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Introduction

The optimally doped colossal magnetoresistance (CMR)
perovskite La0.67Ca0.33MnO3 exhibits the first-order metal-
insulator (M-I) and FM-PM transitions at very close
temperatures TM-I and TC, respectively. The CMR response
is produced around these temperatures. Although the
double-exchange (DE) model [13] provides a qualitatively
correct description of these materials, more complex
mechanisms such as charge localization with polaron
formation and phase separation have been proposed [4].
The existence of the local lattice distortion due to polarons
has been experimentally documented by neutron diffrac-
tion [5], extended X-ray absorption fine structure (EXAFS)
[2] and atomic pair distribution function determined by
high-energy X-ray powder diffraction [1]. These studies
demonstrated that atomic disorder, measured as the
Mn-O bond-length distribution (increase of the Mn and O
Debye-Waller factors), anomalously increases when
approaching the TM-I (TC) temperature. Similar conclusion
was also inferred from 57Fe emission Mössbauer study of
La0.8Ca0.2MnO3 compound [3]. Our earlier Mössbauer
study of (La0.67Ca0.33)(Mn1−x

57Fex)O3 compounds were not
conclusive about the existence of an anomaly in the Lamb-
Mössbauer factors f at TM-I (TC) temperature [14]. The aim
of our present study was to use 119Sn Mössbauer
spectroscopy to study the Mn spin and lattice dynamics in
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susceptibility and resistivity measurements. Huge separation (66 K) of the transition temperatures from the ferromagnetic
(FM) to paramagnetic (PM) state (TC) and from metallic to insulating state (TM-I) clearly shows that transition from FM
metallic to PM insulator phase goes via FM insulator phase. The Mn lattice dynamics was studied by the relative changes of
Lamb-Mössbauer factor f as a function of temperature. In the Debye approximation from the calculated −ln(f/f0) values of the
characteristic Debye temperatures (θD) were estimated for the FM (368(10) K) and PM (391(6) K) phases. No anomaly
of –ln(f/f0) at TM-I and its rather spurious increase around TC was found. The 119Sn isotope as a local diamagnetic probe samples
the transferred hyperfine field (Bhf) from its neighbour Mn magnetic moments and witnesses the dynamics of the Mn moments.
Theoretical curve based on the molecular field theory was fitted to the experimental values of Bm

hf
ax and the value of the

ordering temperature (TC
* ≈ 280 K) of Mn moments inside the large FM domains was estimated. It is much higher than the TC

(172 K) obtained from magnetization measurement. The coexistence of FM and PM phases, which is evident from the shape of
our 119Sn Mössbauer spectra, was confirmed for temperatures T ≥ 150 K and indicates the inhomogeneous character of the
magnetic transition.
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the La0.67Ca0.33MnO3 doped with 1 at.% 119Sn. The Sn-
doping into Mn sublattice replaces exclusively Mn4+ by Sn4+

[12]. The main point of our studies was to follow micro-
scopically the evolution of the phases that appear as the
temperature is varied and to determine how the relative
Lamb-Mössbauer factor f changes with temperature,
especially when crossing the TM-I temperature.

Experimental

Two polycrystalline samples of (La0.67Ca0.33)(Mn0.99
119Sn0.01)O3

were prepared by the same sol-gel method. The first sample
(denoted by #1) was sintered in air at 1400°C for 20 h but
the second one (#2) at 1450°C for 50 h. The higher sintering
temperature was proved to be necessary to completely
dissolve 1 at.% 119Sn in La0.67Ca0.33MnO3 compound. The
X-ray diffraction (XRD) patterns were collected with
a D5000 Siemens diffractometer (using Cu Kα radiation
and a graphite secondary monochromator) from 12° to 120°
in steps of 0.02° in 2Θ and 12 s per step. The refinement of
the XRD patterns was carried out by the FULLPROF
program [11] assuming the perovskite GdFeO3-type struc-
ture and using orthorhombic Pbnm space group. Magnetic
characterization of the samples was performed on a conven-
tional AC susceptometer and a DC VSM magnetometer.
The temperature dependence of resistivity R was measured
by the standard four probe method at zero external field
during cooling the sample. The 119Sn Mössbauer effect
measurements were performed in the transmission geometry
using a constant acceleration type spectrometer and
Ba119SnO3 as the source. The temperature of the absorber
was stabilized in a cryodyne refrigeration system with an
accuracy better than ±0.1 K.

Results

A part of Rietveld refined X-ray diffraction pattern of the
(La0.67Ca0.33)(Mn0.99

119Sn0.01)O3  sample #2 measured at
room temperature is seen in Fig. 1. Vertical arrow indicates

the largest peak of the CaO impurity phase with the refined
volume contribution equal to 0.97(8)%. No other impurity
phases were identified. The main phase can be character-
ized by the following unit cell parameters a = 5.4910(3) Å,
b = 5.4791(3) Å and c = 7.7452(4) Å. Our preliminary
attempts to introduce larger amounts of Sn (3−6%) into
(La0.67Ca0.33)MnO3 compound showed that the excess tin
forms an unidentified impurity phase with the most intense
peak at about 30.6 deg. To prove this possibility, the 28.5−
31.5 deg. range was additionally remeasured with much
longer times (90 s) per step, but no additional peak was
revealed (inset in Fig. 1). Sample #1 showed a very similar
XRD pattern, quite identical unit cell parameters and
volume, but had clearly broader peaks in XRD pattern.

Measurements performed on the DC magnetometer
in applied field of 1000 Oe and using a zero-field-cooling
condition showed a much sharper transition from the PM
to FM state for sample #2 than for sample #1. Upper panel
of Fig. 2 displays magnetization for both samples and
resistivity for sample #2 as a function of temperature. The
typically defined TC values (as the temperature corre-
sponding to the minimum of dM/dT) are approximately
equal to 185 K and 172 K for samples #1 and #2,
respectively. The resistivity curve for sample #2 displays
quite a sharp metal-isolator transition at temperature TM-I
≈ 106 K (defined as the maximum in R(T) curve). One
should note a huge difference of about 66 K between TC
and TM-I temperatures for sample #2. Lower part of Fig. 2
shows the low field (10 Oe) magnetization M(T) and AC

Fig. 1. Part of XRD pattern of the sample #2 at room tempera-
ture. Arrow indicates the largest peak of the CaO impurity phase.
The inset shows enlarged part of the pattern measured with much
better statistics.

Fig. 2. Temperature dependence of magnetization for samples
#1, #2 (H = 1000 Oe) and resistivity (H = 0) for sample #2
(upper panel). Lower panel shows temperature dependence of
magnetization (e) in an applied magnetic field of 10 Oe and χAC’
(l) for sample #2. Vertical arrows indicate TC values.
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susceptibility points for sample #2. The TC value, equal to
172 K, was obtained from M(T) curve. One can note
a close resemblance of the low/high field M(T) and χAC’(T)
dependences. Also TC temperatures determined in low and
high magnetic field are practically the same.

To detect paramagnetic impurity phase, the Mössbauer
spectra for samples #1 and #2 were recorded at 80 K. The
fitted spectra are shown in Fig. 3. One can note that even
minute amounts of the PM phase, denoted by shaded areas,
could be detected. From the spectra of samples #1 and #2
PM, contributions of about 9.6(3)% and 0.9(2)% were
found, respectively. In the fitting program, the PM phase
was fitted by a single Lorentzian line and the magnetic part
by many (8 or 10) sextets to take into account clear
broadening and asymmetry of lines in the spectra. It is seen
from these results and Fig. 3 that sample #2, sintered for
a longer time (50 h) and at a higher temperature (1450°C)
is a single phase and shows a better quality of Mössbauer
spectra with narrower lines and from this point on, only
the results obtained for sample #2 will be discussed.

The temperature evolution of selected Mössbauer
spectra for (La0.67Ca0.33)(Mn0.99

119Sn0.01)O3 compound is
shown in Fig. 4. The six-line spectrum measured at 15 K
for the FM state shows clear broadening and strong
asymmetry of all lines, indicating that some static distribu-
tion of the values of the effective magnetic hyperfine fields
Bhf on the 119Sn nuclei exists even at 15 K. With increasing
temperature gradual broadening of the six-line pattern is
seen, what implies an increase of the span of the distribution

of Bhf with an accompanying decrease of its mean value
<Bhf>. Finally, the spectrum collapses to the seemingly
single line (in fact non resolved quadrupole doublet) at
200 K for the paramagnetic state. This single “paramag-
netic” line appears to be seen for temperatures equal or
higher than 150 K. To determine the temperature evolution
of the Lamb-Mössbauer factor f, the spectra were fitted by
an arbitrary number of magnetic sextets (up to 11) and
a paramagnetic line with main intention to reproduce very
well the shape of Mössbauer spectrum. The value of f factor
for a given spectrum was calculated by summing up the
values obtained for all its components (f = Σfi). To take
into account the effect of absorber effective thickness, the
program based on the transmission integral method was
used. All Mössbauer spectra presented in Figs. 3 and 4 were
fitted using this method. In all fits for T < TC, common
values of the electric quadrupole interaction parameter QS
and isomer shift IS parameter were assumed for all mag-
netic components. In all fits, a source line half width Γs =
0.20 mm/s was assumed, but the absorber Γa values were
fitted. The practically zero values of QS parameter were
revealed from these fits. For each spectrum the –ln(f/f0)
parameter was calculated, where f0 denotes the f value at
15 K. It has the sense of the mean square displacement
(msd) difference (<u2> − <u0

2>) where <u0
2> denotes

the msd of 119Sn atom corresponding to f0. The temperature

Fig. 3. Mössbauer spectra at 80 K for samples #1 (upper) and #2
(lower panel). Solid lines denote the best fits and shaded areas
denote the contribution of the paramagnetic impurity phase.

Fig. 4. Temperature variation of the selected Mössbauer spectra.
Solid lines denote the fits and dashed lines fitted contribution of
paramagnetic phase.
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dependence of the –ln(f/f0) parameter for all measured
spectra is presented in Fig. 5.

Assuming the simple Debye model for the vibrational
modes of the crystal one can express the f factor by the
formula:

where Eγ is the resonance energy and θD is the Debye
characteristic temperature. By fitting this formula to the
experimental points for the FM (denoted by w symbol
between 15 and 160 K) and PM (points denoted by 2
symbol correspond to the collapsed into single line PM
spectra which were measured for smaller maximal velocity
equal to 10.012 mm/s) states separately one obtains θD
values for these two states. The fitted curves (dashed lines)
together with the corresponding θD values are presented
in Fig. 5. It can be seen that the FM state has a slightly
lower θD temperature than the PM one and that a huge
shift exists between both curves. To explain the shift
between FM and PM curves, the points denoted by A
symbol were added to Fig. 5. For these selected points, the
f and f0 values were calculated in a thin absorbent limit
neglecting the effect of absorber thickness. This was done
to emphasize the importance of this correction especially
for the PM state. The estimated value of the effective
absorber thickness Ta for single line PM spectra was about
4.5 (Ta = fanaσ0, where na is the number of 119Sn atoms per
m2 in the absorber and σ0 is the resonant cross-section for
nuclear γ-ray transition) and it was at least four times larger
than for the low temperature FM spectra. One can suppose
that possibly the unexpected shift between FM and PM
states is due to not completely corrected absorber thickness
effect and not to a real change of the amplitude <u2> of
119Sn atoms. Surprisingly, no anomaly at TM-I was found in
the temperature dependence of  the –ln(f/f0) parameter.

Above TC, the Mössbauer spectrum consists of the
“single” absorption line and was fitted with a quadrupole
doublet. The obtained isomer shift parameters showed
typical values of Sn+4 of about 0 mm/s (the IS values are
given relative to a Ba119SnO3  source kept at RT), while the
small quadrupole splitting QS values indicate the ortho-

rhombic distortion of the ideal perovskite structure. The
temperature variation of the calculated QS, Γ (= Γs + Γa)
and IS parameters is shown in Fig. 6. The IS shows a normal
linear increase with decreasing temperature. The QS and
Γ shows nonlinear increase with decreasing temperature
indicating that the magnitude and variance of local distortions
are also nonlinearly increasing towards TC temperature.

In order to obtain reliable distribution of the static
hyperfine field Bhf for the low temperature FM phase,
where the PM like and FM contributions appear to coexist,
a different fitting procedure was applied. In the preliminary
step, the refined, by the described above method, PM like
contribution was subtracted from the spectrum. Next, the
fitting program based on the method developed by Hesse
et al. [6] and by Le Caer et al. [9] was applied to determine
the distributions of the Bhf in the spectra. The hyperfine
field distribution functions P(Bhf) obtained from the spectra
measured at different temperatures are shown in Fig. 7. It
is seen that already at 15 K, a considerable asymmetric
distribution of Bhf takes place. With increasing temperature

Fig. 6. Temperature variation of the quadrupole splitting QS, half
line width Γ and isomer shift IS parameters. Dashed curves are to
guide the eyes. Solid line was fitted to experimental points.
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Fig. 5. Temperature variation of the –ln(f/f0) parameter.

Fig. 7. Temperature dependence of hyperfine field distribution
P(Bhf).
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the spread of this distribution is slowly growing at the
expense of the maximum of the P(Bhf). The maximal Bm

hf
ax

and mean <Bhf> values of the hyperfine field distributions,
together with the relative amount of the PM fraction, were
plotted as a function of temperature in Fig. 8. The PM
contribution, denoted by empty squares (5) in Fig. 8, was
taken into account in the calculation of <Bhf>. The <Bhf>
points shows quite a normal temperature dependence
resembling the M(T) curves. There is a much weaker
temperature dependence of Bm

hf
ax which still has above TC

(at 190 K) about 78% of its lowest temperature value. One
should note that some PM contribution appears at about
150 K and that its amount sharply increases at temperatures
higher than 160 K. This transition was finished at about
200 K and at temperatures higher than 200 K only the PM
phase was found. The theoretical dashed curve fitted to
Bm

hf
ax points is based on the molecular field theory applied

to mixed-valent Mn3.33+ with spin value S = 1.83 and gives
TC

* = 278.5 K (as indicated by the arrow). From the TC
value, one can estimate the strength of the Mn-Mn double
exchange interaction JMn-Mn = 13.4 K = 1.16 meV (JMn-Mn=
{3TC

*/2nS(S + 1)} [8]).

Discussion and conclusions

Our Mössbauer and XRD results confirmed that single
phase (La0.67Ca0.33)(Mn0.99

119Sn0.01)O3 was formed (sample
#2) and that all Sn4+ cations replace exclusively Mn4+. The
Sn doping causes an increase of Mn3+/Mn4+ ratio, and
reduces the number of available hopping sites for electrons.
The Sn4+ cations cannot be coupled magnetically to
manganese, so that neither ferromagnetism nor metallicity
can be generated by such cations. In this sense, Sn sub-
stitution should cause similar effects to Fe substitution. In
addition, due to their larger size, Sn4+ cations introduce
local lattice distortions which slow down the electron
hopping, and as a result, lead to a stronger suppression of
TC and TM-I. These expectations were confirmed by the
results of magnetic measurements presented in Fig. 2,
which revealed rather low TC value as compared to TC =
166 K for (La0.6Ca0.3)(Mn1−xFex)O3 compound with x = 0.04

[10]. The resistivity measurements on undoped
(La0.67Ca0.33)MnO3 usually show that TM-I temperature
(245 K, defined as the maximum in R(T) curve) practically
coincides with TC (246 K, defined as the minimum of
dM/dT) [10]. The 66 K difference between TC and TM-I
obtained for Sn doped sample shows a stronger effect than
the Fe doping (TC – TM-I = 46 K) which was found for
(La0.6Ca0.3)(Mn0.94Fe0.06)O3 compound [10]. These results
clearly show that transition from FM metal to PM insulator
in (La0.67Ca0.33)(Mn0.99

119Sn0.01)O3 goes via FM insulator. It
should be noted, from Figs. 5 and 8 that TC seen by
Mössbauer spectroscopy is distinctly higher than the one
obtained from magnetization measurement.

The observed huge separation of TC and TM-I was a very
fortunate case in our Mössbauer study of the temperature
dependence of –ln(f/f0) parameter. Due to this, clearly no
anomaly of −ln(f/f0) at TM-I and a rather spurious increase
around TC, due to saturation effect, was found (Fig. 5). At
present, it is not completely clear how to interpret this
result. The −ln(f/f0) parameter has the sense of the (<u2>
− <u0

2>) and gives information about the stiffness of Mn
sublattice. One can emphasize the difference in meaning
of Mössbauer <u2> which is probing dynamics of Mn sub-
lattice and <u2> from X-ray/neutron diffraction or EXAFS
which are additionally sensitive to static displacements of
atoms or one can consider the fact that measurements are
done on foreign, heavier and larger Sn atoms embedded
in Mn sublattice.

To interpret temperature evolution of Mössbauer
spectra, one should note from Fig. 4 that they practically
preserve the 15 K shape up to about 150 K. Due to this
they should be analyzed in terms of static distribution of
Bhf. For T ≥ 150 K coexistence of FM and PM phases is
evident from the shape of Mössbauer spectra indicating
the inhomogeneous character of the transition. But even
in this temperature range it is reasonable to assume the
existence of static component of the spectra corresponding
to the Bm

hf
ax (NMR measurements on a series of

Ln0.67Ca0.33MnO3 compounds showing that long lived
ferromagnetic clusters of double exchange coupled Mn
spins can survive at temperatures higher than the magnetic
ordering temperature obtained from magnetization
measurements [7]). The presence of PM line in Mössbauer
spectra is due to dynamic phase separation, i.e. coexistence
of small FM domains (clusters) undergoing superpara-
magnetic like relaxation and small PM insulating clusters
in the vicinity of TC. This reasoning shows that temperature
evolution of Bm

hf
ax  has more direct and simple interpretation

than <Bhf> which is possibly influenced by superparamag-
netic relaxation effects. By fitting the theoretical function,
based on the molecular field theory to experimental values
of Bm

hf
ax (Fig. 8), the value of the TC

* (≈ 280 K) for Mn
moments inside the FM domains was obtained. It is much
higher than the TC (172 K) obtained from magnetization
measurement, which should rather be called the blocking
temperature, if the relaxation process observed is approxi-
mated with superparamagnetic relaxation.
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