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At ultrafast time scales, the initial and final states of a first-order metal-insulator transition

often coexist forming clusters of the two phases.

Here, we report an unexpected third long-

lived intermediate state emerging at the photoinduced first-order metal-insulator transition of
Lag.325Pro.3Cag.375MnO3s, known to display submicrometer length-scale phase separation. Using
magnetic force microscopy and time-dependent magneto-optical Kerr effect, we determined that
the third state is a nanoscale mixture of the competing ferromagnetic metallic and charge-ordered
insulating phases, with its own physical properties. This discovery bridges the two different families
of colossal magnetoresistant manganites known experimentally and shows for the first time that the
associated states predicted by theory can coexist in a single sample.

PACS numbers: 71.27.4a, 71.30.4+h, 73.50.Pz, 42.82.Cr, 07.79.Pk

Introduction. Electronic phase separation is common
in first-order phase transitions because the two compet-
ing phases have similar free energies. In first-order metal-
insulator transitions [1-4], the coexistence of the metal-
lic and insulating phases was observed in various strongly
correlated systems [5-8]. However, no additional stable
intermediate state has been experimentally reported, at
least in strongly correlated magnetic systems, albeit ul-
trafast transient phases were occasionally identified [9-
11]. In strongly correlated materials, first-order metal-
insulator transitions are not only driven by temperature,
but by other external stimuli [9] such as electric [10] and
magnetic [1] fields, pressure [11], and light [12].

Photoinduced rapid transient effects are common in
correlated systems [12, 13], but persistent photoinduced
metal-insulator transitions have only been reported in
a few cases [14, 15], such as the manganites [15-17],
the materials with the colossal magnetoresistance (CMR)
effect. Previous efforts on manganite’s photoinduced
phase transitions using optical and magnetic microscopy
identified the ferromagnetic metallic (FMM) and charge-
ordered insulating (COI) regions [18-21]. However, due
to resolution effects, limited information was gathered on
the spatial distribution of electronic domains with sub-
micron or smaller length scales. Transient states in the
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ultrafast timescale can be revealed with pump-and-probe
techniques [9, 22-24], but the analysis of the evolution
and dynamics of individual electronic domains is lack-
ing.

In this work, we show that in manganites a stable in-
termediate state appears and coexists with the FMM and
COI phases [25] during photoinduced phase transitions.
Although ultrafast transient phases were identified be-
fore [26-28], stable intermediate states are rare [6-8, 28],
and the nature and physical origin of such intermedi-
ate states is basically unknown. In our present effort,
the stable intermediate state was directly visualized by
using a variable temperature magnetic force microscope
(MFM), coupled with optical fiber for photoexcitation
(Fig. 1a). With the help of time-dependent magneto-
optical Kerr effect measurements (MOKE), we conclude
that the nature of the intermediate state is a nanoscale
mixture of the FMM and COI phases. Despite its mixed-
phase nature, this is regarded as an intermediate inde-
pendent state because it displays its own characteristic
length scale and properties and, moreover, we argue it
resembles the high temperature “CMR” state with cor-
related polarons widely studied before in other mangan-
ites.

Results. Thin films of Lag.325Pr9.3Cag.375MnOs3
(LPCMO) in epitaxial form were chosen as the model
system. LPCMO is well-known for its large length scale
(submicrometer on average) electronic phase separation
[29-34]. 40 nm LPCMO films were grown on (001) ori-



ented LaAlO3 (LAO) substrates. The insulator-to-metal
transition (IMT) and the metal-to-insulator transition
temperatures (MIT) of LPCMO thin films were deter-
mined to be 123 K and 185 K (Fig. S1 [35]). The pho-
toexcitation of the sample was achieved using nanosecond
pulsed laser (532 nm, 1.3 ns, 2 kHz) during the warming
process from 10 K [42].

a b .
- 0 1000 2000
2 1S 1R 4zbwiom] BE 4.0 [ Gy o 2miy
\ 2 10° : 3.16Wiem{ £ 3 0.0 |
v B § | = i
g €
4 Ig10° 5
b 3 15 & H6OK
o€ T~ 2107 e T
% % le107) B 145K
Lo . 1 k]
O S 100 200] @
f145K] TK) & 10»2___-1"7{’»0}(
0 200 400 0 1000 2000
Time (s) Time (s)

FIG. 1: (color online) (a) Sketch of the MFM set-up and ge-
ometry of the device for transport measurements. (b) Two
resistivity measurements with different light intensities at
145 K, separated by a thermal cycle to room temperature (the
photo-induced changes in p are persistent and irreversible, un-
less a thermal cycle is performed). Green dash lines denote the
switch on-off times. Inset: p vs temperature upon warming,
with red dots denoting the temperatures where experiments
were conducted. (c) Light-intensity dependent p measured
within a single thermal cycle at 130 K, 145 K, and 160 K.
The lighting process is in the upper panel.

Global transport measurements indicate that p
changes sensitively depend on light intensity. Figure 1b
shows the p response after light exposure. The black and
red curves were recorded at 145 K when the sample was
exposed to light for two minutes with light intensities, re-
spectively, 3.16 and 4.28 W cm ™2 (average light intensity
of the pulsed laser) [43]. In both cases, light increased p
by nearly two orders of magnitude. The higher the light
intensity is, the larger p becomes. p stays nearly unmod-
ified after light is switched off. Such persistence implies
that the light-induced transport changes cannot be at-
tributed to a temperature increase caused by a trivial
laser heating effect (Sec. IIT [35]).

To study the photoinduced MIT microscopically, MFM
is used (Sec. Method [35]) to capture the evolution of
the FMM and COI domains with increasing light inten-
sities as follows: (1) After a full thermal cycle, a cho-
sen temperature is reached upon warming; (2) At this
fixed temperature, the sample is opened to two-minute
light exposure with a fixed light intensity and MFM im-
ages are subsequently acquired. Step 2 is then repeated
for increasingly higher light intensities. This procedure
avoids different thermal cycles to reset domain patterns
(Fig. S3 [35]), allowing to follow the evolution of elec-
tronic domains during the transition (Sec. I [35]). Five
chosen temperatures are indicated by the red dots in the
warming p vs T curve in Fig. 1b (inset). To correlate the
MFM images with the global transport measurements
for further analysis, the changes in p measured by fol-

lowing this procedure at 130 K, 145 K, and 160 K are in
Fig. 1c [44].
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FIG. 2: (color online) (a)-(c) 15um x 15um MFM images
acquired at 130 K, 145 K, and 160 K. The scanning area is
fixed at each temperature and its displacement between differ-
ent temperatures is within 1 pm (for topography see Fig. S2
[35]). Left to right, the light intensity increases from 0 to
4.28 W cm 2. Blue and red regions are the COI and FMM
phases, respectively. The MFM signal (phase shift) ranges are
the same for each temperature but tuned to a proper level at
different temperatures for better presentation (2.8, 2.6, and
1.8 degrees for 130, 145, and 160 K, respectively). Note that
the MFM signal is negative (positive) for the magnetic (non-
magnetic) phase right above the LPCMO film (Sec. Method
[35]). (d)-(e) Statistics from the MFM images vs light in-
tensity at different temperatures: both the area fraction of
COI state (d) and average size of COI domains (e) increase
rapidly at some critical light intensities (arrows). Error bars
are standard (Sec. II [35]).

The MFM images with increasing light intensities at
130 K, 145 K, and 160 K (Figs. 2 a-c) are consistent
with the transport data (see Fig. S2 [35] for all five
temperatures). All MFM images were acquired under a
small 500 Oe perpendicular field [45] (Fig. S3 [35]). The
MFM signal (phase shift of the tip) taken right above
the LPCMO film is negative (positive) for the magnetic
(nonmagnetic) phase (Sec. Method [35]). We observed
that at a fixed temperature both the area fraction of the
COI phases (Fig. 2d) and the average size of the COI
domains (Fig. 2e) increase rapidly at particular light in-
tensities (arrows in Figs. 2d and e), which shift towards
lower values upon increasing temperature.

Remarkably, besides the usual LPCMO coexistence of
FMM and COI phases, we found the unexpected pres-
ence of a photo-induced third state (white) which is stable
with time. Note that as “third state” we refer specifically
to the white islands extending away from the FMM do-
mains, namely we exclude the white edges surrounding
the FMM domains which may be induced by stray fields
spreading out of the FMM domains and are observed in
the MFM images before light illumination as well. Our
results are better presented via magnified MFM images
with marked line profiles, where three distinct MFM sig-



nal levels show up, corresponding to the FMM and COI
phases, as well as the novel third state (Fig. 3a). The
histograms of the MFM signal obtained from the MFM
images clearly evolve from a bimodal distribution (the
FMM and COI phase) to a trimodal distribution (the
FMM, COI, and third state) with increasing light inten-
sity at 130 K, 145 K, and 160 K (Fig. 3b and Fig. S4 [35]).
Without photo-excitation, there is no third peak appear-
ing by a regular temperature increase procedure, which
strongly rules out trivial heating effects as the origin of
the stable third state (Sec. III [35]). The area fraction
of each state can be obtained from the histograms (the
weight of corresponding peaks) and plotted vs light in-
tensity (Fig. 3c). We observed that the third state first
increases and then decreases its fraction with increasing
light intensity at 160 K, implying that the FMM phase
transits to the COI phase with the third state as inter-
mediary. In this sense, the exotic third state is a pho-
toinduced intermediate state mediating the transition.
To better demonstrate the mediatory role of this state, a
movie was filmed by combining 32 frames of MFM images
acquired at the same position at 145 K (Movie S1 [35]).
Unambiguously, the intermediate state begins to appear
at a certain light intensity, then expands to a maximum
area fraction, and finally transits to the insulating phase.

In terms of magnetic properties of the intermediate
state, its weak MFM signal (Figs. 3a and b) indicates
a weak perpendicular components of the magnetization
(Sec. Method [35]). This may originate from various
magnetic structures such as a ferromagnetic phase with
enhanced in-plane magnetic anisotropy, a low-spin fer-
romagnetic regime, a canted antiferromagnetic state, or
a nanoscale mixture of FMM and COI phases. Among
them only the nanoscale mixture contains the nanoscale
ferromagnetic domains which will exhibit a superparam-
agnetic behavior [46] and result in the time-decay of the
remnant magnetization at temperatures not far below the
blocking temperature [47, 48].

Figure 4 shows time-dependent magneto-optic Kerr ef-
fect (MOKE) measurements before and after photoexci-
tation (Sec. Method [35]). In the thin-film limit, the mea-
sured Kerr intensity is proportional to the total net mo-
ment of the magnetic thin films [47, 49]. From the mag-
netic loops swept between £650 Oe, Mgso and My are
defined as the Kerr intensity at 650 Oe and the remnant
Kerr intensity after the magnetic field is back to 0 Oe,
respectively (insets in Figs. 4a-b). At 145 K before the
photoexcitation, a time-dependent MOKE measurement
was performed after demagnetization. The Kerr intensity
rises from zero to Mgsg within half a second after a 650
Oe magnetic field is applied. After the magnetic field is
switched off, the Kerr intensity drops to Mg, also within
half a second, and remains constant afterwards (Fig. 4a).
Such stable My, is expected because the submicron FMM
domains are large enough to exhibit ferromagnetic behav-
ior. However, as the same measurement was conducted to
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FIG. 3: (color online) (a) Line profiles (lower panel) obtained
from the MFM images at 145 K with 3.16 W cm ™2 light inten-
sity along the lines indicated in the upper panel, showing the
coexistence of three states: COI (blue), third state (white),
and FMM (red). Line profiles (1.5 pm long) are cut across
two FMM domains (1 and 2) and two third state domains
(3 and 4). The COI phase is shown at the two ends of ev-
ery line profile (1 to 4). The MFM signal range is the same
as in Fig. 2b. (b) Histograms of the MFM signal obtained
from the MFM images at 145 K, evolving from a bimodal to
a trimodal distribution with increasing light intensity. The
emerging third peak corresponds to the third state (green tri-
angles), while the FMM and COI peaks are the red and blue
triangles, respectively. The positions of the triangles are de-
termined by multi-peak Gaussian fitting. (c¢) Area fraction of
all three states: FMM, third, and COI states vs light inten-
sity for five temperatures, illustrating the mediatory role of
the third state.

the LPCMO film after two-minute light exposure (4.68 W
ecm~2, Fig. 4b), the Kerr intensity is no longer stable and
clearly decays with time after reaching the correspond-
ing Mg, compatible with having an appreciable amount
of nanoscale FMM domains created by light [47, 48]. The
typical domain diameter is determined to be ~15 nm by
fitting the decay curve (Sec. Method [35]). Because the
pronounced existence of nanoscale FMM domains coin-
cides with the large population of the intermediate state,
this strongly suggests that the intermediate state is a
FMM-COI nanoscale mixture.

Discussion. This mixing of nanoscopic structures can-
not be considered as a mere special case of the well-
know submicrometer phase separated FMM-COI state
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FIG. 4: (color online) MOKE measurements before (a) and
after (b) photoexcitation at 145 K. Time resolution is 30 ms
and the light intensity is 4.68 W cm ™2, where the intermediate
state is prominent. Both in (a) and (b), dashed lines are
the Kerr intensity levels for zero (demagnetized state), for
Mses0, and for Mg (Mgso and Mg are the Kerr intensities at
650 and 0 Oe, respectively, consistent with those determined
from the magnetic hysteresis loops in the insets of (a) and
(b)). After switching off the external magnetic field, the Kerr
intensity falls rapidly from Mgso to Mg. Having reached Mg,
the Kerr intensity is stable before photoexcitation (a) and
clearly decays increasing time after photoexcitation (b). The
latter is a typical superparamagnetic behavior displayed by
nanoscale FMM domains, indicating that the intermediate
state is a nanoscale mixture of FMM and COI phases. Kerr
intensity was normalized to one for better presentation.

of LPCMO, otherwise there should not be a third in-
dependent peak in the histogram after photo-excitation
(Fig. 3b). Its coexistence with the submicron FMM and
COI phases leads to a phenomenon not reported before
to our knowledge: photoexcitation generates two dramat-
ically different electronic phase separation length scales
(nanometer and submicrometer).

Regarding the origin of the third state, since it is not
observed upon static heating, we believe this stable inter-
mediate state is induced by photoexcitation, but it could
be possible that a transient nanoscale mixing state can be
created by static heating which can not be captured by
slow MFM measurements. We also believe its formation
could be related to the superfast temperature change in-
duced by the intense pulsed laser (up to 4.00 MW cm =2
per pulse), which may result in electronic phase separa-
tion with a much smaller length scale. These nanoscopic
domains will freeze after the temperature rapidly drops
back, forming the observed intermediate state, which is
verified by a numerical simulation based on the random-
field Ising model (RFIM) [53-55]. Nanoscale mixture of
the FMM and COI phases does form in the simulation
giving results similar to experiments (Sec. V and Fig. S5

[35])

The scientific significance of the third state lies in the
theoretical predictions [56] that unified in a single frame-
work the phenomenological behavior of the two differ-
ent families of CMR manganites observed experimentally.
Those early predictions were based on transport data for
(Nd;_,Smy)q /2811 2MnO3 [57] that displays two differ-
ent CMR’s varying temperature. The submicron length-
scale phase separation of LPCMO fits into the so-called
“CMR1” (or low-temperature CMR) behavior discussed
in [56] (Figs. ba and b), while interpenetrating nanome-
ter length-scale FMM and COI domains is compatible
with the “CMR2” (or high-temperature CMR) behav-
ior [56] (Figs. 5a and c), typical of canonical CMR man-
ganites such as La;_,Ca,MnOs (LCMO). The primary
merit of our observation is that for the first time the
states related with both types of CMR’s are displayed in
real-space “snapshots” for the same sample, thus unify-
ing these two families of manganites. Our results lead
to the intriguing conclusion that the CMR2 state with
nanometer-scale phase coexistence of LCMO is located
only at slightly higher energy than the thermodynam-
ically stable states of LPCMO, and it can be induced
by light applied to LPCMO that in equilibrium only is
characterized by CMR1 behavior.
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FIG. 5: (color online) (a) Theoretically predicted generic
phase diagram when FMM and COI states compete [56].
The expected micrometer-scale CMR1 and nanometer-scale
CMR2 phenomena, see text, are shown. g represents a generic
variable needed to transfer the system from one phase to the
other [56], such as the tolerance factor. (b) Magnetic field H
evolution of p vs temperature for CMR1, from the COI to the
FMM, involving an abrupt first-order transition and concomi-
tant micrometer-scale phase separation. (c¢) Same as (b) but
for CMR2, involving a percolative process and nanometer-
scale phase separation.

Note that our observation is not limited to mangan-
ites. A long-lived metastable state involving ordered po-
larons has been reported before in a layered dichalco-
genide 17— TaSy [58], which shares qualitative similari-
ties with our work. In particular, in the field of mangan-
ites states that compete with the FMM state are often
described as made of correlated polarons, imagined as a
periodic distribution of polarons forming patterns rather
than a random gas of polarons [59]. And the physics of
CMR is also not limited just to manganites, but similar



ideas are applicable to several transition metal oxides and
other compounds, such as Ru-, Cu-, and Co-oxides, with
inhomogeneous dominant states [60], particularly when
several degrees of freedom are simultaneously active.

In summary, we have visualized a previously uniden-
tified intermediate state in LPCMO manganites during
the photoinduced MIT. Once generated, the intermediate
state is long-lived and distinctly different from previously
reported photoinduced transient states at ultrafast time-
scales. We believe this intermediate state is a mixture of
FMM and COI nanoscale domains. Although more de-
tailed understanding about the intermediate state should
be gathered in future experiments, the observation of the
photoinduced intermediate state not only bridges the two
types of CMR transitions in manganites, but also illus-
trates a way to create two completely different charac-
teristic lengths of phase separation in first order metal-
insulator transitions, which may be applicable to first-
order metal-insulator transitions in other condensed mat-
ter systems as well.
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