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ABSTRACT: Constituent atoms and electrons determine matter properties together, and
they can form long-range ordering respectively. Distinguishing and isolating the electronic
ordering out from the lattice crystal is a crucial issue in contemporary materials science.
However, the intrinsic structure of a long-range electronic ordering is difficult to observe
because it can be easily affected by many external factors. Here, we present the observation
of electronic multiple ordering (EMO) and its dynamics at the micrometer scale in a
manganite thin film. The strong internal couplings among multiple electronic degrees of
freedom in the EMO make its morphology robust against external factors and visible via
well-defined boundaries along specific axes and cleavage planes, which behave like a
multiple-ordered electronic crystal. A strong magnetic field up to 17.6 T is needed to
completely melt such EMO at 7 K, and the corresponding formation, motion, and
annihilation dynamics are imaged utilizing a home-built high-field magnetic force
microscope. The EMO is parasitic within the lattice crystal house, but its dynamics follows
its own rules of electronic correlation, therefore becoming distinguishable and isolatable as

the electronic ordering. Our work provides a microscopic foundation for the understanding and control of the electronic ordering

and the designs of the corresponding devices.
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B INTRODUCTION

Solid, liquid, gas, and a few other phases are the basic forms of
matter, where the key points for the emergence of multiple
phases are symmetry breaking and the accompanying order-
parameters.”” In solid, the symmetries of lattice and electrons
can act as order-parameters for the formation of phases. Long-
range ordered atomic lattice produces the lattice crystal.
Electrons, however, have multiple degrees of freedom including
charge, orbital, and spin. Each of these quantities can form a
distinct type of long-range ordering, giving rise to an electronic
crystal.”® In other words, the long-range electronic ordering
based on ferromagnetic (FM) spin order, anti-FM (AFM) spin
order, orbital order (OO), or charge order (CO) should be
expected, and indeed, they have been confirmed.>™® Among

-4 ACS Publications  © 2018 American Chemical Society

them, the FM ordering has already been studied extensively on
both the macroscopic and microscopic length scales.”™” For the
remaining types, they have not been intensively studied before
but are attracting more attention recently because of the crucial
roles they play in electronic materials, especially in novel
phenomena including high-temperature superconductivity,
topological edge/surface state, giant and colossal magneto-
resistance effects, and so forth."*™"?

To date, a vast majority of the studies on these remaining
types have been performed in momentum space using
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Figure 1. EMO dynamics in the PCMO film. (a) Temperature dependence of resistivity (p) for the PCMO film measured at 0, 9, and 13 T. The
magnetic field was applied along the out-of-plane direction, and the resistivity was measured along the [100] direction. (b) Selected MFM images,
with 7 X 7 um? in size, showing the annihilation and formation of the AFM/OO/CO phase. The sample was initially cooled from room temperature
to 7 K, and then, the magnetic field was swept up to 17.6 T and back down to zero. The green lines and arrows are marked for the phase boundaries
and their movement directions during the phase dynamics. The color scales of all the images in this letter have been adjusted to clarify the contrast

(see details in Method S2).

macroscopic techniques, such as neutron diffraction and X-ray
diffraction.”™"* Limited microscopic investigations, especially
the real-space imaging of the electronic ordering, have been
done under fairly static conditions, including the atomically
resolved imaging of the AFM in NiO using a magnetic
exchange force microscope, the imaging of the static AFM
domains by X-ray magnetic linear dichroism spectromicro-
scopy, and so forth.""”"” It is notable that most of the
electronic ordering patterns imaged look irregular, and their
boundaries and dynamic behaviors are usually determined by
nonintrinsic factors such as sample shape, surface/interface,
strain, and defects. This implies that not only the intrinsic
characteristics associated with the long-range order of the
electronic degree of freedom are missing, but also the task of
distinguishing or isolating the electronic ordering out from the
lattice crystal is difficult.”

In addition to the simple electronic ordering, a special
category also exists in which multiple electronic parameters are
in long-range orders simultaneously. It can be named as
electronic multiple ordering (EMO).*~"* To the best of our
knowledge, although there have been macroscopic investiga-
tions,”'’ no microscopic study on EMO has been carried out.
The reasons can be attributed to the following two difficulties:
(1) EMO often involves AFM and/or OO orders, which have
no appropriately detectable parameters. For instance, the net
magnetic moment of each AFM domain is approximately equal
to zero,"®' which tremendously reduces the possibility for an
AFM domain to be detected. The situation is even worse for
the OO case. (2) A panoramic observation of the generation
and annihilation processes of the EMO phase generally needs
extreme conditions, such as high magnetic field, because of the
robustness of the multiple orderings.

Here, we cope with these two issues by utilizing a 20 T high
magnetic field variable temperature magnetic force microscopy
(MFM) system of high stability and sensitivity.””*' The EMO
and its dynamics, featured with well-defined boundaries and
specific cleavage planes, are visualized microscopically. The
EMO boundaries can only be found along four specific axes, on
which the charge and orbital of electrons are ferroically ordered

in a CE-type antiferroic electronic crystal. Moreover, these
electronic phase boundaries move in parallel during their
growth or annihilation in the process of varying magnetic field
or temperature. These observations provide the evidence of the
EMO showing its intrinsic crystallographic nature, which also
implies that although parasitized in the house of atomic crystal
lattice, the EMO follows its own intrinsic rules of electronic
correlations.

B EXPERIMENTAL SECTION

The EMO sample considered in this work is a 30 nm thick half-doped
Pr,,,Ca;,MnO; (PCMO) thin film, which was grown on a substrate
of (LaAlO,)o5(SrAlysTag503),(011) (LSAT) via pulsed laser
deposition.”” This epitaxial film is of a single lattice crystal domain
only without twins, as confirmed by the X-ray reciprocal mapping
(Figure S1). The ground state of PCMO is an AFM arrangement,
consisting of the FM Mn zigzag chains below the Néel temperature
Ty, known as the CE-type structure.®” At the same time, PCMO has
an equal number of Mn*" and Mn*" cations, resulting in concomitant
charge ordering and orbital ordering of the Mn*" d;2_> and d;2_>
orbitals. Thus, the multiple quantum orders of AFM, OO, and CO co-
exist simultaneously in the sample, which offers an ideal platform for
the study of EMO. In bulk PCMO, the minimum magnetic field
required to fully melt the AFM/OO/CO phase is as high as 27 T at
1.4 K,**** which is far beyond the scope of any current imaging tool.
However, it is reduced to below 20 T in the case of thin film because
of the enhanced electron itinerancy.”® Although this field is still too
strong for most of imaging tools, it does permit our home-built 20 T
MFM system to perform the first microscopic imaging on the phase
dynamics of the robust CE-type AFM/OO/CO crystal (see Method
$2).

When cooled down, the PCMO film undergoes an OO/CO
transition at Top/co = 220 K, as indicated by the sharp increase in
resistivity Figure la, which suggests high quality of the PCMO thin
film (Figure S2). Applying a 9 T magnetic field shifts the transition to
a slightly lower temperature, whereas at 13 T, the CO is greatly
suppressed, and interestingly, it is only present within a temperature
range of 100—200 K, indicating a reentrance behavior when the sample
is warmed after the field-cooling process.”>* To visualize the EMO
and its dynamics in the PCMO film, high-field MFM measurements
were carried out at various temperatures and magnetic fields. In this
work, the applied magnetic fields were always perpendicular to the film
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Figure 2. Relaxation behaviors of AFM/OO/CO multiple ordering. (a—g) MFM images taken at different times (¢ = 0, 10, 20, 7S, and 110 min) at 7
K when the applied magnetic field was swept down and fixed at 4.0 T. All images are 6 X 6 um? in size. The blue lines and arrows indicate the phase
boundaries and their moving directions during the phase dynamics along [S—33]. (h) time dependence of the AFM areal proportion obtained from
the MFM images for the time relaxation process at 4.0 T [partially shown in (a—g)].

surface. Figure 1b shows the representative MFM images recorded
during the field-increasing and decreasing processes at 7 K (see more
images in Figure S3 and Movie S1). The bright and dark regions in the
images correspond to the phase domains that exert different force
gradient on the tip, and they correspond to the AFM/OO/CO phase
(negligible force) and field-induced FM (FFM) phase (attractive
force), respectively. The color scales of all the images in this letter have
been adjusted to clarify the contrast (see details in Method S2). In
zero and low magnetic fields, the AFM/OO/CO phase remains very
stable, and the MFM images taken below 14 T are nearly the same. At
14 T, several dark droplets begin to appear at the top of the images,
indicating the nucleation of the FFM phase. After further increase of
the magnetic field, the FFM phase domains become larger and
mutually connected. The nucleation and growth of the FEM phase
correspond to the destruction (melting) of the AFM/OO/CO phase.
When the magnetic field reaches 17.6 T, almost the whole image
appears dark, because the entire AFM/OO/CO phase is transformed
into the FEM phase with some bright lines remaining. Once the
magnetic field is reduced from 17.6 T, the FFM phase remains
unchanged, until the field is below 6 T. At 4.5 T, the AFM/O0O/CO
seeds emerge. When the field is reduced further, the AFM/O0/CO
phase expands and the FFM phase shrinks. In the end, with the
magnetic field being below 2.6 T, almost all the PCMO is occupied by
the AFM/OO/CO phase. The areal proportion of the AFM/O0/CO
phase in the MFM images and the corresponding electrical resistivity
are compared (Figure S3). Both the microscopic areal data and the
macroscopic electrical transport data show hysteretic behaviors and the
hysteresis loops are in good agreement.

The most remarkable discovery in Figure 1b is that an AFM/OO/
CO phase domain behaves like a single-crystal lattice in both the
destruction and reconstruction processes. The transition of the AFM/
OO/CO phase follows some well-defined polygon geometry with
sharp boundary lines (Figure S4). With the increasing of the magnetic
field, a FFM phase domain grew into trapezoid shape around 15.7 T
and a triangularly shaped AFM/OO/CO phase domain emerged at
16.6 T. Similar phenomena occur in all the MFM images of the AFM/
00/CO dynamics, that is, these specific boundary lines were formed
not only in the growth but also in the annihilation process and not
only in the final but also in the middle state of a phase domain. It is
interesting to find that these phase-domain boundary lines align
completely and exclusively along the following five axes: [11-1],
[-31-1], [S1-1], [5—33], and [100], in the pseudo-cubic
coordination (dashed blue lines in Figure 1b, 16.6 T), which will be
discussed further in below.

Another important phenomenon observed here is the relaxation
behavior. During the field sweeping process at 7 K, MFM images were
taken as a function of time. Figure 2a—g presents the typical results,
which were obtained when the applied magnetic field was swept down

and fixed at 4.0 T. It is found that the EMO phase domains grow with
time and the relaxation process is quite slow. For example, the
occupancy of the EMO (defined as the areal ratio of the AFM/O0/
CO area to the area of the whole image) is only 20% at t = 0. It
expands slowly, and its occupancy increases from 48% at t = 54 min
Figure 2c to 67% at t = 217 min (Figure 2e). It grows to as large as
90% after about 10 h (Figure 2g). This slow relaxation process can be
found quantitatively in Figure 2h, in which the time dependence of the
EMO occupancy is displayed. Besides, the relaxation behaviors show
strong diversity in the EMO dynamics during both field-driven and
temperature-driven phase transition processes (Figure S6). These slow
and diverse relaxation characteristics imply that the interactions among
the co-existing quantum orders in the PCMO film are rather subtle
and their competitions with the disordered state are well-balanced near
the phase transition.”® It should be noted that such relaxation
characteristics of the EMO are similar to the lattice crystal relaxation
behavior observed in equilibrium.*

In the MFM images shown above, in addition to the bright and dark
territories, several straight lines, showing weak magnetic field
dependence, exist with relatively bright color. They are also present
in the topography and are ascribed to crosshatching lines (CHLs)
originating from the strain relaxation of the film (Figure S4). It is
found that these CHLs also align completely and exclusively along the
five axes [11—1], [-31—1], [S1—1], [S—33], and [100] in the pseudo-
cubic coordination. In the PCMO film studied here, there exist two
kinds of the strains, which may relate to the formation of the CHLs.
On the one hand, the epitaxial strain due to the mismatch between the
substrate and film is the main contributor. With the relaxation of
epitaxial strain force, CHLs emerge on the film surface.””*® For the
substrate with cubic lattice structure, almost all previously observed
CHLs are along the axes with low Miller indices, such as cubic [110]
and [100]. In the PCMO film, the CHL along [100] belongs to this
category (Figure S4). On the other hand, the CHLs with relatively
high Miller indices, such as cubic [11—-1], [-31—1], [S1-1], and [S—
33], might come from the accommodation strain induced by electronic
phase transition. As a typical strongly correlated electron system, the
formation of the AFM/OO/CO multiple-ordered phase in the PCMO
is accompanied by an atomic lattice deformation. This atomic lattice
deformation happens not only in bulk but also in thin film samples
(Figure S4). As a result, such electronic phase transition-induced
deformation can produce an accommodation strain in the PCMO film
in addition to the substrate-induced epitaxial strain. The exclusive
existing of the CHLs with relatively high Miller indices implies that the
electronic phase transition obeys some kinds of electronic correlation
rules, which will be discussed further below.

As shown in Figure 1b, it is found that the EMO grows up from and
spreads toward the CHLs, which act as their start points and eventual
boundaries. Because of the inhomogeneity of lattice structure and

DOI: 10.1021/acsami.8b04057
ACS Appl. Mater. Interfaces 2018, 10, 20136—20141


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04057/suppl_file/am8b04057_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b04057

ACS Applied Materials & Interfaces

Research Article

—_— [11-1] [-31-1]

— [51-1]

CHL[100]

Figure 3. Domain structure of EMO within the CHL-free region. (a—d) Selected MFM images, taken at different magnetic fields at 7 K with 3.2 X
3.2 ym” in size, showing the AFM/OO/CO phase domain structure. The magnetic field was swept up to 17.6 T and back down to zero, and these
MEFM images were taken when the applied magnetic field was swept down.
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Figure 4. Charge and orbital configurations of the CE-type AFM/OO/CO in PCMO. (a) Schematic of the CE-type AFM/OO/CO structure on the
(011) surface of the PCMO film. On the black dashed lines, along [11—1], [-31—1], [S1—1], and [S—33], respectively, the manganese ions have
multiple ferroic ordering, that is, the spin, orbit, and charge of manganese ions are exactly same on these lines (FOLs). Remarkably, these FOLs are
consistent with the AFM/OO/CO phase domain boundaries of PCMO film as shown in Figure 2b, schematics of the CE-type AFM/O0O/CO
structure of the PCMO film. The blue sheets correspond to the (1—10), (130), (1—14), and (—3—14) planes, respectively. In addition to (1—10),
the (110) plane was also highlighted in first image of (b). Both (1—10) and (110) plane have identical atomic crystal, charge, and spin configurations
but different orbital ordering. The (1—10) plane is ferro-orbital, while the (110) plane shows zigzag orbital configuration. Pseudo-cubic coordination
symmetry was used in (a)b). (c) Difference of the energy of the systems, which contained either the (1—10) plane or (110) plane as phase domain
boundaries.

energy scale on the CHLs, it is better to pay more attention on the
EMO dynamics within the territories surrounded by the CHLSs, that is,
CHLs-free regions. Figure 3 presents the typical MFM images taken at
7 K with different magnetic fields, showing the EMO domain structure
in the middle stage, in which most phase domain boundaries are
located in the CHL-free region. In the CHL-free region, there are
several characters need to be emphasized as follows.

(1)

@

©)

Even in the CHLs-free regions, the EMO domains still follow
some well-defined polygon geometry with sharp boundaries.
For example, as shown in the Figure 3b, the phase boundaries
1, 2, 3, and 4 are not on the CHLs but still show straight-line-
like behavior.

What’s more, these electronic phase domain boundary lines,
existing in the CHLs-free regions, also align completely and
exclusively along the four axes [11-1], [-31—1], [51—1], and
[5—33] in the pseudo-cubic coordination (color lines in Figure
3), which are exactly the same as the high Miller indices of the
CHLs. This implies that both the EMO domains in the CHL-
free regions and the formation of the high Miller index CHLs
stem from the electronic correlation rules.

It is important to notice that the directions of these domain
boundaries in the CHL-free regions do not copy the directions

20139

(4

~—

of the neighboring CHLs. For instance, the phase boundary
lines 1, 2, 3, and 4 in Figure 3b are along [S1-1], [-31—1],
[S1—1], and [5—33], respectively. However, the nearest
neighboring CHLs for these boundaries are along [100].
Such discrepancy between electronic phase boundaries and
neighboring CHLSs indicates that the directions of the CHLs do
not affect the formation of EMOs so strongly. In other words,
the dynamics of EMOs within the CHL-free regions can be
independent of the CHLs. Actually, similar phenomena occur
almost in all the MFM images of EMOs, that is, these specific
boundary lines were formed not only in the growth but also in
the annihilation process and not only in the final but also in the
primary and middle states of the phase domain.

In the CHLfree regions, the dynamic process exhibits that the
EMO boundaries can move without changing their directions.
As shown in the Figure 2c—f, the blue line and arrow indicate
how an EMO boundary moves without changing its direction
along [5—33], causing the disordered phase (dark color) to
shrink step by step. This feature is one of the intrinsic
crystallographic characteristics of EMOs and can happen
independently in a CHL-free region without atomic lattice
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crystal boundaries, implying again that the observed EMOs
follow its own rules of electronic correlation.

(5) One point deserving special attention is that several phase
domain boundaries have relatively large crystal Miller indices
(such as [5—33] axis). The distances between the nearest
atoms on these lines and planes are several times larger than the
unit cell size. This may indicate that the formation and
dynamics of the EMOs are governed by the electronic
correlations, which can be even beyond the range of a lattice
unit cell.

These characters are quite different from the phase domain images
observed in other materials, which indicate that the EMO domain
studied here is not only an electronic phase (note: an electronic phase
may have irregular shape) but also show crystalline structure and
behavior. To better understand the multiple-ordered electronic crystal,
it is of central importance to clarify the relationship between the
electronic correlation rules and those special phase boundaries with
high Miller indices. Figure 4a shows the (011) section (film surface)
view of the CE-type AFM/OO/CO ordering. It is found that these
four axes with high Miller indices (i.e., [11—1], [-31—1], [S1—1], and
[5—33]) are unique because the spin, orbital, and charge of manganese
atoms on them are the same, that is, ferroic ordering of spin, orbital,
and charge. Moreover, these four axes are the only four ferroic
ordering lines (abbreviated as FOLs) in the unit cell of the (011) plane
with the CE-type structure. In fact, careful investigation shows that
there are four, and only four, crystal planes [namely, the (1—10),
(130), (1—14), and (—3—14) planes] in the CE-type EMO of the
PCMO (Figure 4b), each of which contains identical orbital and
charge at each lattice site, that is, manganese ions on those planes have
ferroic ordering of orbital and charge (ferroically ordered planes,
abbreviated as FOPs). These four planes intersect with the film
surface, namely the (011) plane, and produce the four axes [11—1],
[-31—-1], [S1—1], and [5—33], respectively. We emphasize that these
are exactly the same as the FOLs, the high Miller indices CHLs, and
the EMO boundaries within the CHL-free regions (Figure 2).

From lattice viewpoint, the (110) and (1—10) planes are equivalent
(Figure 4b), but they are not if the charge and orbital degrees of
freedom are taken into account (Figure 4a). These planes intersect
with the film surface along the axes [1—11] and [11—1], respectively.
Because the (1—10) plane is an FOP, the [11—1] axis it produces is an
FOL. However, the [1—11] axis, which is produced by a non-FOP
(110), is not an FOL (Figure 4a). In all the MFM images we obtained,
only the FOL [11—1] can be found as a phase boundary, whereas the
non-FOL [1—11] is absent. To better understand this issue, we have
done the theoretical simulation as shown in Method S3, Figure SS.
The energy of the whole system (E) is recorded as a function of
magnetization (M) by considering both FOP (1—10) and non-FOP
(110) as phase boundaries. It is found that the energy depends
substantially on the boundary type. As shown in Figure 4c, the
theoretical simulation reveals that the energy of the electronic system
containing the FOP (1—10) as domain boundaries is lower than that
containing non-FOP (110) as domain boundaries, which is consistent
with our experimental observation as shown in Figures 1 and 3.

With the boundaries being determined by the sharp and specific
FOLs and FOPs, an EMO phase domain in the PCMO film behaves
just like a single crystal of the lattice type. Its nucleation, growth,
coalescence, and collapse in the background of disordered phase is
much like the corresponding processes exhibited by a single crystal of
the lattice type in the melt (ice in water, for instance). From this point
of view, the EMO observed here is a kind of electronic crystal and the
FOPs and FOLSs are the cleavage planes and crystal edges, respectively.
On the basis of the distributions of spin, charge, and orbital in the
FOPs and FOLs, we can conclude that the quantum orders, or more
precisely, O0/CO, govern the formation and dynamics of the CE-type
EMO in the PCMO film. This feature not only reveals the
crystallographic behavior of the EMO but also evidences that although
the EMOs are parasitic within the lattice crystal house their dynamics
follow their own intrinsic rules of electronic correlation.

B CONCLUSIONS

In summary, we have visualized the structure and phase
dynamics of the EMO in a manganite thin film at the
microscopic scale utilizing a high magnetic field MFM. Five
types of critical lines on the surface, govern the entire dynamics
of the EMO, making it behave like an electronic crystal.
Although the EMO is parasitic inside the lattice sites, the
presence of the specific lines and planes indicates that such a
category of electronic crystal has its own unique crystalline
rules. Its dynamics and boundary behaviors are intrinsic and
depend mainly on the coupling among the multiple-ordered
electronic degrees of freedom themselves. This is the first direct
observation of the intrinsic crystallographic characteristics of
EMO, which is crucial in further understanding the phase
dynamics and device involving mutually interacted electron
orderings.
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