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Direct evidence of magnetostructural phase separation in the electron-doped manganite
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The structural and magnetic properties of CajgSmg 6Ndy4MnO; have been investigated by synchrotron
x-ray powder diffraction in pulsed magnetic fields in connection with resistivity and magnetization measure-
ments (in static and pulsed magnetic fields). Below 100 K, the spontaneous (B=0) low-temperature phase is
found to be structurally and magnetically phase segregated, a major antiferromagnetic monoclinic P2;/m
phase coexisting with a minor antiferromagnetic orthorhombic Pnma phase containing ferromagnetic clusters.
Upon the application of a magnetic field, two magnetic transitions occur: a first transition without structural
changes at low field, showing the superparamagnetic like behavior of ferromagnetic domains, followed by a
metamagnetic transition. The latter is clearly accompanied by field-induced structural changes, the orthorhom-

bic phase growing at the expense of the monoclinic one.
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I. INTRODUCTION

The physical properties of manganite compounds,
R,_,DMnO; (R=rare-earth La, Nd, Sm; D=alkaline-earth
metals Sr, Ca, Ba,...), such as colossal magnetoresistance
(CMR) effect, charge ordering, orbital ordering and phase
separation have been extensively studied during the last ten
years. These properties can be tuned by changing the nature
and the concentrations of the trivalent rare-earth and divalent
alkaline-earth cations, which determine both the distortion of
the crystalline perovskite structure ABO5 and the concentra-
tion of e, electrons at the Mn sites.

The interplay between charge, spin, lattice and orbital de-
grees of freedom in these compounds is the source of very
rich phase diagrams in which several structural and magnetic
phases have been observed. One of the main results of the
research in manganite type compounds is the discovery of a
strong tendency toward phase separation, i.e., the formation
of inhomogeneous states. This result is very robust, appear-
ing both in experiments and in theoretical models.! The co-
lossal magnetoresistance effect appears to be closely linked
to these mixed phase tendencies and to the strong competi-
tion between the ferromagnetic (FM) metallic state and the
antiferromagnetic (AF) insulating state which supports
charge and orbital order.

An interesting type of phase separation occurs in the
electron-doped manganite CajgsSmg ;sMnQO5. At room tem-
perature it is a paramagnetic semimetal with orthorhombic
space group Pnma. Below 130 K, it exhibits magnetostruc-
tural phase separation. Two long-range AF phases coexist
down to 5 K: a minor orthorhombic (Pnma) phase with
G-type magnetic order, and a major monoclinic (P2,/m)
phase with C-type magnetic order.? Interestingly, the CMR
effect is observed only for compositions in the vicinity of the
boundary between the cluster-glass-type state (x>0.85) and
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charged-ordered AF state (x<<0.85).3 For temperatures lower
than 112 K, this compound undergoes a metamagnetic tran-
sition, associated with a field-induced structural transition.*=3
This structural transformation was first revealed by neutron
diffraction experiments in steady magnetic field up to 6 T.®
and further corroborated by magnetization and resistivity
measurements.”® These field-induced magnetic and crystal-
lographic transitions have been attributed to the coexistence
of different metastable states with very similar energies.®®

In the present work, we have investigated the structural
and magnetic behavior of an electron-doped manganite of
the Ca,Sm;_ MnOj; series at magnetic fields up to 30 T. To
that end we have performed synchrotron x-ray powder dif-
fraction under pulsed magnetic fields,” combined with resis-
tivity and magnetization measurements. We have carried out
these experiments on a sample of CajgSmy 6NdgpsMnOs.
An additional substitution by Nd has been inserted at the
A-site of the perovskite structure in order to study the role of
extra disorder (discussed in detail in Ref. 10) on the magne-
tostructural phase separation.

II. EXPERIMENTAL METHODS
A. X-ray experiments

X-ray powder diffraction experiments in high pulsed mag-
netic field were performed with synchrotron radiation on the
magnetic scattering beamline, ID20, at the ESRFE.!' Experi-
mental conditions and configuration were those previously
described in detail in Ref. 9 with some improvements de-
scribed below. Photons emitted from an undulator source
were monochromatized by a Si(111) double crystal mono-
chromator tuned to 21 keV (A=0.59 A). Pulsed magnetic
fields up to 30 T were provided by a magnet and cryostat
assembly that was custom-built for these experiments at the
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LNCMI-Toulouse, France. The magnet coil, optimized for
powder diffraction, exhibits conical ends with an opening
angle of 40°.!% It was horizontally mounted into a cryostat so
that the beam axis was along the bore of the magnet (Faraday
geometry).

The magnetic field pulse length was ~20 ms. The dif-
fraction patterns presented in this work were exclusively re-
corded at the maximum of the magnetic field pulse, spanning
3.4 ms. The x-rays exposure time was defined by a fast me-
chanical shutter synchronized with the pulsed field. The
magnet and the cryostat assembly were installed downstream
of this shutter, followed by the detector, a Rigaku R-axis
IV++ image plate.!®> The resolution of the plate used was
100 wm between two pixels, and the total detection area was
300X 300 mm?. The sample-detector distance was set to
0.45 m to resolve the splitting induced by the spontaneous
symmetry changes.

A polycrystalline sample of CaggSmg 4Ndyp,MnO; was
synthesized as described elsewhere.!'? It was embedded into a
resin (polyvinylpyrrolidone) in order to prevent grain move-
ment. These displacements, albeit tiny, may affect the repro-
ducibility of the powder diffraction data and thus complicate
data analysis. The sample thickness was adjusted to about
one absorption length at the working energy.

Diffraction patterns were extracted from the raw images
by using the software packages FIT2D (Refs. 14 and 15) and
analyzed by means of the refinement program FULLPROF
(Ref. 16) using the Rietveld method.

B. Magnetization experiments

Sample magnetization measurements have been carried
out in pulsed magnetic fields up to 40 T, and in constant
magnetic fields up to 12 T. During a pulsed field magnetiza-
tion measurement (PFMM), a 25 ms magnetic field pulse of
up to 40 T was applied while the susceptibility of the sample
is simultaneously measured by means of a calibrated suscep-
tometer (compensated coils method). The sample can be re-
moved in situ to perform sample in/out measurement se-
quences for compensating parasitic inductive voltages. The
sensitivity of this in-house designed susceptometer is better
than 1073 emu at fields below 20 T and 1072 emu at higher
fields. The measurements in a direct current (dc) magnetic
field were performed with a standard Oxford Instruments vi-
brating sample magnetometer (VSM), using a vibration fre-
quency of 55 Hz and a Foner detection coil assembly. The
transport measurements were performed using a four point
contact technique, and switching the current polarity to avoid
parasitic thermocouple voltages.

III. RESULTS AND DISCUSSION
A. Pulsed magnetic field x-ray powder diffraction

First, the temperature dependence of x-ray powder dif-
fraction patterns has been recorded at zero field, as shown in
Fig. 1. Their detailed analysis shows that part of the sample
undergoes a structural phase change from orthorhombic
(Pnma) at room temperature to monoclinic (P2,/m) below
130 K, in agreement with previous results on
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FIG. 1. (Color online) Temperature dependence (from 7 to 256
K) of synchrotron x-ray powder diffraction patterns observed for
Ca gSmy ;¢Ndj 04MnOs5. The inset shows the (202)/(040) reflections
that are sensitive to the monoclinic distortion. The orthorhombic

and monoclinic reflections are indicated by the subscripts “o” and
“m,” respectively.

CaggsSm, sMnO;.2 Between 130 and 100 K, the volume
fraction of the P2;/m phase increases gradually at the ex-
pense of the orthorhombic one, reaching 34(1)% at 122 K
and achieving finally 85(1)% at 96 K. Below 100 K, the
fraction of each phase remains unchanged indicating that the
structural transition is completed. The amount of the remain-
ing orthorhombic phase in CajgSmg 6NdgsMnO5 is how-
ever higher than in CajgsSm;5sMnO;, reaching 15% instead
of 6% as suggested by previous experiments.> We attribute
this enhancement of the structural phase separation to the
additional substitution by Nd.

The evolution of cell parameters and volume as a function
of temperature are shown in Fig. 2. Below 100 K, only the
monoclinic cell parameters have been reported even if both
phases are still present.

Next, we have investigated the evolution of the diffraction
patterns as a function of the applied magnetic field. A series
of magnetic field x-ray measurements (from 0 to 30 Tin 5 T
steps) were carried out from low temperature to high tem-
perature. To detect potential systematic errors, field spectra
were recorded before and after each series of magnetic field
pulses. No displacements of the whole pattern, or variation in
the intensity of various peaks were detected, indicating the
absence of significant grain movements.

The field dependence of the diffraction spectra measured
at T=7 K is reported in Fig. 3. At this temperature,
CaggSmy 1¢Ndj 0sMnO5 is mainly monoclinic. The field-
induced structural transition is clearly visible: under the ap-
plied magnetic field, the monoclinic P2;/m structure is
gradually transformed into the orthorhombic Pnma phase.
This transformation is however not complete even at 28.7 T.
Low intensity peaks of the monoclinic phase are still present
in the recorded patterns, as illustrated by the monoclinic
(=202), (202), and (040) reflections observed in Fig. 3.

Detailed analysis of diffraction profiles allows the deter-
mination of the fraction of each phase as a function of the
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FIG. 2. (Color online) Temperature dependence of lattice pa-
rameters (top) and unit cell volume (bottom) of CaggSmy ¢
Ndj 0sMnO5. Below 100 K, only the monoclinic parameters are
reported. The monoclinic angle 8 is equal to 91°.

applied magnetic field. The results are displayed in Fig. 4.
The orthorhombic phase fraction increases with magnetic
field at the expense of the monoclinic one, reaching around
85% at 28.7 T. Below 100 K, the fraction of each phase is
determined by the value of the magnetic field and shows
only small variations with temperature. This indicates that
the field-induced structural transition in this electron-doped
manganite is directly related to its magnetic properties. At
122 K, which is in the temperature range where the sponta-
neous structural transition occurs, 2/3 of the sample is al-
ready orthorhombic at zero field. A magnetic field of 19.1 T

gated. No symmetry change was detected and the system
displays the orthorhombic Pnma structure. No significant
variations were observed on the lattice parameters and unit
cell volume as a function of field.

B. Magnetic field magnetization and resistive measurements

The temperature dependence of the resistivity and the
magnetization are shown in Fig. 5. A clear, although broad,
transition at around 7,,,,=113 K is observed, with the onset
at 7=130 K and saturation at 7= 80 K. This is the same
temperature range where diffraction experiments have sig-
naled an orthorhombic to monoclinic phase transition. Note
that the resistivity data were taken at zero field whereas a
small field of B=0.01 T was applied to obtain the magneti-
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FIG. 3. (Color online) Field dependence (0 to 30 T from top to
bottom) of synchrotron x-ray powder diffraction pattern observed
for CaygSmg 1Ndj0sMnO5 at T=7 K. The value of the magnetic
field for each shot and its standard deviation were determined by
averaging the values taken during the 3.4 ms exposure window.
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FIG. 5. (Color online) Temperature dependence of the resistivity
(B=0 T) and ZFC and FC magnetization at B= 0.5 mT of
Cay gSmg ;¢Ndj (4MnOj5. The structural transition (80-130 K) which
is shown in Fig. 2 is clearly observed via the resistivity and the
magnetization.
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zation curve. On lowering the temperature a gradual increase
in the resistivity can be observed in the log-lin p—T plot.
Although the magnetization decreases again after the transi-
tion, the resistivity continues to increase. Two distinct re-
gimes can be identified, one above the transition (300 K
— 130 K) and one below the transition (80 K—20 K). In
the vicinity of the transition the resistivity goes gradually
from one regime to the other. Below 7=20 K the resistivity
can best be fitted by the logarithmic divergence p
olog(1/T) characteristic of an additional Kondo-like scatter-
ing.

The magnetization above the transition, and during the
main part of the transition, is reversible, since both the zero
field cooling (ZFC) and field cooling (FC) curves virtually
coincide. Below the transition (about 7< 100 K) an irre-
versibility clearly occurs that is either a consequence of (i) a
phase separation/reorganization of phase domains or (ii) a
result of the FM phase which is irreversible on its own.

The resistivity curve presented in Fig. 5 increases from
high to low temperature. This effect is due to the presence of
AF regions, which are P2,/m phase, arising out of the para-
magnetic Pnma phase. The AF areas are mostly insulating
where charge transport is hindered by the ever changing
spins of the manganite. The magnetization at high tempera-
ture follows a simple paramagnetic law as shown by the
typical straight line from 300 K down to the transition area
(=175 K) in the 1/x plot (not reported). In the high tem-
perature regime (below =175 K), a small irreversibility oc-
curs since both FC and ZFC curves do not exactly coincide.
The occurrence of a small irreversibility at high temperatures
is best revealed in the small hysteresis in the p vs B data
shown in Fig. 6. We believe that the presence of small (pos-
sibly mobile) FM droplets mixed in the paramagnetic back-
ground can account for this behavior. Below 100 K the dif-
ference between ZFC and FC modes is more apparent. On
lowering the temperature in the presence of the magnetic
field (B=0.5 mT), the moments are distinctly larger than
when zero field cooled (care was taken in sweeping out the
remnant field of the superconducting magnet used to apply
the external field in the VSM).

Figure 6 shows the magnetoresistance at different tem-
peratures, above and below the transition. At 7=150 K the
resistivity is small, and so is the irreversibility in the p—B
curve. This is consistent with a predominantly paramagnetic
phase at this temperature.

We can assume that the average magnetization vector in
the paramagnetic phase scales with the Brillouin function
B,(x) [with x=gugJ(T)B/kgT]. J(T) in this case is the aver-
age spin moment of the magnetic clusters at the hopping
sites, g=2 is the Landé g factor of Mn and ujp is the Bohr
magneton. Let W be the difference between the energy bar-
riers for hopping of charge carriers between clusters with
random mutual spin orientation, and for hopping between
spin-aligned clusters. When the applied field B=0, the spins
of the clusters are randomly distributed and the hopping bar-
rier has a maximum value [WBf(x)=0]. When an external
field is applied (B is non zero) and the hopping barrier re-
duces by WB7(x) > 0. Finally, when all clusters have aligned
spins, Bg:l and the total hopping barrier is reduced by W.
This leads to the following equation for the spin dependent
hopping, !’
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FIG. 6. (Color online) Magnetoresistivity indicating irreversible
behavior, which increases as the temperature lowers from 7T
=150 K—T7T=113 K—7T=100 K—T=17 K.

- WB?(x)>

kgT )

p(B) = p(O)eXp(

Taking this function, the PM high temperature data set
can be fitted using the following fitting parameters: J=26.7
and W=0.974x107?' J(=70 K).

Although the model is also capable to fit data in the FM
state, we must notice that, in our case, the fraction of FM
regions is constantly changing as a function of the applied
magnetic field, due to the phase separation. This can easily
be seen from the x ray and from the magnetization data. For
this reason, all attempts to fit these (strongly hysteretic) data
fail. The magnetoresistivity is then better described by using
a percolation-type transport. A FM like percolating part
grows as the field is increased, and allows good electrical
transport through the AF insulating background. Further-
more, this FM fraction is remnant after the field is turned off
again, leading to a distinct hysteresis in our presented data
(Fig. 6).

Figure 7 shows the magnetization versus field, measured
in a pulse of 25 ms. Three different temperatures are shown,
one above, one intermediate and one below the transition
temperature. At high temperature, a Brillouin-like magneti-
zation curve, typical for a paramagnetic phase, is observed.
On lowering the temperature, two distinct transitions occur.
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FIG. 7. (Color online) M vs B hysteresis measurements at dif-
ferent temperatures (7=150 K, 7=100 K, and T=17 K). At low
temperatures, two distinct phases can be observed. The temperature
dependence of their fractions are shown in the inset.

First a step (m,) at relative low magnetic field, followed by a
broad transition (m,) at higher fields (5 T—25 T). The in-
terpretation of these results is again quite straightforward. At
the fast transition, the superparamagnetic like or FM drop-
lets, magnetically insulated by the paramagnetic phase, eas-
ily switch to be aligned parallel to the field direction. These
particles are still in the Pnma structural phase. When the
field is further increased the FM phase becomes dominant
with a concomitant disappearance of the AF phase.

The magnetization data presented in Fig. 8 shows that up
to the first transition (m,), the hysteresis is small. Only at
higher fields, which cause the AF phase to be converted into
the FM phase, the large irreversibility becomes evident. This

3 T T T
T=17K

M (u/f.u.)

B(T)

FIG. 8. (Color online) M vs B hysteresis measurements at T
=17 K. Magnetic fields of different magnitudes were applied,
reaching values of (=)6, 14, 22, and 37 T. Positive/negative field
polarities are shown for clarity only.
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latter step could cause sample heating and thus explain why
the magnetization of the lowering field branch is lower than
that of the rising field branch.

IV. CONCLUSIONS

In summary, we have investigated the temperature and
magnetic field effects on the structural and magnetic proper-
ties of the electron-doped manganite Caj gSm 1Ndg 4,MnOs5.
Upon lowering the temperature through 113 K, this com-
pound exhibits a first order structural and magnetic transi-
tion, associated with a metal-insulator transition.

Below 130 K, both low field magnetization data and zero
field synchrotron powder diffraction evidence the coexist-
ence and competition of two magnetic and structural phases:
a major monoclinic state with AF magnetic order and a mi-
nor orthorhombic phase containing FM clusters, as previ-
ously observed in Cag gsSmg ;sMnOs. In the high temperature
regime, our magnetoresistivity data indicate the presence of
small FM droplets included in the paramagnetic phase. On
lowering the temperature through the transition, the com-
pound goes from a paramagnetic phase with small FM inclu-
sions to a mainly AF phase with small FM domains. To be-
have as individual non coupled FM particles, the FM
droplets should be separated from the AF phase by a para-
magnetic buffer layer. The latter would avoid exchange bias
like effect that should make the reorientation of the FM drop-
lets inside the AF matrix difficult. On applying a small mag-
netic field, the superparamagnetic like droplets then easily
switch to be aligned to the field direction (transition m,).
When the field is further increased, the FM domains become
dominant gradually at the expense of the AF ones (transition
m,). This magnetic transition is concomitant with the in-
crease of the orthorhombic phase fraction with the magnetic
field, demonstrating that the field-induced structural transfor-
mation is strongly related to the metamagnetic transition.
Our experiments are consistent with earlier observations,5-%
which in the high field region lacked the sensitivity to the
structural component of the metamagnetic transition.

In conclusion, our experiments have given macroscopic
and microscopic evidence of magnetic and structural phase
separation in the electron-doped manganite CaygSmy g
Nd 0sMnO;. The phase separation persists for all field values
investigated, crossing a maximum with 50% of both phases
at 17-18 T.
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