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We employ resonant X-ray diffraction (RXD) to isolate the signal from the CE-type
antiferromagnetic phase of (La,Pr),;,Ca,MnO;s (with x = 3/8), and follow only this phase
through the known phases of the material in the B-T phase diagram. This material is
known to exhibit a wide range of electronic ordering phenomena, most notably a metal-
insulator transition (associated with colossal magnetoresistance) and phase separation
between the antiferromagnetic phase and a ferromagnetic phase. Bulk magnetization
measurements under the same B-T conditions were also conducted, giving a full picture
of both phases for direct side-by-side comparison. The comparison specifically focuses
on the metal-insulator. Upon magnetic field ramping to this transition, we find that the
CE type order undergoes a sharp quench at high temperatures (above phase coexistence
temperatures), but at lower temperatures, where the CE order is metastable, the
transition broadens significantly. At the lowest temperatures, where a spin-glass type
phase is expected, a slow annihilation of remnant CE domains is observed. Finally, a

refined phase diagram is presented.
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. Introduction

Controllable material properties are highly sought after in solid state physics due to the prospect of
future novel applications. Over the past few decades major discoveries were made in doped
materials, including high-T¢ superconductivity in doped cuprates and colossal magnetoresistance
(CMR) in manganites, where doping was used to reach mixed valence states (i.e. Mn*" and Mn*" sites
in the same compound). These mixed-valence manganites exhibit a wide variety of phases, ranging
from room-temperature ferromagnetic metals (FMM) and ferromagnetic insulators, to charge and
orbitally ordered (CO and OO) antiferromagnets (AF). These fundamentally different electronic
ordering phenomena appear at the same doping level for different manganite families. For example
with a Calcium doping level of x=3/8, the material La;.«Ca,MnO; (“LCMO”) exhibits a FMM phase [1],
while Pry,Ca,MnO; (“PCMO”) exhibits a CO/OO/AF phase (known as the CE-phase [2], see Figure 1a).
Schematics of these two materials’ phase diagrams are shown in Figure 1b, with the range

highlighted.

Tempsrators (K)
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Figure 1 — (a) Diagram of the CE order, with only Mn ions presented. Different ion shadings indicate different Mn valance
states. The diagram takes into account the c-axis canting away from the “pure” CE-type, expected for 0.3 < x < 0.5. As such,
all spin directions indicated are in the ac plane. A shaded region at the bottom of the diagram is a projection of the unit
cell on the ab plane. This angle is indicated for one Mn moment. (b) Schematic phase diagrams of PCMO and LCMO as
functions of doping, based on Ref. [3] and [4], respectively. The notations CO/O0, PM, FMI, FMM, Cl, AFI, and CAF denote
charge and orbital order, paramagnetic, ferromagnetic insulator, ferromagnetic metal, spin-canted antiferromagnetic,
antiferromagnetic insulating, and canted antiferromagnetic states, respectively.



To further manipulate the electronic behavior, one can tune the chemical pressure by substituting a
fraction of the rare earth ions with slightly smaller or larger ones. In this manner a hybrid of LCMO
and PCMO can be produced, described as Laj..,Pr,Ca,Mn0O; (LPCMO). Here the mixing of La and Pr is
expressed using the parameter y, while the overall Ca doping is still described using x. LPCMO was
shown to exhibit a wealth of electronic phenomena in a single material, including phase separation
and spin glass-type freezing of competing magnetic phases [5,6,7], evidence of the disorder in the
system. The most prominent feature observed is magnetic-field switching between a CO/OO/AF
insulating phase and a FMM phase, the transition associated with CMR. This transition is strongly
hysteretic at high temperatures, but at low temperatures it becomes irreversible, in concomitance
with the appearance of dynamic phase separation, in which the areas of CO/OO/AF and FMM phases
coexist [8,9]. LPCMO has also attracted recent attention in attempts to manipulate its properties at

the nanoscale [10], and using magnetoelectric coupling [11]

The main boundaries of LPCMQ’s B-T phase diagram, including the spin glass phase, have been
mapped out using standard magnetization and electron transport measurements in Refs. [7,8,12].
Such measurements are sensitive to the FMM phase, but provide no information about the
CO/OO/AF phase. This is especially problematic when phase separation occurs, as the limited
CO/OO0O/AF volume bears little influence upon the FMM signals. The CO/OO/AF phase was
inadvertently observed using magnetic imaging techniques, but only as an absence of the FMM

signal [8,9].

A study that did directly access this phase was presented in recent years by Burkhardt et al. [9], in
which resonant soft X-ray diffraction (RSXD) was used. RSXD is an ideal technique for studying
LPCMO, as the resonant signal enhancement allows it to retain sensitivity to even minute sample
volumes [13]. This allows following the CO/OO/AF phase, even when it is almost entirely quenched
by the FMM phase. Burkhardt et al. provided key information regarding the irreproducibility of the
CO/OO0/AF phase upon cooling and heating. However, as no magnetic field was applied, much of the
CO/OO0/AF phase’s behavior was not observed. A similar zero-field experiment was also presented

by Garcia-Mufoz et al. [14].

Here we present a RSXD study of LazPrsCasMnO5 (x = y = 3/8) under magnetic fields of up to 4T,
8 8

8

which allows following the CO/OO/AF phase throughout the known B-T phase diagram. This allows
us to directly probe the CO/OO/AF phase both as the dominant phase, and as a minuscule fraction of
the total sample volume. Magnetization measurements were conducted on the same sample so

results can be directly related to the expected behavior of the FMM phase. The aim of this study is
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to observe the AF order under low temperatures and high magnetic fields, and to compare its

behavior to that of the FMM order under the same conditions.

We note here that the nomenclature related to the metal-insulator transition in this material varies
widely in literature, as authors focused on different aspects of it (e.g. its association with colossal
magnetoresistance). Several authors refer to it as the metal-insulator transition, others as the super-
cooling and super-heating transitions [8]. Because the transition can be crossed throughout the B-T
phase diagram either by varying B or T (explicitly shown in Ref. [8]), we refer to both as “G”, with G*
being the CO/OO/AF to FMM transition, and G** the reverse transition. These boundaries are
explicitly shown in the phase diagram below. Other transitions are T¢o /00, Tn, Ty, and T¢, which
correspond to the appearance of CO/0OO0, AF order, the spin-glass transition, and spontaneous

appearance of FMM order, respectively.

1. Experimental

LPCMO single crystals were grown in an optical floating-zone furnace at Rutgers University, and were
cut and polished to produce a (100)-oriented surface. Laue characterization of crystals indicate that
the a and b lattice constants are close in size, so crystal twinning can occur. High-field RSXD
measurements were conducted using an upgraded diffractometer based on the prototype
instrument [15] at the beam line 17SU [16] in the SPring-8 synchrotron radiation source. A
superconducting cryomagnet of fields reaching 4 T can be mounted in the diffractometer. In this
experiment a 1.0 X 0.5 mm? sized beam of left-handed circularly polarized light was used. This size
is much larger than the average domain size [5,8,9]. RSXD measurements in zero field were
conducted using the RESOXS UHV diffraction end station [17] at the SIM beam line [18] of the Swiss
Light Source (SLS). In this case linearly polarized incident light was used, with either m or o
polarization (electric field in the scattering plane, or perpendicular to the scattering plane,
respectively). In both experiments photon energies used correspond to the Mn L, ; absorption edges
(2p = 3d, ~643eV and ~652eV), directly probing the Mn 3d electronic states. Samples were
mounted on the cold head of a flow cryostat and cooled to temperatures as low as 5K. Rotation of
the sample around the momentum transfer vector Q (azimuthal rotation, see experimental
geometry in Figure 2) was conducted in zero field using a mechanical arm to a precision of 5°. For
all results herein the azimuthal angle W is defined as zero when the crystallographic b axis is in the
scattering plane. DC magnetization measurements were conducted using a commercial "Physical
Properties Measurement System” device (PPMS) equipped with a 9T superconducting magnet and

the ACMS option (“AC measurement system”).
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Figure 2 — Sketch of the RSXD experiment. The incoming and outgoing directions k and k’ define the scattering plane. The
momentum transfer Q = k’ - k is also indicated, as is the azimuthal rotation angle W. We define W=0° when the b axis is in
the scattering plane (crystal axes are shown for this case). The magnetic field B is applied when W=0°, along the c axis
direction.

1. Results
1. Resonant soft X-ray diffraction in zero field

Resonant soft x-ray diffraction was used to study the (% 0 0) reflection (Pbnm notation) at the Mn
L,; edges. The energy dependence of this reflection’s intensity is presented in Figure 3. The
temperature evolution of the integrated intensity from this reflection is presented in Figure 4a upon
warming. This reflection is expected to probe the magnetic order, and indeed intensity appears
below Ty = 190K. The inset of Figure 4a presents a close-up at high temperatures, which was taken at
a different azimuthal angle and spot on the sample. Here an additional weak contribution to
intensity appears already below Tco/00) = 215K, and is therefore attributed to the appearance of
orbital (and charge) order. However, orbital order should follow a (0 % 0) ordering wave vector. We
therefore assume that this contribution is from a twinned part of the sample, which can occur
because the and lattice constants are nearly identical, which allows (0 % 0) and (% 0 0) to overlap
in reciprocal space. The data in Figure 4a show no intensity above 190K, and are over 3 times more
intense than the inset’s data at all temperatures below 185K. Therefore, we conclude that at the
photon energy used, the magnetic intensity is dominant over the orbital contribution from the

twinned part of the sample.
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Figure 3 — Energy dependence of the peak intensity of the (% 0 0) reflection at 80K at ¥ = 90°. Inset: integrated intensity

of the same reflection upon azimuthal rotation (see geometry in Fig. 2). Circles represent intensity for = and o incoming

polarizations, normalized by the sum of intensities (I; + I;). The solid lines are calculations of the expected intensity from

a CE-type structure with a nonzero canting angle, based on Ref. [19].

The main feature observed in Figure 4a is a rise in intensity around 60K upon heating. This is due to
the change in the mixing ratio between the FMM and the CO/OO/AF phases (i.e. change of
scattering volume), which are known to have slightly different crystal structures [14]. This is shown
alongside magnetization data in figures 4b and 4c, as function of the same temperature scale. Figure
5 presents the integrated intensity, the correlation length (2r/FWHM, FWHM denotes full width at
half maximum), and the momentum transfer around 60K. All features show a sharp change at the
same temperature, in qualitative agreement with the behavior found for LPCMO with a slightly
different mixing parameter “y” in Ref. [9]. LPCMO is not known to undergo a significant change in
the lattice constants at this temperature, nor is it expected to acquire any incommensurate order
[14]. A small monoclinic distortion is known to occur with charge ordering, which may cause the shift

in Q around the 60K transition [20,21]. The change in correlation length agrees with the existence of

phase-separated competing orders at lower temperatures.
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Figure 4 — (a) Integrated RSXD intensity of the (% 0 0) reflection as a function of temperature upon warming (after ZFC),
recorded using 644 eV m-polarized linear light. Data were recorded after zero-field cooling at W = 0°. The inset shows the

high temperature data recorded with W = 90°; the Neel temperature and the onset of OO/CO are indicated. (b)
Magnetization upon heating and cooling under 3 exemplary magnetic fields. Lines represent heating-cooling cycles in an

applied field. Dashed lines represent field-heating after zero-field cooling. Inset: zero-field cooling. The G*y;rgin, G** and T,
transitions are indicated for the 1 T curves. (c) Energy per Mn atom of the magnetic hysteresis as measured for different

temperatures (see Fig. 7c).
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Figure 5 — Temperature dependence of the integrated intensity, momentum transfer Q, and correlation length around 60K.
Data were recorded after zero-field cooling.

The resonant magnetic structure factor can be written within the approximation of a dipolar
transition as

F=(¢x$§ Z m;e?meTi (1)
in which & and &' are the incident and scattelred polarization directions, and i and r are the
direction of magnetization and position of the i-th resonant ion. Plugging the CE-type AFM magnetic
structure [22] into Eq. (1), we find that the @ = (%2 0 0) reflection should not exhibit any magnetic
intensity. However, between doping levels of x=0.3 and 0.5, PCMO is known to acquire a varying spin
canting along the c-axis [19], in addition to the pure CE-type AFM order [19,22] (see Figure 1a). The
periodicity of this additional component is induced by the CE-type order, and it is this addition to the
magnetic structure that contributes to the intensity of (% 0 0). To demonstrate this, the azimuthal
dependence of this reflection is presented in the inset of Figure 3. The expected intensity from the
magnetic structure with the additional canting was calculated using Eq. (1), and is plotted over the
data. A good agreement is found between the calculation and the data, and we therefore conclude

that the intensity of the magnetic (% 0 0) reflection is indeed sensitive to the c-axis canting only.
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2. Resonant soft X-ray diffraction in magnetic fields

The intensity of the same (% 0 0) reflection was studied also as a function of applied magnetic fields.
Figure 6 presents rocking curves of this reflection as function of magnetic field at 5K [23]. The peak
shape does not vary substantially through the G* transition which reduces the intensity. Therefore,
in subsequent data we choose to follow only the peak height as function of magnetic field, and not

its integrated intensity.

In all experiments magnetic fields were applied along the c¢ axis. During field-dependent
measurements (both RSXD and DC magnetization) the following experimental procedure was
conducted (see sketch in Fig. 7a). The sample is cooled from room temperature to a desired
temperature. The field is ramped up and down at this temperature, resulting in a “virgin curve”. The
sample is then heated up to 120K. All subsequent field ramping are conducted after cooling from
120K. All field ramping cycles at T 2 120K were conducted after a field ramping cycle at T<120K. This

procedure ensured reproducibility of results.

Figure 7b presents the peak intensity as a function of applied field, ramped at different
temperatures at a rate of ~3 mT /s. The main feature is a drop in intensity at H = G*, above which
the signal is completely quenched. This is notably different from the temperature-dependent drop
observed for zero field in Figure 4a (around 60K), where some CO/OQ/AF regions remain at lower
temperatures. The shape of the curve varies substantially between temperatures: in scans taken for
T=50K, we find that the intensity remains constant up to G*, while for T<50K the curve is rounded
and the transition is broader. This indicates a change from a single, well-ordered AF state at high T,
to a collection of small domains with a broad distribution of energy barriers at low T. When the field
is ramped back down the opposite transition occurs at H = G**. For = 100K a full recovery of the
intensity is observed at H = G** (not shown). For T < 50K no G** transition is observed when
ramping H down, and the intensity does not recover at all. In the range between these, a partial

recovery of intensity is observed at H = G** (a recovery of a few % is still observed at 65K).

1500 -

| pH(T) 5K gy

| * 0 £
52 0.5
= s 1.0 I \
510001 o 15
£ . 30 /
B . \
'=\ 500 - / & N \
S P .
P AY
=

s h S
N
(,o. % e : .
P £ S0 2 ha R S

"e0  sa4 e 62 656
0(%)
Figure 6 — rocking curves around the (% 0 0) reflection, measured at 5K.
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Figure 7 — (a) Sketch of the experimental procedure for subsequent field ramping. (b) peak intensity as function of
magnetic field, ramped at different temperatures. Curves shown below 80K exhibit no hysteretic recovery. The transitions
G* and G** are indicated for the 120K data. (c) field-dependent magnetization as function of magnetic field. For 120K, the
virgin and the subsequent ramping up of the field are indicated by “(I)” and “(II)”, respectively.

Figure 8 presents two RSXD curves measured as the field is ramped up in the same procedure, but as
functions of time. The applied field is also presented on the same scale. At these temperatures
LPCMO is in the spin-glass phase. Two regimes of reversal are clearly observed. The earlier regime
accounts for most of the signal suppression, and becomes less sharp as the temperature is reduced.
In the second regime the RSXD signal appears to decay independently of the applied field, and the
RSXD signals from 5K and 20K coincide. By fitting these data from to a decay function of simple

exponential form exp-(t/7), we find T = 633s.



100000

10000

wH(T)

x-ray intensity (arb. units})

Time (seconds)

Figure 8 — x-ray intensity from the (% 0 0) reflection at two temperatures within the glass phase (left axis, in log scale) and
applied magnetic field (right axis), both presented as functions of elapsed time. The dashed line is a guide for the eye.

3. Magnetometry
For a complete picture of magnetic behavior, we follow the magnetization of the sample under the

same conditions as in the RSXD experiment. Fig. 7c presents M(H) at different temperatures (at
120K two field cycles are shown: a virgin cycle and a subsequent cycle). The rise in magnetization at
higher fields is the G* transition to the FMM phase (indicated by an arrow). Before it, a weak rise in
magnetization is observed, most likely from areas of imperfection in the crystal. Upon ramping the
field down, the G** transition back into the CO/OO/AF phase is observed for the high temperature
curves. For 40K and 20K, the recovery is at near-zero field. This is in accord with the loss of RSXD
recovery below ~65K. As the size and shape of the hysteresis curve varies strongly with temperature,
Figure 4c presents the average energy associated with the Mn ions (calculated using the area of the
hysteresis loop, the lattice constants and the crystal’s mass). This is a measure of the latent energy

associated with the first-order transition between the CO/OO/AF phase and the FMM phase.

Figure 4b presents M (T) upon field cooling and field warming, in yuoH = 0.1 T, 0.5T and 1 T. Field
warming is shown both after field cooling (FC) and after zero-field cooling (ZFC). A ZFC curve is
shown in the inset, indicating that a small ferromagnetic moment is indeed present due to the
appearance of spontaneous magnetization. Comparison between curves for 1 T and 0.5 T indicates
that both the magnitude of M(T) and the transition temperatures are all field-dependent. In all
cases the cooling began at 250K, well-above all transitions. The feature at 210K is a signature of the
border between the paramagnetic (PM) and CO/OO/AF phases. This signature consists of two
transitions at Tpg/co and Ty (seen in Figure 4a). Below Ty, the initial rise of the cooling curve marks
the appearance of FMM domains at T. The sharp rise of the field cooling curve is at T = Gy gin,

the transition of the system from CO/OO/AF to the FMM phase (“virgin” subscript indicates that

cooling is from above Ty). This transition is interrupted by the glass transition T, (unless H > 2T).
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Upon field-heating from within the glass phase, a further rise in M(T) is observed, likely due to
melting of the spin-glass into the FMM phase. This is followed by the G** transition from the FMM

phase back into the CO/OO/AF phase, closing a hysteresis loop as function of temperature.

The value of T, is commonly taken as temperature at which the ZFC and FC warming curves merge.
However, in applied magnetic fields these curves do not necessarily coincide. For example, at H=0.5T
the ZFC and FC curves differ by over 10% in magnetization outside the glass phase (see Figure 4b).
This can be understood within the picture of a hierarchy of energy barriers which persist outside the
glass phase [12]. For this reason, we mark the glass transition here as the middle of the
characteristic rise in magnetization when entering the FMM phase upon warming. This rise occurs at
different temperatures in the ZFC and FC warming curves (designated T, and the Tg’, respectively).
The T, value remains constant with applied field, while the T, value reduces with higher applied

magnetic field.

Lastly, we note that although the observed moment appears to behave paramagnetically in fields on
the scale of H = G**, ferromagnetic hysteresis is indeed observed. To show this, the system was
cooled to 5.3K, and the field was then ramped up to 5T and back down to OT, to ensure that no
CO/OO/AF islands remain. A series of low-field hysteresis curves around B=0T were recorded at
various temperatures upon warming. Figure 9 presents the remanent magnetization at zero field, as
function of temperature, and the inset presents one such hysteresis curve. We find that

Tc(H = 0) = 110K, indicating that the field-ramping procedure in Figure 7a is adequate.
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Fig. 9 — Remanent magnetization as function of temperature. The line is a guide for the eye. Inset: hysteresis loop at 5.3K
after saturating the system at 5T.
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4. Phase diagram
Here we revisit the phase diagram of LPCMO. Previous less detailed reports have drawn this diagram

without taking into account probes that are directly sensitive to the antiferromagnetic order [7,8].
The phase diagram is presented in Figure 10. Data points indicate positions of transitions, the
orientation of the triangular markers indicates the ramp direction in which the transition appears

(magnetic field - up/down; temperature - left/right), and their filling indicates the technique used.

The most prominent features are the G* and G** transitions. In addition, a line labeled G* ;g is
traced out within the hysteretic region between G* and G**. This line indicates where the G*
transition occurs when the sample is cooled directly from room temperature (in contrast to the main
G* line, which is observed after reheating to above 120K, see Figure 7a). It intersects with the line
labelled T¢, which begins where spontaneous magnetization appears upon cooling in zero field
(spontaneous appearance of FMM domains). This “virgin” behavior reproduces in all experiments
and agrees with the first-order nature of the G* transition, in which domains may coexist and act as
nucleation sites, facilitating a faster transition, or one which requires a lower coercive field.
However, it is unclear what the nature of these nucleation sites is, as the FMM phase is not expected

to exist at temperatures well-above Tc.
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Figure 10 — phase diagram created from transition temperatures found in RSXD and magnetization measurements. FMM is
the ferromagnetic metallic phase, CO/OO/AF is the charge and orbitally ordered antiferromagnetic phase, with a c-axis
canted CE-type magnetic structure. The shaded region around the line indiciates the region where phase coexitance
reportedly occurs. The regions labelled (1) and (Il) are explained in the main text. The region labelled (Ill) above the spin
glass phase marks the discrepancy between field ramping measurements, and those taken upon cooling/heating. This is
due to slow relaxation dynamics, so transitions upon field ramping are therefore not used to define the or
boundaries.

The shaded region in the center of the diagram (around the T. line) indicates the region where
dynamic phase coexistence reportedly occurs [5,8,9]. Here we observe the highest RSXD magnetic

intensity. We identify this region by the disappearance of the G** transition and the irreproducibility

of the CO/OO/AF phase: after the field is ramped above H = G*, the RSXD signal does not recover at



all. This underlines the metastability of the phase coexistence. The borders of this region are obscure

as they are highly hysteretic.

Directly adjacent is T, indicating the transition from the spin-glass to the FMM phase. It is shown
twice: T; and T;' (the rise in magnetization in the ZFC and FC measurements, respectively). The

difference between them (indicated by “I” in the phase diagram) grows with applied field.

Also adjacent to the phase coexistence region is the region labelled “II”, a narrow pocket below the
FMM phase, centered around 80K. It is characterized by a partial recovery of the CO/OO/AF phase
following the G** transition. Its borders are defined by an inconsistency between the position of the
G** transition when the field is ramped down and upon warming. The partial recovery is
demonstrated in Figure 11. Figure 11a presents an RSXD hysteresis loop at 80K. Following the G**
transition only ~90% of the magnetic intensity recovers. Figure 11b presents a magnetization
experiment under the same conditions. Here, however, the field is ramped up a second time. The
second hysteresis curve is 15% smaller in area than the first. This is consistent with the partial
recovery of the CO/OO/AF phase (in the previous cycle), as less field needs to be invested to quench
the CO/OO/AF phase. Furthermore, this confirms observations of partial recovery magnetic

hysteresis in Ref. [8].

x-ray intensity (arh. units}

M, per M)

WEL(T)
Figure 11 — (a) Diffracted intensity from the (% 0 0) reflection, measured as function of applied magnetic field at 80K. Upon
ramping the field down, the intensity does not fully recover. (b) magnetic moment as function of applied field, measured at
80K. Two consecutive cycles were recorded, which are found to be inequivalent. In both panels the highlighted region
indicates the partial recovery of the CO/OO/AF phase.



v. Discussion

Measuring the RSXD signal under applied fields (Figs. 6 and 7) helps to clarify the behavior of the
CO/OO0O/AF phase. The (¥ 0 0) signal is sensitive only to the canted c-axis magnetic components,
which alternate in direction from site to site. This additional component is associated with excess
electron density at doping levels of 0.3 < x < 0.5. Assuming the field (applied along the c axis)
strengthens/weakens those components parallel/antiparallel to it, the intensity would not change as
function of magnetic field, so long as the antiferromagnetic modulation amplitude remains constant.
This is a direct result from Eq. (1). The intensity does reduce when the scattering volume decreases,
which for T>50K occurs abruptly at H = G*, indicating a collective quenching of the
antiferromagnetic modulation. Indeed the magnetization measurements in Fig. 7c confirm this
scenario, as the rise in net moment is minor below H = G*. Below T, the RSXD signal exhibits a
different magnetic field dependence. It does not remain constant up to G*, but gradually reduces as
the field is applied (in other words the RSXD hysteresis curve is not sharp, but “rounded”). This
indicates a reduction in scattering volume due to the gradual appearance of FMM domains, which

become favorable as field is applied.

A remark related to the stability of the CO/OO/AF phase should be made. Figure 12 presents G*, G**,
and the integrated intensity of the (% 0 0) reflection as functions of temperature. The transition
fields weaken as temperature is reduced, down to a temperature range in which the CO/OO/AF
order is metastable. This behavior serves as an indicator for the weakening of the CO/OO/AF orders
(or their associated exchange terms) in favor of the FMM phase. However, in the same temperature
range the integrated intensity rises, indicating an increase in the magnetic order parameter
associated with the c-axis spin canting upon cooling. This increase in intensity can also be due to an
increase in the c-axis canting angle (see Figure 1a). Following Jirak et al. in Ref. [19], this would be
analogous to an effective decrease in Ca doping in PCMO (reduction of x). This discrepancy between
the increase in intensity and the reduction in transition fields (upon cooling), suggests that the two
magnetic components (CE order and c-axis spin canting) have different magnetic susceptibilities, or
that they are weakly coupled to each other. Nevertheless, once the main CE-type order is quenched,

electron mobility rises sharply [5], quenching the c-axis modulation as well.
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Figure 12 — the G* and G** transition fields as functions of temperature (left axis) and the integrated intensity from the (%
0 0) reflection (right axis). Dashed lines are guides for the eyes; the vertical dashed line indicates that the temperature of
peak in RSXD intensity coincides with the temperature at which G** vanishes.

The spin-glass transition is known to occur upon cooling through the spontaneous appearance of the
FMM phase [8], essentially freezing it alongside the metastable CO/OO/AF phase. The balance
between the two coexisting phases during the glass transition depends on the field applied. This is
apparent in the difference between the FC and ZFC warming curves (see Figure 4b). Nevertheless the
glass phase continues to relax over time, evidenced by very slow magnetic dynamics, which have
been explained as a result of a hierarchy of energy barriers [12]. Interestingly, although field cooling
tips the system towards favoring the FMM phase, the T’ line occurs at higher temperatures than
the Ty line (the transitions from within spin-glass upon warming after FC and ZFC, respectively). This

means that preference of the FMM phase stabilizes the glass phase.

When the field is ramped up from within this phase, the decay of the RSXD signal exhibits two
distinct behaviors (see Figure 8). The first is the rounded behavior previously described, which is due
to a gradual reduction of scattering volume. This is responsible for quenching almost all of the signal.
The second regime is a slow exponential decay, which appears insensitive to the field applied. This
can be understood as a slow decay (or annihilation) of remnant CO/OO/AF domains surrounded by
an FMM environment. While a simple exponential can reasonably describe the decay, further
studies of this phase are required to identify the correct form of the decay, such as those already
proposed for spin glasses in Refs. [24-26]. These would indicate whether such a FM-AFM system
agrees with the known temporal behavior of spin glasses. Nevertheless, the longevity of these
CO/OO0/AF islands can explain the slow magnetic relaxation observed in previous studies, and
variations in the relaxation speeds [12]. Slow relaxation causes a discrepancy between data taken
upon cooling/warming, and data taken upon field ramping. The shaded region labelled “(ll1)” in

Figure 10 marks this discrepancy. Due to this effect we extrapolate the Ty, line in the phase diagram

Page 16 of 18



(Figure 10) without considering the transitions recorded using field ramps at the lowest

temperatures.

Persistent slowly-annihilating domains are a known effect in ferromagnets. A model describing their
effect on subsequent magnetization reversals is presented in reference [27]. While this model can be
applied to the present scenario, the nature of the interaction between the two domain types in

LPCMO remains unclear.

V. Summary

In conclusion, we have employed RSXD to study the CO/OO/AF order of LPCMO at low temperatures
and high magnetic fields, covering the entire phase diagram. Magnetization measurements were
used to follow the coexisting FMM phase under the same conditions. Additional elements of the
phase diagram were presented and discussed. The use of RSXD allowed us to observe small volumes

of the CO/OO/AF phase, coexisting within the FMM phase.

The RSXD signal is not sensitive to the main CE-type magnetic order, but to the alternating c-axis spin
canting. For temperatures above the phase separation, the signal remains constant with applied
field and vanishes sharply at the CMR transition (at H = G*), indicating a collective quenching of the
CO/OO/AF order. When FMM domains are present, applying a field reduces the RSXD signal even
before the G* transition, indicating a growth of the FMM at the expense of the AF order.
Furthermore, below T, phase separation occurs also at zero field, and when the metal-insulator
transition becomes irreversible with field (i.e. no recovery transition G**), and the system must be
heated to retain its CO/OO/AF phase. During this meta-stable condition, where the CO/OO/AF order
is weakest, the RSXD signal is most intense. This suggests that the antiferromagnetically modulated
c-axis canting and the main CE order have different magnetic susceptibilities, as it appears that the

magnetic field does not directly couple to the c-axis component, but to the main CE-type order.

We find persistent (non-volatile) behavior of both phases. The FMM phase persists to higher
temperatures when it is produced by lowering T instead of ramping the field. Small CO/OO/AF
domains survive at very high fields when applied within the spin-glass phase, and exhibit a slow
annihilation process. It is yet unclear how the two phases interact, but both phases clearly bare
evidence of a complex energy landscape with soft and hard energy barriers. A microscopic model to
describe the wealth of phenomena exhibited by LPCMO will be immensely valuable for

understanding control of electronic ordering.
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