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While the connection between colossal magnetoresistance and phase separation in praseodymium-doped rare-
earth manganites has been well established, the underlying mechanisms enabling this connection still need to
be fully understood. This paper thoroughly examines the phase separation in La5/8−xPrxCa3/8MnO3 (x = 0.40)
using an integrated approach including magnetotransport, electron spin resonance, and magnetic susceptibility.
We observed that the initially fluidlike magnetic phase separation at intermediate temperatures transforms into
the solidlike phase separation via a glass transition at low temperatures. Magnetization dynamics measurements
revealed that this transition is concurrent with the reentrance of the paramagnetic phase. Our findings offer a
perspective on the freezing of phase separation fluidlike behavior resulting in the advent of the low-temperature
solidlike state, contributing to a deeper understanding of the temperature-dependent behaviors of praseodymium-
doped rare-earth manganites.
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I. INTRODUCTION

Mixed valence manganites are strongly correlated systems
in which the interplay between different electronic degrees of
freedom gives rise to exotic transport and magnetic properties.
For instance, the simultaneous double exchange interaction
between Mn ions and electron-phonon coupling results in a re-
markable sensitivity of electrical resistance to magnetic fields.
This phenomenon has been a primary driving force for the ex-
tensive exploration of rare-earth manganites [1]. Manganites
often exhibit a phase separation (PS) phenomenon—a spatial
coexistence of different electronic and magnetic phases in a
broad range of temperatures and magnetic fields, whose origin
is not fully understood [2–5]. The closely intertwined inter-
play between distinct coexistent electronic phases gives rise
to extraordinary functional properties. For example, spintronic
[6], memristive [7], magnetocaloric [8], and photoelectric [9]
effects have been linked to PS in manganites, making the
control and understanding of these phenomena a burgeoning
frontier in research.

In Pr-doped lanthanum manganites, the competing phases
typically are ferromagnetic metal (FMM) and antiferro-
magnetic charge ordered insulator (AFM-COI) [10,11]. The
AFM-COI phase emerges at TN ≈ 140 K from the parent
paramagnetic COI phase in which Mn3+ and Mn4+ ions are
ordered forming a lattice superstructure. Upon lowering tem-
perature further, FMM phase clusters begin to grow within the
AFM-COI matrix [12]. In a broad range of temperatures, both
FMM and AFM-COI regions can be present in the material
leading to the emergence of PS [13,14]. The cause of PS
is often attributed to doping-induced chemical disorder [15].
In addition, the PS state can manifest two distinct behav-
iors: fluid phase separation (FPS) and static phase separation
(SPS). The FPS typically occurs at intermediate temperatures

[16], where the boundaries between the AFM-COI and FMM
regions can move easily in response to changing temperatures
or applying of external magnetic or electric fields [13,17,18].
The SPS appears when the FPS dynamics freeze at lower tem-
peratures [4,10,16]. The transition from the FPS state to the
SPS state is a glass transition where the phase boundary and
spin dynamics slow down simultaneously [4,10]. Such glassy
behavior at lower temperatures results from the competition
between the FMM and AFM-COI phases, seemingly yielding
multiple metastable states separated by presumably high-
energy barriers in a complex free-energy landscape [10,17].

The mechanism behind the FPS-SPS transition is not
fully understood. The prevalent hypothesis is that the phase
competition is due to strain accommodation [4]. The strain
accommodation may arise from the low-temperature reenter-
ing of the COI phase, which grows within a FMM matrix in
a martensiticlike manner [19,20]. This implies that the crys-
tal rapidly transforms into the COI phase through collective
atomic movements [3]. Although a long-range propagation
of the COI phase can be expected due to its martensiticlike
nature, such propagation in fact should be rather local due
to the disorder induced by the Pr doping [4,16]. At lower
temperatures, local martensiticlike transformations (and the
resulting strain accommodation) could create an SPS state
between the AFM-COI and FMM phases. The SPS has local
strain order but is disordered on the global sample scale.
Therefore, the SPS state in manganites is usually associated
with a strained-glass state [4,21,22]. Despite the prevalence
of the COI reentrance hypothesis in explaining the FPS-SPS
transition, there is a lack of experimental evidence to support
it. Additionally, the factors underlying the reappearance of a
COI phase at low temperatures remain mainly unknown.

This paper investigates the phase separation features and
the FPS-SPS transition in La5/8−xPrxCa3/8MnO3 (LPCMO)
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with x = 0.40 as the prototypical Pr-doped rare-earth man-
ganite system displaying natural phase separation. We aug-
mented the magnetotransport and AC susceptibility measure-
ments with the temperature-dependent magnetic resonance
studies. The sensitivity and phase selectivity of magnetic
resonance allowed us to identify subtle phase transition
features that remain hidden in conventional magnetometry
experiments. The resonance measurements revealed the re-
covery of the electronic paramagnetic resonance (EPR) mode
coinciding with the FPS-SPS transition, providing direct ex-
perimental evidence of the paramagnetic phase reentrance at
low temperatures. The resonance observations were further
supported by the AC susceptibility measurements showing
a glass transition and magnetometry showing a decrease of
spontaneous magnetization associated with the paramagnetic
phase reentrance. Additionally, the resonance measurements
detected a weak ferromagnetic resonance (FMR) mode at
high temperatures, possibly due to a Griffiths-like phase, and
the development of two distinct FMR modes at intermedi-
ate temperatures that displayed dissipative features related to
the fluidlike behavior. This paper demonstrates that probing
magnetization dynamics in resonance experiments provides
unique insights into the complex nature of phase transitions in
strongly correlated systems, where subtle magnetic signatures
of one phase can be overshadowed by the strong response of
other phases in the phase coexistence state.

II. METHODS

La5/8−xPrxCa3/8MnO3 (x = 0.40) was fabricated using a
solid-state reaction. High-purity oxides La2O3 (99.999%),
Pr6O11 (99.996%), and MnO2 (99.996%) and the high-purity
carbonate CaCO3 (99.999%) were carefully weighted—using
appropriate stoichiometric amounts—and mixed in agate mor-
tar until obtaining a homogeneous powder. Before weighing,
the rare-earth oxides were preheated at 1000 °C for 12 h. The
MnO2 and CaCO3 reagents were maintained at 100 °C for sev-
eral days [23,24]. The mixed powders were heated at 1050 °C
for 12 h, grounded for 4 h in an agate mortar (adding an
appropriate amount of isobutyl alcohol), reheated at 1050 °C
for 12 h, and grounded again for 4 h. Afterwards, the powder
was dried and pelletized under a pressure of 2.0 × 106 Pa and
heated at 1350 °C for 12 h in a tubular furnace. The resulting
pellets were reground, repelletized, and heated at 1350 °C for
48 h [23,24]. The LPCMO phase formation was confirmed by
x-ray diffraction (see Fig. S1 in Supplemental Material [25]).
Rietveld refinement of the x-ray data was performed using the
GSAS-II software [26].

We used a combination of resistance as a function of tem-
perature (R-T) and magnetoresistance (R-H) measurements
to obtain the temperature–magnetic-field phase diagram. We
collected 0 → 40 → 0-kOe cycle MR data (5-kOe/min sweep
rate) within a 10–150-K temperature range (at 10-K steps)
using a conventional four-wire configuration. Before measur-
ing each R-H curve, the sample was heated to 250 K and
cooled to the measurement temperature to reset the phase
separation state. Resonance measurements were performed
with 1-K steps while cooling the sample from 230 to 35 K.
The DC field was swept between 0 and 9 kOe at 10 Oe/s. The
microwave power was 1 mW. AC susceptibility was probed

FIG. 1. (a) Phase diagram of La5/8−xPrxCa3/8MnO3 (x = 0.40).
Symbols represent the maximum derivatives of the R-H curves for
the increasing and decreasing field branches corresponding to melt-
ing and freezing fields, HM and HF , respectively. The color map is
the difference between the logarithm of R-H branches for increasing
and decreasing magnetic field. (b) An example of an R-H curve
at 100 K used to plot the phase diagram in panel (a). The arrows
indicate increasing and decreasing field R-H branches. HM and HF

correspond to the maximum R-H slope. (c) Resistance as a function
of temperature. COI and IMT transitions are highlighted.

using AC excitation magnetic fields of 137, 2508, and 5131
Hz with 4-Oe amplitude.

III. RESULTS AND DISCUSSIONS

We obtained the temperature–magnetic-field phase dia-
gram of the LPCMO sample using magnetotransport mea-
surements [Fig. 1(a)]. Mapping the phase states allowed
us to identify two transition types: (i) AFM-COI to FMM
phase and (ii) FPS to SPS state. As discussed further, the
phase diagram is also crucial for interpreting the magnetic
resonance and AC susceptibility measurements. The phase
mapping procedure followed Ref. [16]. At each tempera-
ture, we recorded an R-H curve for a 0 → 40 → 0-kOe
cycle [an example curve acquired at 100 K is shown in
Fig. 1(b)]. For each curve, we took the difference between
the log(R)-H curves for the field ramping up and ramping
down branches [indicated with arrows in Fig. 1(b)]. The
color map in the phase diagram [Fig. 1(a)] corresponds
to this resistance logarithm difference between ramp-up
and ramp-down branches: bright color indicates a highly
hysteretic R-H dependence (i.e., facile AFM-COI-to-FMM
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phase conversion by the applied field), while dark color cor-
responds to nearly identical R-H ramping up/down curves
(stable AFM-COI and FMM phases upon field sweeping).
The square and triangle symbols in the phase diagram indicate
melting (HM) and freezing (HF ) fields, respectively. The HM

and HF transition fields were obtained from the maximum
R-H slope of the field ramping (up/down) branches.

The phase diagram of the LPCMO sample [Fig. 1(a)]
shows several important features.

(i) The AFM-COI phase is dominant at high tempera-
tures and low magnetic fields.

(ii) The FMM phase emerges at low temperatures and
high fields.

(iii) The AFM-COI and FMM phase coexistence is
present at intermediate temperatures.

This region, which exhibits the largest log(R)-H differ-
ence, is delimited by melting and freezing fields (HM and
HF ) and is labeled as FPS. In the FPS region, coexisting
AFM-COI and FMM phases are readily converted into each
other by changing the magnetic field. This behavior indicates
that the phase boundaries are unpinned, resulting in a fluid-
like behavior [4,16]. HF increases rapidly below 30 K. Such
an increase is associated with the FPS-SPS transition, i.e.,
where the fluidlike behavior of the separated phases freezes
producing a static phase coexistence. We further identified the
COI transition at TCOI = 212 K by observing a sudden slope
change in the R-T curve [Fig. 1(c)]. The R-T curve also ex-
hibits an insulator-to-metal transition (IMT) at TIMT = 50 K,
where resistance changes by about three orders of magnitude
[Fig. 1(c)]. The IMT occurs inside the FPS region in the phase
diagram. Overall, the phase diagram in Fig. 1(a) determines
the temperature and magnetic-field transitions between the
AFM-COI and FMM phases. Additionally, it identifies the
regions where these two phases coexist and defines the bound-
aries of the FPS and SPS states. This allows us to correlate the
LPCMO phase state to the changes observed in the magnetic
resonance and AC susceptibility measurements.

We performed AC susceptibility measurements at different
frequencies of the AC driving field to investigate whether a
glass transition occurs during the transition to the SPS state
and to identify other possible magnetic transitions. Figure 2(a)
shows the real component of AC susceptibility, χ ’, measured
at a frequency of 137 Hz. A peak can be identified at the
charge ordering transition at TCOI = 212 K. The peak asso-
ciated with COI is also clearly visible in the χ ’ derivative [see
Fig. S2(a) in Supplemental Material [25]]. The χ ’ derivative
plot further shows Neel temperature at TN = 140 K and Curie
temperature at TC = 50 K. Curie temperature coincides with
the IMT [highlighted in the R-T curve in Fig. 1(c)]. Cooling
and warming branches of the χ ’ curve bifurcate to about 30 K.
The closing of the χ ’ hysteresis around 30 K coincides with
the appearance of a broad peak in the AC susceptibility imag-
inary component, χ” [Fig. 2(b)]. Interestingly, this peak shifts
to higher temperatures with increasing AC field frequency
[Fig. 2(c), black symbols]. A second peak can be observed in
χ” near 100 K [Fig. 2(b)]. This peak also shifts to higher tem-
peratures with increasing the AC field frequency [Fig. 2(c),
red symbols]. Comparing these χ” features to the phase di-
agram in Fig. 1(a) reveals that the low-temperature χ” peak
coincides with the SPS transition, while the high-temperature

FIG. 2. (a) Real component of the AC susceptibility as a function
of temperature. (b) The imaginary part of the AC susceptibility
as a function of temperature at three different frequencies. Arrows
indicate two peaks, near 50 and 100 K, that shift with frequency
and are associated with the SPS and FPS transitions, respectively.
(c) Frequency dependence of the temperature of the imaginary sus-
ceptibility peaks at low (black symbols) and high (red symbols)
temperatures extracted from the data in panel (b).

χ” peak occurs at the FPS transition. The frequency depen-
dence of these peaks suggests that the SPS and FPS transition
involve dissipative processes. They correspond to the irre-
versible movement of boundaries of separated phases in the
FPS state and the glassy behavior in the SPS state that causes
the freezing of the fluidlike behavior. Such glassy behavior
can be caused by strain accommodation at low temperatures
and produce a slowing down of magnetization dynamics [4],
evidenced by the peak of χ” near 30 K.

Temperature-dependent magnetic resonance measure-
ments further revealed complex evolution of the magnetism
dynamics in LPCMO. Figure 3(a) shows the color map formed
by isothermal resonance curves in the 35–230-K temperature
range at 1-K steps and in the 1–9-kOe field. The resonance
fields, HR, obtained from Lorentzian fits (solid symbols) of
the isothermal resonance curves, are shown in Fig. 3(a). Fig-
ures 3(b) and 3(c) further show the integrated intensity and
linewidth of the fitted resonance curves. The integrated in-
tensity corresponds to the double numerical integration of
the fitted curves. As the experimental resonance signal gives
the derivative of microwave absorption, the first integration
restores the absorption curve and the second integration yields
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FIG. 3. (a) Magnetic resonance density as a function of temperature. Symbols are the resonance fields obtained from Lorentzian fitting.
(b, c) Integrated intensity and linewidths obtained from the Lorentzian fit of the resonance data in panel (a). Blue triangles (MEPR) and red
squares (MG) describe the resonance of the high-temperature paramagnetic and Griffiths-like phases, respectively. Green triangles (MC−AFM)
correspond to the resonance of the canted AFM phase. Dark blue squares (MFM−1) and light blue rhombs (MFM−2) show the resonance features
of the modes due to the FMM phase in the FPS state. Finally, at low temperatures, gray triangles (MEPR−SPS) and yellow circles (MFM−SPS)
describe the resonance of the paramagnetic and ferromagnetic phases in the SPS state, respectively. (d) Examples of magnetic resonance
signals at a few select temperatures. The close resemblance of the 170- and 5-K curves is indicative of the paramagnetic phase reentrance at
low temperatures.

the absorption curve area, which is commonly used as a
measure of the resonance intensity. Several resonance curve
examples and their fitting are presented in Fig. S4 in the
Supplemental Material [25]. We observed two types of res-
onances in the measured signals: EPR and FMR. EPR modes
are associated with the paramagnetic phase. In EPR, the un-
paired spins of Mn4+ − Mn3+ ions precess around an external
DC magnetic field, reaching resonance when exposed to an
electromagnetic wave of the appropriate frequency. On the
other hand, FMR modes are associated with the ferromag-
netic phase. FMR operates on the same principle as EPR,
but resonance is achieved by the magnetic moment formed
by ferromagnetically coupled spins. FMR frequency depends
strongly on the saturation magnetization and on the demagne-
tizing and anisotropy fields of the sample [27].

At high temperatures (above 140 K), the measured signal
originates mainly from the EPR mode MEPR [blue triangles
in Fig. 3(a)] likely due to the Mn4+ − Mn3+ ions. A second
resonance mode MG (red squares) emerges in the 140–198-K

range where LPCMO is supposed to be paramagnetic. The
second resonance is almost hidden below the strong EPR
signal but can be identified in the fitting. We attribute this
weak resonance mode to the random ferromagnetic clusters
inside the paramagnetic LPCMO [28]. The ferromagnetic
clusters are often observed above the Curie temperature (TC)
in mixed-valence manganites and have been widely associated
with a Griffiths-like phase [28–30]. The integrated intensity
of the MEPR mode increases until it reaches the maximum
around 200 K, where the MG mode emerges [Fig. 3(b)]. The
MEPR mode linewidth increases while cooling just below TCOI,
suggesting that the broadening is likely caused by the charge
ordering [Fig. 3(c)]. The charge ordering also has a similar
effect on the MG mode as its linewidth also becomes broader.
It has been argued that the COI phase is necessary to obtain
ferromagnetic clusters randomly located in mixed-valence
manganites [28]. Therefore, the appearance of this second
MG mode below TCOI agrees with the expectations for the
temperature evolution of LPCMO magnetic properties.
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The resonance field of the primary mode shows a slight
decrease below the AFM transition at TN = 140 K [green
triangles in Fig. 3(a)], while the MG mode disappears com-
pletely. A zoomed-in view, displaying the sudden decrease in
the resonance field near TN , can be observed in Fig. S2 in
Supplemental Material [25]. Because AFM resonance could
be detected only in high magnetic fields and high frequencies
[31,32], the resonance signal below TN , labeled as MC−AFM,
could be due to the net magnetization of the canted antifer-
romagnetic phase that emerges in the regions lacking charge
ordering [33–37]. In contrast, the AFM regions with charge
ordering (AFM-COI phase) do not have canted spins and
should not contribute to the resonance signal. As temperature
approaches TN , the integrated intensity of the MEPR mode
decreases rapidly, indicating the volume fraction reduction
of the paramagnetic phase [Fig. 3(b)]. In contrast, the inte-
grated intensity of the MC−AFM mode increases below TN .
The resonance linewidth exhibits a discontinuity at the AFM
transition and keeps increasing as the temperature decreases
[Fig. 3(c)]. Therefore, the resonance field, integrated intensity,
and linewidth analysis provide strong evidence that a different
resonance mode emerges at TN .

When LPCMO enters the FPS region below 100 K (ac-
cording to the phase diagram in Fig. 1 and AC susceptibility
measurements in Fig. 2), a new mode emerges signifying
the phase coexistence [Fig. 3(a)]. We label this mode MFM−1

(dark blue squares), which is an FMR mode that presumably
corresponds to the FMM phase, as the mode appears with
the emergence of FMM regions. The integrated intensity of
the MFM−1 mode is much larger than that of the MC−AFM

mode [Fig. 3(b)] and MC−AFM abruptly decays at 100 K. This
suggests that a considerable fraction of the canted AFM phase
transforms into the FMM phase. It has been widely accepted
that chemical disorder induced by Pr doping in LPCMO can
promote the formation of regions lacking charge ordering
at temperatures below TCOI, and a canted AFM phase can
emerge in these regions at TN [33–37]. Such regions are
the most probable sites of the FMM phase formation and
growth [37]. Therefore, our observation of the sudden rise
of the MFM−1 mode and the coinciding decay of the MC−AFM

mode is consistent with the hypothesis that the FMM phase
emerges in the regions with canted AFM moments [37]. In
the FPS region, below 100 K, the linewidths of MC−AFM and
MFM−1 modes increase as temperature decreases [Fig. 3(c)].
As was discussed earlier, the AC susceptibility measurements
indicated the onset of phase boundary movement in the FPS
region [frequency dependent peaks in Figs. 2(b) and 2(c)].
Therefore, the resonance mode broadening can be correlated
with the fluidlike behavior because the rapid phase boundary
movement could contribute to the magnetization dynamics
damping [38].

A sudden resonance field increase can be observed at
70 K [Fig. 3(a)], suggesting an accelerated growth of the
FMM phase. The resonance measurements revealed two FMR
modes that we label MFM−1 (dark blue squares) and MFM−2

(light blue rhombs). Both modes show the HR increase with
decreasing temperature, which can be attributed to the in-
creased saturation magnetization and FMM volume fraction
expansion. The FMM phase growth could be promoted by
the large magnetic field, up to 9 kOe, used to acquire the

resonance data. This high magnetic field can melt a significant
fraction of AFM regions within the AFM-COI matrix, as
suggested by the phase diagram in Fig. 1(a). Consequently, the
canted antiferromagnetic MC−AFM mode disappears, and the
ferromagnetic MFM−2 mode emerges. The integrated intensity
of MFM−2 increases suddenly when the MC−AFM vanishes
[Fig. 3(b)], consistent with the AFM phase melting. The
linewidths of the MFM−1 and MFM−2 modes decrease with
decreasing temperature [Fig. 3(c)]. This observed narrowing
of the FMR resonance peaks suggests that a large fraction of
LPCMO enters the FMM state, which lowers the phase bound-
ary density, reducing their contribution to the magnetization
precession dampening. The development of two FMR modes
can be due to the presence of FMM regions with different
sizes and morphologies. One of the FMR modes may originate
from small isolated ferromagnetic clusters, while the other
mode corresponds to larger coalesced regions. Previous mi-
cromagnetic calculations have suggested this possibility [39].
Stabilization of an intermediate state in LPCMO consisting
of nanoscale FMM and COI domains that coexist with larger,
microscale FMM and COI domains has been also suggested in
photoexcitation experiments [40]. Although our experiments
did not involve photoexcitation and our LPCMO samples had
slightly different composition than in Ref. [40], it is possible
that the sensitivity of resonance measurements enabled de-
tecting the responses of both microscale FMM domains and
nanoscale FMM domains in the intermediate state, which pro-
duced the two distinct FMR modes. The polycrystalline nature
of our LPCMO sample can also contribute to the development
of two FMR modes. Polycrystallinity implies independent
grain resonance. Variations in grain orientation can result in
two contributions to the resonance signal. One corresponds to
the grains with the easy axis of crystalline anisotropy aligned
along the DC field, used to acquire the resonance data. The
other corresponds to the grains with the hard axis aligned
along this DC field [41–43].

Finally, we observed the recovery of an EPR mode at
temperatures below 35 K. This low-temperature region cor-
responds to the entering of the SPS state according to the
phase diagram in Fig. 1. In the SPS state, there are two
resonance modes that we label MFMR−SPS (orange circles) and
MEPR−SPS (gray triangles) in Fig. 3(a). Both low-temperature
resonance modes show an abrupt HR decrease compared to
the two FMR modes at higher temperatures. The MFMR−SPS

mode at the resonance field of ≈2.23 kOe has high integrated
intensity that depends weakly on temperature [Fig. 3(b)],
and a broad linewidth of ≈1.78 kOe [Fig. 3(c)], and can
be identified as the FMR mode. Interestingly, the integrated
intensity of the second mode MEPR−SPS at the resonance field
of ≈3.34 kOe increases rapidly with decreasing temperature
[Fig. 3(b)], while its linewidth is much narrower, only 0.92
kOe [Fig. 3(c)]. Because the resonance field, integrated inten-
sity, and linewidth of the low-temperature MEPR−SPS mode as
well as its shape [compare 5- and 170-K curves in Fig. 3(d)]
are nearly identical to those of the high-temperature MEPR

mode, we conclude that the MEPR−SPS mode is due to the
reentrance of the paramagnetic phase when LPCMO tran-
sitions into the SPS state. The observed resonance field of
the MEPR−SPS mode is also virtually equal (3.35 kOe) to
that obtained from the Larmor frequency equation for free
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electrons [27], for the 9.4-GHz microwave frequency used
in our experiments. This supports further that the low-
temperature MEPR−SPS mode is an EPR mode. The reentrance
of the paramagnetic phase observed in the resonance exper-
iments is also consistent with the saturation magnetization
decrease at low temperatures found in magnetometry mea-
surements [see Fig. S2(b) in Supplemental Material [25]] and
observed peaks in the AC susceptibility that indicate a phase
transition in LPCMO as it enters the SPS state (Fig. 2). Reso-
nance measurements while warming showed similar results of
the emergence of two MEPR−SPS and MFMR−SPS modes in the
SPS state (see Fig. S3 in Supplemental Material [25]), indi-
cating consistency of our observations. The low-temperature
paramagnetic phase can be expected to have charge ordering
and grow in a martensiticlike way resulting in strain accom-
modation [4,19,20]. The formation of a new phase separation
state between the FMM and reentrant paramagnetic phase in
which the strain accommodation hinders the phase boundary
movement can be responsible (i) for the freezing of easy
field-driven phase conversion in the SPS state observed in
the magnetotransport measurements (Fig. 1) as well as (ii)
for the glassy dynamics found in the magnetic susceptibility
measurements at low temperatures (Fig. 2).

Our results suggest that below the SPS state the AFM-COI
and FMM phases coexist with a paramagnetic phase. The
reentrance of the paramagnetic phase cannot be unambigu-
ously identified using DC magnetometry because the strong
signal of the FMM phase overshadows weak paramagnetic
contributions. Conventional measurements reveal changes in
saturation magnetization, susceptibility, and magnetotrans-
port properties across the FPS-SPS transition, but do not
provide information about the physical origin behind these
changes. The ability of resonance experiments to resolve in-
dividual FMR and EPR modes is indispensable to identify
the phase state evolution in LPCMO, which highlights the
great utility of spin resonance spectroscopy methods to un-
ravel intricate coexisting magnetic phases in phase-separated
systems.

IV. CONCLUSIONS

Using combined magnetotransport and magnetism
dynamics measurements, we studied the phase separation
in an archetypical manganite system La5/8−xPrxCa3/8MnO3

(x = 0.40). Our magnetic resonance experiments uncovered
multiple unique features in all phase states of LPCMO over a
broad temperature range. At high temperatures, we observed
the coexistence of strong EPR and weak FMR modes,
which indicates the presence of small ferromagnetic clusters
inside the paramagnetic matrix, likely a Griffiths-like phase.
In the FPS state at intermediate temperatures, we found the
emergence of two distinct FMR modes that display significant
linewidth broadening. This linewidth broadening can be
attributed to the irreversible phase boundary movement, which
is responsible for the AFM-COI to FMM phase conversion
by the external magnetic field. In the low-temperature SPS
regime, our resonance measurements directly revealed the
reentrance of a paramagnetic phase coinciding with the
freezing of the FPS dynamics. The strain accommodation
associated with the paramagnetic phase reentrance can be
responsible for the glassy behavior of the FPS-SPS transition,
shown by the AC susceptibility. Our paper offers a perspective
on studying the phase separation phenomenon in Pr-doped
manganites. Our observations suggest that it is necessary to
include the emergence of a paramagnetic phase in models that
aim at explaining the low-temperature metastable glassy state.
The experimental findings in this paper were enabled by the
sensitivity and phase selectivity (i.e., the ability to separate
different FMR and EPR modes) of magnetic resonance, mak-
ing it an ideal technique to explore hidden phases in a broad
range of materials with multiple coexisting magnetic phases,
where a strong signal from one magnetic phase might mask
the response of other phases in conventional magnetometry.
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