which
do not take into account the lineshape variations and re-
semble qualitatively the temperature dependence of FMR
of the AP sample.

A distorted FMR lineshape can be, in principle, ex-
pected for random powders with high magnetocrystalline
and shape anisotropy [25–27]. However, comparison
with FMR data of the AP powder sample, which has
similar grain morphology, implies an enhanced magne-
tocrystalline anisotropy for the R samples rather than a
demagnetization effect. Angular dependent magnetization
measurements of La1−xCaxMnO3 single crystal
have shown the presence of uniaxial anisotropy of
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Fig. 10. Temperature dependence of the (a) resonance fields,
and (b) linewidths of the (R) sample.

K ≈ 105 erg/cm3 in the (110) plane for x = 0.18 [19],
while significant rotation of the easy magnetization
axis has been derived in the temperature range of
50–170 K for x = 0.20 [20]. The former value results in
an anisotropy field Ha = 2K/MS = 360 G, suggesting
a sizeable contribution in the FMR spectra for the R
samples. Based on the presence of strong non-uniaxial
anisotropy, the two-component FMR spectra observed
in crushed La1−xCaxMnO3 single crystals at T > 100 K
were attributed to the FM insulating (FMI) phase,
whereas the low-field FMR line detected in a relatively
narrow temperature range below Tc was associated with
the FM metallic phase (FMM) [19,31]. Even though our
FMR data may be interpreted similarly at temperatures
close to Tc, the excessive FMR broadening does not allow
a reliable assessment of phase coexistence, as previously
determined by thorough NMR investigations of low-doped
La1−xCaxMnO3 [32,33]. On the other hand, the highly
distorted FMR lineshape of the R samples suggest a
relatively higher magnetic anisotropy with significant
temperature dependence, in comparison with the AP
samples. Relying on the temperature dependence of the
two FMR components (Fig. 10) as reflected in the shift of
spectral weight between the high and low-field sides of the
total FMR spectrum (Fig. 9), an increase of the effective
anisotropy can be inferred at T ≈ 150 K, and most
importantly a significant variation in the vicinity of 90 K,
below which considerable increase is deduced. This would
further correlate with the structural anomaly revealed
by neutron scattering for x > 0.125 at T < TO/O// ,
characterized by a strong decrease of orthorhombicity
that signals a reentrance of the high-temperature pseudo-
cubic phase [4], and also with recent NMR experiments

providing evidence for a transition to a collective state
of FMI orbitally ordered domains separated by FMM
walls [34]. Moreover, the latter effect should be relatively
suppressed in the AP sample, in agreement with previous
neutron diffraction investigations of AP samples with
x = 0.15, showing the absence of any structural anomaly
below Tc [35].

6 Conclusions

Our Mössbuer data reveal that the La1−xCaxMnO3

(x = 0.175) sample displays an anomaly in the temper-
ature variation of the hyperfine field distribution of the
probe 57Fe nucleus which is related to supertransferred
field. The change in the supertransferred field is closely
connected with a new orbital transition at TO/O// . Our re-
cent neutron diffraction results revealed [6] that only the R
samples display a structural anomaly at TO/O// = 100 K.
Furthermore, our Mössbauer spectra and magnetic mea-
surements show this anomaly in both samples. This fact
implies that the transition at TO/O// may be related to
short range orbital rearrangement in the orbital “glass” for
the AP sample, and coherent orbital rearrangement in the
stoichiometric R sample. Since Mössbauer spectroscopy
is a local probe it can detect changes that occur at the
atomic level. The conclusions from the Mössbauer spectra
can be further compared with the FMR data, which reveal
significant differences between R and AP samples, imply-
ing an enhanced magnetic anisotropy with significant tem-
perature variation in the former case. Most importantly,
a pronounced variation of the effective anisotropy is in-
ferred below TO/O// for the R samples, emphasizing the
difference with the AP samples and supporting further the
interpretation that in the latter class of materials the new
orbital state is not of long-range character.
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