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The coexistence of ferromagnetic and antiferromagnetic phases, and their role in the photo-induced insulator-
to-metal transition in Pri—,Ca,MnO3 are revealed via ultrafast resonant x-ray diffraction and broadband optical
reflectivity measurements. The antiferromagnetic scattering signal and ferromagnetically sensitive reflectivity
measurements show similar, strongly temperature dependent timescales. We attribute the common dynamics to
an activation barrier between the equilibrium insulating phase and the photo-induced metallic phase related to
interactions between the phase separated ferromagnetic and antiferromagnetic insulating phases.

PACS numbers: 64.60.-i, 75.47.Gk, 78.47.]J-

INTRODUCTION

Rich phase diagrams in strongly-correlated electron sys-
tems result from interplay between energetically similar
ground states with vastly different properties [1-3]. At the
phase boundaries, a phase-separated ground state can form,
consisting of a spatially inhomogeneous mixture of the pure
ground states that exist on either side of the boundary [4].
This phase separation is thought to play a critical role in the
colossal magneto-resistance effect in manganites, where the
conductivity increases by several orders of magnitude through
the application of a magnetic field [5].

Pr;_,Ca,MnO3 (PCMO) is unique among the manganites,
in that the equilibrium state is insulating regardless of temper-
ature and doping. The colossal magneto-resistance (CMR) ef-
fect occurs in a doping region (0.3<x<0.5) that lies between a
ferromagnetic (FM) phase at low doping (x < 0.3) fig 1(a) and
an antiferromagnetic (AFM) phase at half doping. The CMR
effect is commonly described as a transition mediated by the
percolation of metallic clusters, however both of the pure FM
and AFM phases in PCMO are robustly insulating, suggest-
ing that the magnetic-field induced metallic state represents a
distinct phase from the equilibrium FM and AFM phases.

At x =0.3, the sample has a charge-ordering (CO) transition
at Too = 220 K, an AFM transition at T = 140 K, and a
transition to a mixed FM/AFM state at Tr/4 = 120 K (figure
1(a,b)). The x=0.5 sample lacks the mixed FM/AFM state,
and exhibits slightly higher temperatures for the CO and AFM
transitions.

Optical excitation is also known to induce a meta-stable
metallic phase in PCMO [6], and the nature of this phase,

particularly in regards to the magnetic magnetic ordering, has
been the subject of considerable debate [6—10]. Moreover, the
optically-induced metallic state in PCMO can be created ei-
ther through the resonant excitation of a lattice mode or by
photo-doping with near IR wavelengths[9—12], where the pri-
mary excitation is thought to occur on sites with Mn3* va-
lence [8, 13].

The magnetic field-induced metallic state differs signifi-
cantly from the ground states at high or low doping, and
the photo-induced metallic (PIM) state is again distinct from
the field-induced metallic (FIM) state, representing a fourth,
meta-stable state of the system; optical spectra show signifi-
cant differences between the FIM and PIM states[14—17]. An
applied electric field combined with an optical excitation can
stabilize the PIM state indefinitely, but under optical excita-
tion alone, the PIM state is relatively short-lived[6]. In con-
trast, at low temperature (below ~ 50 K) and with appropriate
doping, the FIM state is persistent until the sample is heated
[5].

The differences in behavior between the PIM and FIM
states are related to the metallic magnetic phase through cou-
pling of the magnetic alignment to the lattice strain and subse-
quent frozen-in grain boundaries [18-23]. The PIM and FIM
perturb the magnetic state in different ways; spins are aligned
by the applied magnetic field in the CMR effect but are disor-
dered through photo-excitation.

Here we combine ultrafast x-ray and optical techniques to
reveal that separation and interaction between ferromagnetic
and antiferromagnetic phases underlies the transient metal-
lic phase in PCMO. We observe that the pseudo-equilibrium
metallic state is not achieved for several picoseconds in the
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FIG. 1. (a) Phase diagram for Pri_,Ca,MnOs. (b) Diagram of
mixed F/A phase showing real-space antiferromagnetic configura-
tion.

mixed phase (x=0.3), while its promptly reached on sub-
picosecond timescales in the pure AFM state (x=0.5). Our re-
sults suggest the presence of a strong coupling between com-
peting phases, likely the result of lattice distortions, plays a
key role in the insulator to metal transition.

EXPERIMENTAL

We utilize ultrafast resonant x-ray diffraction (RXD) and
ultrafast broadband optical spectroscopy to provide impor-
tant new insight into the nature of the photo-induced metal-
lic phase in PCMO. RXD in PCMO at the critical doping
of x = 0.3 was performed at the soft x-ray beamline at the
Linac Coherent Light Source, utilizing an energy of 640 eV,
resonant with the Mn L-edge, on the (1/4, 1/4, 0) scattering
peak, which is a direct measure of the antiferromagnetic or-
der parameter[24, 25]. Ultrafast optical spectroscopy was per-
formed in the mixed phase region (x = 0.3 doping) and in the
pure AFM state (x = 0.5 doping). The measured spectra cover
a range of energies from 1.3 eV to 2.8 eV, where the optical
constants are sensitive to optical charge transfer and inter-site
d-to-d transitions [26]. In all measurements, the sample was
excited at an energy of 1.5 eV, which has been shown to in-
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FIG. 2. (a) Diagram of experimental showing real-space antiferro-
magnetic configuration and measured diffraction peak image. (b)
Dynamics of the scattering intensity of the (1/4,1/4,0) AFM diffrac-
tion peak for 0.6 and 1.2 mJ/cm? (c) Scattering peak profiles for t <
0 (top curve) and t = 60 ps (bottom curve) with an excitation fluence
of 1.2 mJ/em?.

duce a metallic state.[7, 12].

We performed ultrafast RXD measurements at x=0.3 dop-
ing with the experimental geometry illustrated in figure 2(a).
The scattering signal shows a clear reduction of intensity fol-
lowing optical excitation. We observed no significant changes
to the scattering angle or peak width, indicating that above
band-gap excitation does not change the ordering wavevector
or correlation length, even while significantly suppressing the
AFM order parameter. The time dependence of the scattering
intensity at 60 K is shown in figure 2(b). The spin-ordering
is reduced in two stages, a prompt reduction is observed on
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FIG. 3. Color maps of dR/R data as a function of pump/probe time-
delay and probe wavelength. (a) x =0.3, T=20K, (b) x=03,T =
60 K, () x=0.3,T=120 K and (d) x =0.5, T =20 K. In the x =
0.3 sample, the low temperature spectral dynamics are clearly slower
than in the x = 0.5 sample, but above 120 K the x = 0.3 spectra
become similar to the x = 0.5 spectra.

a timescale of ~ 300 fs, corresponding to the time resolution
of the x-ray probe, and a further loss of intensity develops
on a time scale of ~9 ps. With increasing excitation fluence,
spin ordering is further reduced, but the dynamics remain un-
changed. Furthermore, the characteristic correlation length of
the AFM diffraction peak remains unchanged throughout the
excitation and recovery of the AFM order as indicated in fig-
ure 2(c). The invariance of the diffracted peak width, even
when the intensity of the AFM signal is reduced significantly,
suggests that the characteristic AFM domain size remains un-
changed down to a length scale of 1400 A.

Important complementary insight can be obtained from the
dynamics probed via the ultrafast broadband visible probe.
For the x=0.3 doped mixed-phase sample, the intermediate
9 ps time-constant is also evident in the time-resolved opti-
cal reflectivity data, but notably the single AFM phase x=0.5
sample shows no dynamics on this time-scale. Time-resolved
broadband optical data is shown in figure 3(a-d), for three tem-
peratures at a doping of x = 0.3 and at low temperature for x =
0.5. The x=0.5 sample and the x=0.3 at 120 K show an edge
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FIG. 4. Spectral components of the data in figure 3(a-d). The x =
0.3 sample shows two spectral components, shown in (a) and (b),
while the x = 0.5 data can be described with only the component
shown in figure (b). The two dimensional data in figure 3 can be
reconstructed by multiplying the spectral component (figures (a) and
(b)) with the temporal component (figures (c¢) and (d)), and summing
these products, such that 6R is described by equation 1.

in the spectrum at 1.7 eV, and the signal remains constant at
timescales longer than 5 ps. At low temperature in the x=0.3
sample (20K, 60k), slower dynamics are apparent with an ad-
ditional peak in the spectrum.

Similar to the RXD studies, optical spectroscopy exhibits
dynamics over multiple time-scales. At a doping of x = 0.3,
three time-scales are observed at low temperatures: a fast
component with a time-constant of ~0.5 ps (71), an interme-
diate component at 3-10 ps (72), and a very slow component
extending beyond the measured time-window (> 60 ps, 73).
Optical data at a doping of x = 0.5 shows the fast (0.5 ps) and
slow (> 60 ps) components but lacks the intermediate com-
ponent observed in the x=0.3 sample. For both dopings, the
onset of the dynamics is limited by the probe resolution of 100
fs, consistent with previous measurements [7, 9, 12].

A singular value decomposition of the broadband reflec-
tivity data into spectral and temporal components is shown
in figure 4 [27-29]. This decomposition describes the data
as independent spectral and temporal functions, such that the
overall reflectivity change 0 R(At, hv) is described as:

SR(At, hv) =Y Si(hw)Ti(At). (1)
i=1

The functions S; and T; represent the independent spectral
and temporal components, respectively.

The x=0.5 data consists of a single spectral component (.51,
green line), with dynamics characterized by time constants 7;
and 73, which we refer to as the fast component and slow rem-
nant component.

The x = 0.3 data can be decomposed into two spectral com-
ponents: (1) a step-like component (S7) with an edge at 1.9



eV and a spectral shape similar to the x=0.5, and (2) a double-
peak like structure (S3). The step-like spectral feature has
an additional offset representing dynamics that are uniform
across the measured spectral range. In the x=0.3 sample, this
offset is negative with decreasing amplitude at higher tem-
peratures. This is consistent with a photoinduced increase in
spectral weight at low energies, with a corresponding reduc-
tion in the narrow range of energies measured here. The shape
of (S51) is qualitatively similar to the change in reflectivity that
occurs with the closing of the charge-ordering gap, as mea-
sured through the temperature and magnetic field dependence
of the optical spectrum [14, 30].

The spectral dynamics observed for x=0.3 exhibit important
similarities and differences with the x=0.5 data. The first spec-
tral component .57 (common to both x=0.3 and x=0.5) is char-
acterized by dynamics with fast and slow components that are
similar to those observed for x=0.5. The fast component, 7,
has been associated with thermalization of the initially excited
carriers, and the slow component associated with meta-stable
melting of the charge ordering [7, 31]. As shown in figure
Sa, the spectrum S is qualitatively similar to the change in
spectrum due to a destruction of the charge ordering, either
through the CMR effect or heating above the transition tem-
perature [14, 30], and the dynamics 7} therefore represent a
partial loss of charge ordering due to photo-induced charge
delocalization.

The second spectral component (S2) is characterized by an
intermediate time constant, 75 (~ 9 ps), which is similar to
that observed in the AFM RXD data, but is not observed in
the optical data at x=0.5 doping.

In this spectral region, the optical conductivity is dominated
by charge-transfer and d-d transitions, which can be modeled
by a sum of oscillators [26]:

f.
i J

The oscillators are centered at F; = hw;, with widths ~;
and oscillator strengths f;. Figure 5b shows a fit to the spec-
trum So, modeled as a change in oscillator strengths for oscil-
lators at 1.64, 2.32, and 2.63 eV. The energies and widths of
these peaks are consistent with previous models of the static
reflectivity via d-d and charge transfer transitions [26].

The origin of the spectral features are further elucidated by
tracking the dynamics as a function of temperature as shown
in figure 6. Detailed temperature dependent measurements
of dR/R at 1.37 eV and 2.07 eV clearly distinguish contribu-
tions to the different spectral components. The dynamics were
characterized by an exponential fit with two time constants.
For both x=0.5 and x=0.3 samples, the amplitude of the JR/R
signal increases sharply as the temperature is lowered below
Tco but shows no change at Ty (figure 6b, green diamonds,
red triangles). For the x=0.3 doping, the time-constant for the
intermediate component of the dynamics, (72), is shown in
figure 6(a), and varies continuously from 3 ps at Tr,4 to 14
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FIG. 5. (a) Comparison of dynamic spectral feature S; at 60 K
and change in reflectivity across the charge/orbital ordering transi-
tion, giVCH by (R(T < Tco/oo) — R(T > Tco/oo))/R(T <
Tco/00) [14,30] (b) Spectral feature S1 and a fit from an oscillator
model as described in the text.

ps at 20 K. The amplitude of this component increases below
Tk 4 (figure 6(b)), increasing by a factor of 3 between T, 4
and 20 K.

Note that in the reflectivity data, there is no evidence of the
AFM transition at either doping, while there are strong tran-
sitions at both the ferromagnetic (T7/4) and charge ordering
(Tco) transitions. The onset of the second spectral compo-
nent at T'p, 4, and the absence of this component in the x=0.5
data, indicates that the intermediate time scale is associated
with the onset of phase separation at T, 4 in the x = 0.3 doped
sample.

For x = 0.3, the formation of the metastable photoexcited
state is limited by the intermediate time-constant 7, that is ob-
served in spectral component S3. While component S} is sim-
ilar to the spectral shift observed in the CMR effect, and the
temperature dependence suggests that this spectral feature is
associated with a reduction of the charge-ordering, no photo-
induced metallic state is observed in the x=0.5 doped sample.
We therefore conclude that formation of the state of the x=0.3
sample on the time-scales for which a global photo-induced
metallic state has been confirmed is limited by the So compo-
nent.

DISCUSSION

Through comparison with the optical data, we identify the
processes behind both time-constants in the AFM scatter-
ing dynamics. After optical excitation, reflectivity spectra
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FIG. 6. Time constants and absolute values of the amplitudes for
dR/R data probed at 1.37 and 2.07 eV in the x=0.3 sample, and at
1.37 in the x=0.5 sample. (a) Time-constant for intermediate compo-
nent. The orange diamonds represent the time-constants for the AFM
RXD data shown in figure 1. (b) Amplitudes of the intermediate
time-scale (3-10 ps, shown in (a)) and slow (> 60 ps) components
of the 0R/R signals.

show a prompt change associated with a destruction of the
charge-ordered state. The 300 fs initial loss of x-ray diffrac-
tion strength in the AFM scattering intensity results from an
incomplete destruction of the antiferromagnetism associated
with this melting of the charge ordering.

At 1.5 eV, the initial excitation is thought to be a local Mn-O
intrasite charge-transfer transition, and it has been suggested
that Jahn-Teller distortions relax on ultrafast time-scales after
this excitation [8, 13]. The formation of macroscopic con-
ducting pathways indicates that this excitation eventually de-
localizes. The invariance of the RXD correlation length, and
therefore the constant characteristic AFM domain size, sug-
gests that this occurs without the formation of large metal-
lic domains. This is in contrast to what might be expected
from spinodal decomposition of photo-excited metallic re-
gions, where initial small local excitations subsequently clus-
ter to form larger metallic regions [32].

Further loss of AFM scattering intensity occurs on the same
9 ps time-scale as the transient observed in optical reflectiv-
ity data, indicating that these dynamics are associated with
the same process. The magnitude of the intermediate compo-

nent of dR/R increases sharply at T'r, 4, and these time-scale
dynamics occur only in the mixed phase. Moreover, static
RXD data shows a strongly increasing scattering intensity be-
low T/ 4. The scattering intensity depends on the cooperative
interaction between AFM and FM order parameters [24], and
optical excitation of either parameter will result in the loss of
scattering intensity. The optical measurements are insensitive
to the AFM phase, and we therefore attribute the 9 ps loss
in AFM scattering intensity with a reduction of the FM or-
der parameter, which appears in the AFM signal through this
cooperative effect.

RXD data and previous measurements [9] show perturba-
tion of both AFM and FM order parameters on 100 fs time-
scales. The time-scale of the intermediate dynamics are con-
sistent with coupling of the excitation to the lattice [33], where
the transient suppression of the AFM ordering occurs. The
presence of this time-scale in the optical data and in the RXD
data, and the measured sensitivity of the time constant to
the transition into the mixed phase, suggests that this time-
constant represents a change in the global properties of the
sample that affects both FM and AFM states. We propose
that coupling between magnetic ordering and long-range lat-
tice strains through compensation regions at the boundary be-
tween phases naturally explains the onset of dynamics in the
AFM scattering associated with the mixed phase. Through a
magnetic/lattice interaction, the reduction of magnetic order-
ing changes the shape of the unit cell and ultimately the strain
in the compensation regions between different magnetic do-
mains.

The time-scale and temperature dependence of this time
constant is consistent with a strong electron-lattice coupling
at high temperature and the development of an electron-lattice
bottleneck below T, 4. We attribute the temperature depen-
dence of this time-constant (figure 6a) to Arrhenius-like be-
havior due to the formation of an energy barrier between the
equilibrium insulating state and the quasi-equilibrium photo-
excited metallic state. Below T'r, 4, the photo-excitation es-
tablishes a new free energy minimum which is reached by
crossing an activation barrier dependent on the FM order pa-
rameter. This process is illustrated in figure 7(a).

In this model, the excited configuration is treated as a ther-
modynamically equilibrated mix between local insulating and
metallic states, with the transition from the purely insulating
state dependent on the thermal energy of the system. In the
Arrhenius model, the reaction rate follows the relation

r=1/7 = roe Fa/kT 3)

Both the activation energy (E4), and the pre-exponential
coefficient (7(), can in principle be temperature dependent,
however the dominant temperature dependence is a slowing
of the rate at low temperature due to the exponential term.
For a constant g, the measured time-constants would imply
a photo-induced local minima below Tz, 4, with an activa-
tion energy that decreases but remains non-zero as the tem-
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in the arrhenius equation, derived from the measured intermediate
time constant. There is no gap above T, 4, so the activation is zero
above this temperature. (b) Activation energy with ro = 0.7 ps (E'a,
squares) and with 7o = kT'/h from transition state theory (Ea,7sT,
circles).

perature is lowered, as shown in figure 7(b). Transition state
theory approximates the temperature dependence of the pre-
exponential coefficient as 7o = k7'/h, where h is Plancks
constant [34]. The resulting activation energy is qualitatively
similar to the case of constant 7, but extrapolating to less than
zero values at low temperature.

At Tgy 4, the introduction of FM domains into the AFM
background leads to structural inhomogeneities, and it has
been shown recently that structural grain boundaries can have
profound effects on magnetic domains in manganites[18-23].
We propose a similar mechanism, with interactions between
the FM and AFM phases through frozen-in structural inho-
mogeneities that are responsible for the observed coupled dy-
namics. The intermediate time-constant appears in specific
spectral features centered at 1.75 eV and 2.5 eV, at energies
where onsite charge-transfer excitations contribute to the op-

tical constants[26]. A change in the charge-transfer optical
transition matrix, due to a change in the lattice structure, is
consistent with these spectral features.

Below T, 4, the grain boundaries of the AFM phase are
frozen in and remain so even after photo-induced conversion
to the metallic state. The lack of dynamics in the scattering
correlation length throughout the excitation and recovery pro-
cess indicates a systematic memory of the FM/AFM bound-
aries, and the metallic phase develops from the composite
FM/AFM insulating phase without disturbing these bound-
aries. Inhomogeneous strain regions remain fixed throughout
photo-induced phase transition, resulting in a relatively short-
lived metallic phase. In contrast, re-ordering of these bound-
aries through forced magnetic alignment in the magnetic-field
induced CMR transition would result in a phase that is sta-
ble until the compensation regions are removed fully through
heating of the sample.

SUMMARY

In summary, common features in the dynamics of x-ray
scattering measurements and transient optical spectra provide
new insights into the physics underlying the photo-induced
metallic phase in PCMO. X-rays directly probe the dynam-
ics of the AFM ordering, while optical spectra relate to on-
site charge transfers and CO. Taken together, these results
characterize the changes in the coexisting FM and AFM
phases that result in the formation of the meta-stable photo-
induced phase. These results suggest that while the metal-
lic phase may be reached immediately through optical exci-
tation of the charge ordering, the meta-stable metallic phase
is reached only after 15 ps at low temperatures. This in-
dicates previously observed interactions between the phase-
separated FM and AFM states play a crucial role in the forma-
tion of the photo-induced metallic state, with the temperature-
dependence of the intermediate time constant consistent with
a first-order phase transition across an activation barrier re-
lated to the FM order parameter.
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