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Spin glasses are founded in the frustration and
randomness of microscopic magnetic interactions. They
are non-ergodic systems where replica symmetry is
broken. Although magnetic glassy behaviour has been
observed in many colossal magnetoresistive manganites,
there is no consensus that they are spin glasses. Here,
an intriguing glass transition in (La,Pr,Ca)MnOs is imaged
using a variable-temperature magnetic force microscope.
In contrast to the speculated spin-glass picture, our results
show that the observed static magnetic configuration seen
below the glass-transition temperature arises from the
cooperative freezing of the first-order antiferromagnetic
(charge ordered) to ferromagnetic transition. Our data also
suggest that accommodation strain is important in the
kinetics of the phase transition. This cooperative freezing
idea has been applied to structural glasses including
window glasses and supercooled liquids, and may be
applicable across many systems to any first-order phase

transition occurring on a complex free-energy landscape.
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liquid fast enough to avoid crystallization at the liquid—

solid phase transition'. Although this phenomenon has been
used for many centuries, a quantitative understanding of the glass
transition is still a major scientific challenge’. Recently, an analogy
has been established between the dynamics of structural glasses
and that of discontinuous spin glasses®. However, it is still an open
question whether structural glasses and spin glasses belong in the
same family’. Spin glasses are disordered systems with frustrated
magnetic interactions that result in the absence of conventional
long-range order®®. The spin-glass transition is one of the most
intriguing problems in condensed-matter physics, where a new
type of ‘order’ arises from breaking an unusual symmetry: the
replica symmetry. The spin-glass transition is signified by the
deviation of the zero-field-cooled (ZFC) susceptibility x(T) from
the field-cooled (FC) x(T) at the glass-transition temperature, Tg
(refs 4,5). Historically, a wider class of heavily doped ferromagnets,
for example, transition-metal alloys (CuMn, AuFe, FeAl and so on)
have been termed ‘cluster glasses’ or ‘reentrant spin glasses’ because
they show similar behaviour in x(T) below the ferromagnetic
(FM) transition*”. It is believed that the magnetization of FM
clusters freeze in a random fashion below the glass transition and
that the magnetization of each cluster acts like an individual spin
in a spin glass, that is, the magnetization of each cluster is free to
rotate above the glass temperature. Fundamentally, a cluster glass is
a type of spin glass*. The most intriguing aspect of these systems is
the fact that the FM state appears at a higher temperature than the
glass state, indicating that the FM state has larger entropy than the
glass state.

Many colossal magnetoresistive (CMR) manganites, especially
those exhibiting phase separation, are considered to be disordered
ferromagnets. In fact, spin-glass-like behaviour has been found
in many CMR manganites®*". It has often been assumed that
the isolated FM regions in phase-separated manganites behave
like the magnetic clusters in cluster glasses, leading to both CMR
effects and glassy behaviour'*'®. For example, recent experiments

Structural glasses are usually formed by cooling a viscous
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Figure 1 Zero-field images of the same area of the sample (8 x 8 um?) taken at
6 K. a, Topography. b, MFM. The colour scale is 30 nm for a and 150 mHz for b.
Several small FM droplets can be seen embedded in the non-magnetic CO
background. The FM droplets range in size from roughly 100 nm to 1 um. Although
the majority of the smaller FM droplets are single domain, some of the larger FM
droplets break up into multi-domain states (one is highlighted by the white dotted
box). The magnetization of each FM droplet is oriented randomly. The FM droplets
are randomly distributed on the surface, although some of them seem to correlate
with twin boundaries (one is marked by the black dotted line) identified by polarized
optical microscopy.

show that Las/s_,Pr,Ca;;sMnO; (LPCMO) (y ~ 0.4) has cluster-
glass-like behaviour at low temperature'®'. However, a real-
space microscopic investigation of the glass state has not been
carried out to confirm the cluster-glass picture. Here, we carry
out variable-temperature magnetic force microscope (VI-MFM)
studies on single-crystal LPCMO (y =3/8), a composition in which
micrometre-scale phase separation has been observed®. The glassy
behaviours of our sample have been confirmed by transport and
magnetization measurements (see Supplementary Information,
Figs S1 and S2). In contrast to the speculated cluster-glass picture,
where randomly distributed FM clusters are expected to be seen,
we found that the sample has a very small FM volume fraction
after ZFC from room temperature to below the glass-transition
temperature, T (Fig. 1b). The MEM images also show that the FM
volume fraction does not change much even with the application
of a 1T field (Fig. 2a). As the temperature approaches T during
1T field-warming (FW), more and more non-magnetic regions
are converted to FM domains mostly along orthorhombic twin
boundaries (Fig. 3a—e). Near and just above T;, the FM regions
grow into an extensive stripe-like pattern, correlating with the sharp
rise in bulk magnetization and the sharp decrease of resistivity. As
the temperature is increased further, the phase distribution pattern
remains relatively constant with some fraction of the sample
remaining non-magnetic (presumably the charge-ordered (CO)
phase, which is antiferromagnetic (AFM) below 180 K (ref. 11))
over a wide range of temperature, agreeing with magnetization and
resistivity data. In contrast, during the FC-FW process the local
phase configuration and therefore magnetization and resistivity are
relatively static below the FM transition (Fig. 3g,h). These MFM
results and the magnetization data (Fig. 4c) suggest that the low-
temperature (T < T;) phase-separated states prepared by different
thermodynamic paths arise from the cooperative, dynamic freezing
of the first-order AFM(CO) — FM transition (Fig. 4).

Figure 1 shows a typical topographic image and the
corresponding MFM image at 6 K after ZFC. The in situ resistance
is too large to measure at 6 K. The magnetic interaction between the
MFM tip and the sample causes a shift of the resonant frequency
of the MFM cantilever. The variation of the frequency shift as
the tip is scanned across the sample forms the MFM image, as
described in the Methods section. Features in the MFM images
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come from the non-uniform field distribution above the sample
surface generated by FM domains. There are several small FM
droplets ranging in size from about 100nm to 1um scattered
in a non-magnetic matrix, presumably the CO phase. Most of
the FM droplets have no correlation with surface defects and
orthorhombic twin boundaries (identified by polarized optical
microscopy). On the other hand, the twin boundaries act as
clear nucleation sites for the AFM(CO) — FM phase change, as
shown below. The magnetization of the FM droplets is oriented
randomly. Some big droplets have a multi-domain structure
to lower their magnetostatic energy. The small fraction of the
FM phase agrees well with the in situ resistance measurement
and ex situ both superconducting quantum interference device
(SQUID) and resistivity measurements.

At low temperature after ZFC, the CO phase persists unless a
field larger than the CO melting field is applied". In Fig. 2, we show
a series of MFM images taken during an isothermal magnetic field
sweep at 6.8 K after ZFC. During the initial upsweep of the field, no
significant increase of the FM fraction is seen below the CO melting
field woH,, ~2T. For fields above 0.5 T, the magnetization of all
the FM droplets is aligned with the external field, an observation
in agreement with the low magnetic anisotropy and coercive field
of three-dimensional manganites'®. As a moderate field is also
enough to align the MFM-tip moment with the external field
(as described in the Methods section), the dark colour (negative
resonant-frequency shift) in the MFM images corresponds to an
attractive interaction between the FM regions and the MFM tip.
At poH,,, the FM regions grow into stripe-like structures aligned
parallel to the twin boundaries as the magnetization jumps up
(Fig. 2c) and the sample resistance drops to a measurable value
(see Supplementary Information, movie S1). The CO phase recedes
in a stripe-like fashion at fields up to 2.5T (see Supplementary
Information, movie S1), then disappears after a field increase to 3 T
(Fig. 2e). The fact that the bright colour is swept out of the MFM
images around p,H,, gives further credence to our identification
of the bright colour as the CO phase. At 3 T the sample is fully FM,
with the exception of a few small CO regions probably pinned by
defects. The sample then behaves like a conventional isotropic FM
with a saturation field of roughly 0.5 T; a subsequent MFM image
taken at 1 T (see Supplementary Information, movie S1) shows no
changes in the FM state of the sample.

Figure 3 shows two sets of MFM images taken at two locations
on the sample during a 1T FW after ZFC and a 1T FC.
For the ZFC-FW process, images taken from 5 to 16 K show
no significant changes and are omitted. Figure 3f shows the
temperature dependences of the magnetization of the sample in a
1T field during FW after ZFC and FC. Comparing MFM images
(see Fig. 3a—e and 3g,h, and Supplementary Information, movies S2
and S3, respectively) with magnetization data (Fig. 3f), we conclude
that the bulk magnetization is a good measure of the volume
fraction of the FM phase at 1 T. The ZFC data in Fig. 3f show a sharp
rise in magnetization from 15 to 25 K as MFM images confirm a
significant increase in the FM fraction and the in situ resistance
drops to a finite value. The FM regions tend to grow into stripe-
like structures during the transition. For this choice of field (1T),
some CO regions persist above T (bright colour at the top centre
of the frame in Fig. 3d and e). In contrast to the MFM images
taken during ZFC-FW, the FC-FW images (Fig. 3g,h) spanning the
same temperature range show that the local phase configuration is
relatively static, agreeing with the magnetization data in Fig. 3f.

One common feature in both the melting transition (Fig. 2)
and the glass transition (Fig.3) is that the FM domains form
stripe-like features along orthorhombic twin boundaries where
a large strain variation is expected. It has been suggested
that the micrometre-scale phase separation is caused by the
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Figure 2 Isothermal magnetic field dependence of MFM images and SQUID magnetization. a—e, MFM images of one area of the sample (7 x 7 um?) at various magnetic
fields (out-of-plane) at 6.8 K after ZFC. The dashed line in a marks the orthorhombic twin boundary seen in polarized optical images (see Supplementary Information,

movie S1). The field values (colour scales) of the images are: a, 1.0T (8 Hz); b, 1.6 T (8 Hz); ¢, 2.1 T (150 Hz); d, 2.3 T (150 Hz); e, 3.0 T (150 Hz). , Field dependence of the
magnetization (M versus o H) at 5K. The filled circles are placed at the field values where the MFM images were taken. The CO melting field is around 2 T. As the melting
field is approached and passed, the MFM images show FM regions (dark) appearing and growing at the expense of the CO phase (bright). FM regions form stripe-like
structures parallel to twin boundaries. With the application of a 3 T field (e), all of the CO phase in the MFM image frame is converted to the FM phase, with the exception of a

few small CO regions probably pinned by surface defects. As the field is further lowered to 1T (see Supplementary Information, movie S1), the sample stays magnetically
saturated and (almost) fully FM. This agrees with the magnetization data in f.

Figure 3 MFM images and magnetization. a—e,g,h, MFM images taken at two locations during FW (1T) around T; after ZFC (a—€, 6 x 6 um?) and FC (g,h, 7 x 7 um?),
respectively. The dashed lines in a and g mark the orthorhombic twin boundaries seen in polarized optical images (see Supplementary Information, movies S2 and S3). The
magnetic field is out-of-plane. The temperatures (colour scales) of the images are: a, 16K (12Hz), b, 19.4K (172Hz), ¢, 21K (217 Hz), d, 25.5K (172 Hz), e, 38 K (141 Hz),
g, 9K (100 Hz), and h, 35K (100 Hz). f, Temperature dependence of the magnetization (M versus T) during FW after ZFC (open circles) and FC (open squares). The filled
symbols mark the temperature of the corresponding MFM images. The glass transition occurs around T;; & 25 K where the ZFC-FW curve rises sharply to approach the
FC-FW curve. The MFM images taken across the glass transition during FC-FW show a relatively static phase pattern with a large FM volume fraction (which develops during
FC). Some CO domains (bright contrast) on the sample surface are visible in these images, indicating an incomplete transformation to the FM state.
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Figure 4 H-T phase diagrams and M(H) curves after FC. a, Semi-logarithmic plot of H-T phase diagram. See text for definitions of Tc, T, T**, T; and H,,. This phase
diagram is constructed with the transport p(T) and SQUID magnetization M(T) data in Supplementary Information, Figs S1 and S2. Here the filled symbols are phase
boundaries defined by the maximum dp /dT. The crossed open symbols are boundaries defined by the maximum dM/dT (the 5K point is taken from the maximum of
dM/dH of M(H) in Fig. 2f). The dashed line is a guide for the eye to extrapolate the supercooling line T* (H) to higher temperature. b, A schematic H-T phase diagram of
LPCMO. The smooth red line from H,, to Tg bounds the ‘frozen’ state. The combination of 75(H) and T* (H) gives rise to a non-monotonic hysteretic boundary. This boundary
and T define the hysteretic phase space as mapped by isothermal field sweeps''. The small arrows crossing the hysteretic phase boundaries indicate the direction of the
variation of Tor H needed for observing the corresponding phase boundary. The blue dashed line labelled 2 (3) represents the thermal paths of the isothermal field sweep
(ZFC-FW temperature sweep) shown in Fig. 2 (Fig. 3). ¢, M(H) hysteresis after cooling with various field values: 0, 0.5, 0.75, 1.0 and 1.4 T. The starting magnetization values
increase systematically with cooling field values. This illustrates that the supercooling transition (7* (H)) is interrupted systematically by the glass transition (75(H)), as
shown in d. d, Zoom-in of the phase diagram (marked by pink dashed box in b) where T¢(H) and T*(H) intercept. The hatched area around T+ (H) represents the finite
transition width of the supercooling transition. The dashed pink lines represent the thermal paths with different cooling fields (H, > H, > 0). The supercooling transitions at
different fields are interrupted by Tg(H) systematically so that the system ends up with different FM volume fractions, that is, different magnetization values.

accommodation strain arising from the lattice mismatch between
the FM metallic phase (pseudo-cubic) and the CO insulating
phase (orthorhombic)”. This point of view is supported by both
experiments and simulations'***!. The correlation between the
nucleation and growth of FM domains and orthorhombic twin
boundaries suggests that the accommodation strain is important
in the kinetics of the phase transition. The anisotropic pattern of
the formation of the FM phase can also be understood by the
anisotropic nature of the strain interaction. It has been shown
that the long-range and anisotropic nature of the strain interaction
could generate a complex lattice distortion texture spontaneously,
leading to a complex free-energy landscape®. It is likely that
the cooperative strain interactions frustrate the first-order phase
transition in LPCMO.

Figure 4a shows an H-T phase diagram for LPCMO
constructed from the transport and magnetization data
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(see Supplementary Information, Figs S1 and S2). Figure 4b is
a proposed schematic phase diagram based on MFM studies
and Fig. 4a. The thermodynamic first-order AFM(CO) to FM
phase transition at T has a positive slope (dH/dT > 0).
The supercooling (superheating) transition temperatures are
represented by T* (T**). It is worth noting the hysteretic nature
of T* (T**); its definition/observation is only valid during cooling
(warming). Between T* and T** there is a hysteretic region
where two phases can coexist. The assumed glass-transition
temperature T is slightly above T* at zero field. Below T, the
relaxation is significantly slowed down and eventually stopped, (see
Supplementary Information, Fig. S3), that is, the phase transition
is frozen, creating a non-ergodic low-temperature state. This
metastable state collapses with the application of a large enough
magnetic field poH,. The combination of T¢(H) and T*(H)
produces a non-monotonic boundary of hysteretic phase space.
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To illustrate the frozen states, we measured the magnetization
M (H) (Fig. 4c) after cooling in various fields to 5K. The initial
magnetization of the sample increases systematically with the
cooling field values, indicating an incomplete AFM(CO) to FM
transition interrupted by the glass transition as illustrated in
Fig. 4d. For each value of the cooling field, the metastable state
collapses to the FM phase at the same p,H,, as indicated by the
sharp rise of the magnetization around 2T (ref. 17). These non-
ergodic states in LPCMO are born from the kinetic freezing of
the first-order supercooling transition, implying that the glass
transition in LPCMO is a supercooling glass transition that is
probably similar to that of structural glasses.

Structural glass transitions have been studied in viscous liquids,
polymers and colloidal systems'. Despite intensive studies, it is not
clear whether this glass transition is a true phase transition blurred
by dynamical effects’, or just a dynamic transition®. In this work,
we show that a kinetically driven glass transition can also exist
in the phase-separated manganite LPCMO. An emerging theme
in the manganite community is that both competing phases and
quenched disorder are needed to generate both the CMR effect™
and magnetic glassy behaviour'. Yet it is under debate whether the
CMR manganites are spin glasses'*. Our MFM results show that the
glass state in LPCMO is not a spin-glass state. Instead, it is tightly
associated with the supercooled state of the first-order AFM(CO)
to FM phase transition, where the kinetics of the phase transition is
strongly influenced by the accommodation strain. Because the ionic
sizes of La’*, Pr’* and Ca®" are very similar, LPCMO is a weakly
disordered FM. It is likely that in this weakly disordered system'? the
accommodation strain, instead of quenched disorder, is responsible
for the formation of the complex free-energy landscape®!, where an
extensive number of metastable states are separated by effectively
infinite barriers. This self-generated complex free-energy landscape
is one characteristic of structural glasses’. Recently, a magnetic
glass state has been observed in the doped ferromagnet CeFe,, in
which the kinetic arrest of the first-order FM to AFM transition
gives rise to a non-ergodic magnetic state®®. In principle, it is likely
that any system with a first-order phase transition occurring on
a complex free-energy landscape can be quenched into a non-
ergodic, presumably glassy state. Our results suggest that weakly
disordered CMR manganites are not conventional spin glasses
where quenched disorder is necessary. The dynamics of this type
of magnetic glasses may not be fundamentally different from that
of structural glasses.

METHODS

Single-crystal samples of LPCMO (y = 3/8) were synthesized in an optical
floating-zone furnace. One sample was mechanically cut, polished with 0.1 pm
paper with water, and annealed in an O, atmosphere at 1,000 °C for 10 h. The
surface orientation is [110] in orthorhombic notation, or (100) in cubic
notation. The original sample was cleaved into two pieces, one for SQUID
measurements and one for VI-MFM and transport measurements. All the
MFM images were taken in our homemade instrument, which is inserted into a
superconducting magnet before scanning?’. The VT-MFM is interfaced with a
Nanoscope IITa controller from Digital Instruments. MFM images were taken
in a frequency-modulated lift mode, in which the topography and MFM scan
lines are interleaved. The lift height ranged from 30 to 40 nm. We used the same
lift height within each set of MFM images. It varies a little between different
data sets. For images at a different temperature, we maintained the same lift
height by compensating for the temperature dependence of the piezoelectric
coefficients of the scanner tube. The MFM tip is coated with 25 nm CogsCr;s,
oHc~0.05T. The MFM tip is magnetized so that the tip moment is normal
to the cantilever. The magnetic interaction between the MFM tip and the local
magnetization of the sample causes a shift of the resonant frequency of the
MFM cantilever, which is recorded as the contrast in the MFM images”. Gold
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wires were attached to the sample by silver paint for resistance measurements
taken simultaneously with the MFM data.

The MFM contrast mechanism is set forth in refs 28,29. Briefly, an
attractive (repulsive) force on the MFM tip that decays with distance from the
sample gives rise to a negative (positive) frequency shift. In the ZFC case of
Fig. 1, the local moments of each of the FM regions have a relatively random
orientation so that there are both attractive (dark) and repulsive (bright) places,
depending on the specific magnetization direction in each region. In a
moderate magnetic field, for example, 1 T, the magnetization of both the FM
regions in the sample and the MFM tip are aligned with the external magnetic
field. Therefore, the only force between them is attractive; the darkest places
correspond to regions with the highest effective magnetization®, averaging
over a volume beneath the surface. The absolute value of the resonant
frequency depends on temperature, so we generally only show the variation of
the resonant frequency in the MEM images.

At room temperature, LPCMO possesses an orthorhombic distortion away
from cubic symmetry and forms so-called orthorhombic twins. The optical
anisotropy of the orthorhombic lattice can be used to identify different twin
domains and the twin boundaries. By matching landmarks in optical images
and large area (normally 100 x 100 um? or larger) topographic scans taken at
room temperature, which contain the topographic regions taken
simultaneously with the MFM images at low temperature, we are able to align
the MFM images with polarized optical images, as shown in the background of
the movies in the Supplementary Information. The twin boundaries are
marked by the white dashed lines in the polarized optical images.
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