
ARTICLE OPEN

Imaging the formation and surface phase separation of the
CE phase
Haibiao Zhou 1,2,6✉, Qiyuan Feng1,2, Yubin Hou1, Masao Nakamura 3, Yoshinori Tokura 3,4, Masashi Kawasaki3,4,
Zhigao Sheng 1,2,5✉ and Qingyou Lu 1,2,5✉

The CE phase is an extraordinary phase exhibiting the simultaneous spin, charge, and orbital ordering due to strong electron
correlation. It is an ideal platform to investigate the role of the multiple orderings in the phase transitions and discover emergent
properties. Here, we use a cryogenic high-field magnetic force microscope to image the phase transitions and properties of the
CE phase in a Pr0.5Ca0.5MnO3 thin film. In a high magnetic field, we observed a clear suppression of magnetic susceptibility at the
charge-ordering insulator transition temperature (TCOI), whereas, at the Néel temperature (TN), no significant change is observed.
This observation favors the scenario of strong antiferromagnetic correlation developed below TCOI but raises questions about the
Zener polaron paramagnetic phase picture. Besides, we discoverd a phase-separated surface state in the CE phase regime.
Ferromagnetic phase domains residing at the surface already exist in zero magnetic field and show ultra-high magnetic anisotropy.
Our results provide microscopic insights into the unconventional spin- and charge-ordering transitions and revealed essential
attributes of the CE phase, highlighting unusual behaviors when multiple electronic orderings are involved.
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INTRODUCTION
Strong electron correlation in materials usually leads to complex
and emergent phenomena1, which provide a fertile ground for
exploring new physics and hold great potential for applications.
The colossal magnetoresistance in perovskite manganites and
unconventional high-TC superconductivity in cuprates are the two
most distinguished phenomena in strongly correlated oxides.
These materials share many common characteristics. For example,
both of them exhibit a variety of phases with contrasting
properties. In manganites, there exist the well-known ferromag-
netic metallic (FM) phase, antiferromagnetic (AFM) charge-ordered
insulating (COI) phase, and so on. Among them, the CE phase, first
proposed by Goodenough in the 1950s2, is most prominent as it is
an exceptional realization of simultaneous ordering of spin,
charge, and orbital. How the phase transitions and properties
are affected in the presence of multiple orderings is a pivotal
question in strongly correlated materials. Hence, the CE phase,
existing in narrow-bandwidth half-doped manganites, such as
RE0.5Ca0.5MnO3 (RE= Pr, Sm, Y, Nd, etc)3–7 and single-layered
manganite La0.5Sr1.5MnO4

8, is an ideal platform to investigate
these effects9.
These half-doped manganites show a similar phase diagram as

in Fig. 1a, which is for bulk Pr1-xCaxMnO3
3,4. When close to half

doping (x ~ 0.5), before entering the CE phase, it first undergoes a
transition from paramagnetic (PM) phase to charge/orbital-
ordered insulating phase at a charge-ordering insulator transition
temperature (TCOI)= 240 K, then followed by an AFM transition at
Néel temperature (TN)= 175 K. Below TN it shows the CE-type
charge, spin and orbital ordering (Fig. 1b)2. This CE phase features
the ferromagnetic zigzag chains consisting of Mn3+/Mn4+ ions
with alternating d3x2�r2 and d3y2�r2 orbitals at the Mn3+ ion sites,

driven by the competition between the electron kinetic energy
and magnetic exchange energy10,11. Besides, it has an equal
number of Mn3+ and Mn4+ cations, resulting in a concomitant
charge ordering with a checkboard pattern. Owing to the
enhanced tendency towards the COI state at this doping level,
the CE phase possesses a high melting magnetic field and shows
the largest colossal magnetoresistive effect. For example, a
magnetic field larger than 30 T is needed to transform this phase
into the FM phase in bulk Pr0.5Ca0.5MnO3

12, which is, however,
inaccessible to most investigating tools.
Although this phase has attracted intensive interest, several

mysteries remain to be fully solved. A thorough investigation of
these questions is crucial to our understanding of strongly
correlated systems. One of them is how the CE phase is formed.
Unlike many other manganites where spin and charge orderings
occur at the same temperature, the CE phase is attained after the
successive COI and AFM transitions. But, the drop of magnetiza-
tion, expected to occur at TN, appears at TCOI instead. Although at
TN, no well-defined signal has been detected (Fig. 1c). The nature
of the magnetic anomaly at TCOI, as well as the magnetic structure
of the intermediate phase between TCOI and TN, has been a long-
lasting puzzle. This is common to the aforementioned half-doped
manganites. At present, there are mainly two scenarios proposed
for this discrepancy. In the one model, which we call short-range
AFM correlation scenario, the decrease in magnetization at TCOI has
been attributed to the quenching of double-exchange interaction
and onset of AFM correlation, due to the localization of the charge
carriers8,13–15. Short-range antiferromagnetically coupled zigzag
chain fragments start to form at this temperature, and the smooth
increase of magnetic correlation across TN is ascribed to the
coherent ordering of the zigzag chains15. However, the evidence
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has been very limited to neutron scattering experiments14,15. The
other one which is based on the formation of Zener polarons (ZP)
has also gained much support after the seminal work of Daoud-
Aladine et al.5,16–18. In contrast to the ideal site-centered check-
board pattern expected in the CE model, in this picture, the
ferromagnetic Mn3+-Mn4+ dimers, so-called ZP, start to form at
TCOI mediated by the oxygen atom (Fig. 1b), resulting in a PM

phase consisting of ZP below TCOI. Suppression of the magnetiza-
tion is then expected as a consequence of the paring of Mn–Mn
ions. The magnetic moments are doubled in magnitude but halved
in number in the ZP PM phase5. The associated ferroelectric
ordering due to inversion symmetry breaking has been reported in
various manganites later16,17,19–21. It is worth noting that though it
is highly demanding, no real-space microscopic imaging results

b c

TCOI

e
[100]

[0
11

]

a

T

TN

COI

TCAFI CE
phase

COI

PM

Mn3+Mn4+

d
[100]

[0
11

]

TN

a

bdoping level x

Fig. 1 Phase diagram, electrical, and magnetic properties of PCMO. a Phase diagram of Pr1−xCaxMnO3 as a function of the doping level x
adapted from ref. 4. PM, COI, and CAFI denote the paramagnetic insulator, charge-ordered insulator, and canted antiferromagnetic insulator
phase, respectively. b Schematic illustration of the charge and spin ordering in the CE phase. The ferromagnetic zigzag chains are shown by
the gray and light gray zigzag regions. The green-dashed ovals indicate the Zener polarons. c The temperature dependence of the resistivity
and magnetization of the imaged PCMO film. The resistivity was measured in zero field and the magnetization was measured in 0.1 T applied
along [100] axis with the diamagnetic response of the substrate subtracted. d–e Rough and flat topography observed in this film at different
locations. Image size: 10.4 × 10.4 μm2. Scale bar in d and e: 2 μm. Color scale: 60 nm (d) and 2.2 nm (e).

Table 1. Qualitative comparison between different scenarios and measured MFM contrast.

T H Conventional AFM transition Zener polaron scenario Short-range AFM correlation
scenario

Measured contrast

Spin alignment Contrast Spin alignment Contrast Spin alignment Contrast

TCOI 0 None None None

Low None Weak Weak Weak

High None Weak Strong Strong

TN High Strong Strong None/weak None

The rectangular regions, filled with arrows and different colors represent the different phases. The gray, red, orange, and green regions are the paramagnetic,
CE, Zener polaron PM, and short-range AFM-correlated phases, respectively.
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have been reported so far for the transitions at TCOI and TN, mainly
limited by the required high magnetic field. Microscopic evidence
would be highly beneficial to this debate22–28 and also the ongoing
controversy of site-centered or bond-centered charge ordering in
transition metal oxides25,29,30. In this work, we show that it is
possible to distinguish these scenarios through magnetic imaging
in high magnetic fields, as they would give rise to very different
magnetic contrasts.
Another intriguing phenomenon is the variation of the CE-type

ordering when the size or dimension of the sample is reduced.
Magnetic hysteresis has been widely observed in half-doped
manganite nanoparticles31 and nanowires32, which is evidence of
an FM phase or superparamagnetic phase. Motivated by this, the
polar surfaces of half-doped manganites in the CE phase regime
have been predicted to possess a unique state, arising from a
deviating charge density (ne= 0.75) at the surface layer from half
doping. It is neither a pure COI phase nor an entire FM phase.
Rather, it is a PS state, i.e., a coexistence of the two phases at the
surface33. This PS surface state in the CE phase regime, however,
still lacks direct evidence. Interestingly, an AFM state at the surface
of FM manganites has been observed, which is attributed to the
enhanced spin-orbit coupling at the surface34. More generally, it is
still an open question whether there exists a bulk-surface
correspondence in the magnetic or electronic states in strongly
correlated systems. Hence, it is of crucial importance to verify this
prediction and further reveal the surface characteristics, and
magnetic imaging has been demonstrated as an ideal tool to
study magnetic phase separation.
In this article, we report the real-space magnetic imaging of the

magnetic transitions at TCOI and TN, and the CE phase in a
Pr0.5Ca0.5MnO3 (PCMO) thin film. The 30-nm thick PCMO thin film
was grown on a (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) (011) substrate
using pulsed laser deposition (see Methods). The PCMO/LSAT
(011) film (in pseudocubic notation) shows similar charge, orbital,
and magnetic transitions with the bulk sample, but with reduced
transition temperatures (TCOI= 210 K and TN= 150 K)35,36 and
melting field37. The magnetic force microscope (MFM) equipped
with a 20 T superconducting magnet used in this work has been

described in detail elsewhere38,39. In brief, the contrast in MFM
images comes from the long-range magnetic force between the
sample and the magnetic tip. We emphasize that in the present
work, the accessible high magnetic field brings us manifold
advantages. First, owing to the enhanced contrast in high magnetic
fields, one is capable of imaging the magnetic susceptibility change
even when only weakly magnetic phases are involved40, which is
crucial for the present work. Second, in high fields, very different
contrast is expected for the two scenarios proposed for the
magnetic anomaly at TCOI, which can be directly compared with the
collected MFM images. Third, this will enable us to reveal some
important high-field features of the surface magnetic structures.

RESULTS AND DISCUSSION
Magnetic images at TCOI and TN
Before presenting the magnetic images, we summarize in Table 1
the image contrasts expected for a conventional PM to AFM
transition and the cases of the above two scenarios. Generally,
both PM and AFM phase shows zero net magnetic moments in
zero field, but PM phase will show large magnetization in a strong
magnetic field. Hence, in the case of a conventional PM to AFM
phase transition, one should only see the image contrast during
the phase domain formation in a high magnetic field at TN, but not
at TCOI. In the ZP picture, one should be able to see a reduced
susceptibility at TCOI as the ZP PM phase has slightly smaller
susceptibility5, but a much larger contrast at TN should also be
observed when it enters the AFM phase in a high field. However,
in the short-range AFM correlation picture, short-range AFM
domains start to form at TCOI, and one would be able to see an
obvious domain formation at TCOI, whereas at TN there should be
little or no change depending on whether we can see the domain
walls between the short-range zigzag chains. The strikingly
different contrasts under high magnetic fields for these pictures
highlight the advantage of high-field magnetic imaging. In
principle, macroscopic magnetization measurements should also
be able to reveal these differences. However, these measurements
(including Fig. 1c) usually see a PM behavior even below TN, which
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Fig. 2 Imaging the magnetic contrast at TCOI. The magnetic images are taken on a rough region while the sample is cooled down from room
temperature to 183 K (a–h) and then warmed up to 230 K (i–p) in a field of 9 T. The arrows indicate the imaging sequence. q shows the
temperature dependence of resistivity in 9 T (solid lines) and the area ratio of the charge-ordering insulating (COI) phase (open squares)
extracted from the MFM images. Scale bar in a: 2 μm. MFM image size: 11.8 × 11.8 μm2. The contrast is ~0.5 Hz for all the images.
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is generally ascribed to impurities5,11,15,36. Local magnetic imaging
microscopy would spare us their contribution.
We observed two types of surface on this single PCMO film with

MFM: one is rough and covered with nanosized particles (Fig. 1d),
which might be MnOx, whereas the other one is very flat but shows
several crosshatching lines (Fig. 1e), similar to other manganite
films owing to the presence of epitaxial strain41. It will be shown
that the crosshatching lines are also present underneath those
particles on the rough region. These lines act as the nucleation
sites of the phase domains. The root-mean-square roughness of
the two-type surfaces is ~10 nm and 3.5 Å, respectively. The reason
for the formation of two types of surface is unclear yet.
In Figs. 2 and 3, we show the MFM images of the sample when

it is cooled down in 9 T field through TCOI and TN, respectively. At
215.7 K, some bright stripes residing close to the crosshatching
lines are readily observed. As the temperature is going down,
these stripes expand and gradually occupy the imaged area
(183 K). Then when the sample is warmed up, the phase with
darker contrast nucleates and expands, with the brighter phase
domains shrinking towards the line defects. The dark phase
domains dominate the sample at above 219 K. The hysteresis
undoubtedly indicates it is a first-order phase transition, and the
temperature dependence of the area portion of the bright regions
matches very well with that of the measured resistance. Thus, the

dark and white regions are ascribed to the PM and COI phases,
respectively. The brighter contrast of the COI phase suggests it has
a smaller attractive force with the magnetic tip, thus a weaker
magnetic susceptibility than the PM phase. The image contrast is
greatly enhanced in 9 T compared with 0.5 T (Supplementary
Figure 1). When the sample is cooled through TN, no noticeable
change is observed in the MFM images (Fig. 3 and Supplementary
Figure 2). Note that the imaged area has a rough surface.
Hence, these images can be well explained by the short-range

AFM correlation scenario (Table 1). In these half-doped manganites,
there exist the competing FM correlation and CE-type AFM
correlation. At TCOI, electron localization suppresses the double-
exchange FM interaction, whereas enhances the CE-type AFM
correlation8,13,15. Short-range zigzag chains that are antiferromagne-
tically coupled start to form at TCOI, as revealed by previous neutron
scattering experiments performed in the nearly half-doped
Pr0.55(Ca0.8Sr0.2)0.45MnO3

14, and half-doped single-layer manganite
La0.5Sr1.5MnO4

15,25. This causes the susceptibility drop seen in the
macroscopic magnetization and MFM images. The AFM correlation
length increases gradually when the sample enters the CE phase,
suggesting the short-range chain fragments merge into larger
domains when the temperature is lowered14,15. The fact that the
spin ordering nucleates at TCOI, but its coherent ordering occurs only
at TN, implies unconventional phase dynamics14,42, perhaps a unique

154 K158 K 150 K

146 K 142 K 138 K

g

a b c

d e f

Fig. 3 Absence of significant change when the sample is cooled down through TN. a–f MFM images taken on a rough region while the film
is field-cooled through TN= 150 K from room temperature in 9 T. Scale bar in a: 1 μm. Image size: 4 × 4 μm2. g The root-mean-square (RMS) of
the magnetic contrast in the region marked by the dashed red rectangle in the images of a. The color scale is 75mHz for all the MFM images.
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feature of the CE-type ordering15. However, we do not observe the
evolution of the short-range domains between TCOI and TN, implying
the COI phase domains are all occupied with the short-range zigzag
chain segments and the separation between the domains is smaller
than the MFM spatial resolution (~30 nm). It is worth noting that the
suppression of magnetic susceptibility is also observed at the charge-
ordering transition temperature in some other non-half-doped
manganites Bi0.18Ca0.82MnO3

43 and some nickelates44, which may
also be driven by a similar mechanism. That said, our results would
also be consistent with the Zener polaron picture, as long as the
strong AFM correlation of the ZP is also involved.

Phase-separated surface state in the CE phase regime
We indeed see some prominent changes on the flat region when
the sample enters the CE phase at TN (Supplementary Figure 3).
We imaged the formation of some local FM features. Nevertheless,
these features are not related to the field-induced COI to FM
transition as they are already present in zero field37.
To show more details of the local FM structures, in Fig. 4, we

present a series of MFM images taken in a magnetic field swept
between 0 and 14.4 T at 100 K after the sample is cooled down in
zero field. The zero-field image already shows some faint mist-like
contrast, which is significantly enhanced by the application of
0.5 T field, where fine stripe-like features elongated along the
vertical direction ([01-1] axis) are observed. A pair of bright and
dark regions as indicated by a dashed line box evidences an in-
plane magnetic easy axis. However, these features show little

change as we increase the magnetic field except that the
magnitude of contrast is enhanced, even until the CE phase starts
to melt, as seen when the large FM domains appear (Fig. 4e).
When the magnetic field is ramped down, the CE phase reappears
(Fig. 4g). Interestingly, there also exist such FM features inside the
CE phase domains, which are highlighted with a reduced color
scale in the rectangular region in Fig. 4h. The domain pattern is
now less anisotropic, with a shape strongly different from the case
before the CE phase is melted (see Fig. 4e and Supplementary
Figure 4). The pattern does not change when the magnetic field is
further decreased (Fig. 4i), suggesting they are also pinned, similar
to the field sweep-up process. In Fig. 4l–m, the images taken at 7 K
and 100 K for two different thermal cycles are shown. The patterns
are almost the same, and one can readily see how the small
domains merge when the temperature is lowered.
We argue that the observations fully agree with the aforemen-

tioned numerical simulations based on the two-orbital double-
exchange model when taking into account the polar surface of
Pr0.5Ca0.5MnO3

33. First, the magnetic domains appear at ~150 K,
suggesting that it is related to the AFM transition and CE phase.
Second, the fact that the FM phase domains are much more
evident on the flat region implies that it is related to the surface
(Supplementary Figure 5). Third, the magnetic contrast of these
features is ~20 times smaller than that between the COI and FM
phases (Fig. 4l), indicating they are due to some magnetic
structures that are not homogeneous through the whole film
thickness. In addition, as all the low-field FM domains possess a
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Fig. 4 Magnetic images of surface phase separation. a–j MFM images taken on a flat region in different magnetic fields at 100 K, with the
color scales labeled. The dashed rectangle in b contains a pair of dark and bright contrast. The inset in h shows the area with a reduced color
scale (0.5 Hz) to highlight the weakly magnetic features. Scale bar in a: 1 μm. Image size: 11 × 6 μm2. k The line profiles taken along the two
lines marked in h. The data for the red line is multiplied by a factor of 20. l–m A zoom-in view of the patterns after the sample is cooled down
to 100 K (l) and 7 K (m) in different thermal cycles. Scale bar in l: 1 μm. Image size: 7 × 6 μm2. A magnetic field of 6 T is later applied to enhance
the contrast. The arrows and frames indicate the changes of the domains.
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similar magnetic contrast and orient along the same direction, it is
highly unlikely that they reside at different layers of the film or
have different environments.
Hence, it is likely that they are local ferromagnetic domains

located at the surface with similar thickness, which is illustrated in
Fig. 5a. To deduce the thickness of the FM domains from the MFM
images, we simulate the contrast of in-plane domains (Fig. 5a)
residing at the surface as a function of its thickness and that of
out-of-plane domains (Fig. 5b) through the whole film thickness.
The magnetic signal shows an almost linear dependence on the
number of layers (Fig. 5c–e). Using the magnitude ratio ~20
extracted from the experiment (Fig. 4k) yields a thickness of ~1 nm
(approximately four layers of MnO planes in the [011] direction)
for the in-plane magnetic moments (Fig. 5e). With this thickness
and a speculated distribution of the magnetic moments at the
surface as in Fig. 5g, we can then simulate the magnetic image of
the several large FM phase domains in Fig. 5f, h.
Though in the original simulation in ref. 33, the simplest (001)

terminated surface is considered, the results can in principle be
extended to other polar terminations, including the current case,
(011) termination. It is worth emphasizing that, the interior of the
film at this doping level (ne= 0.75) would show an FM phase.

Hence, the surface PS is not driven by the charge density
deviation. It is the surface with inversion symmetry breaking that
alters the free energy landscape, which eventually leads to the
phase-separated state (Fig. 5i). The suppression of AFM super-
exchange interaction or electron–phonon interaction at the
surface is likely to be the reason33. It remains to be explored
whether other surfaces of PCMO, as well as other narrow-
bandwidth half-doped manganites, show similar properties. Also,
the detailed structure of the film surface needs to be confirmed.
For instance, the model assumes that the surface has intact
oxygen octahedra and no defects, but the real surface structure of
(011) termination should be more complicated. The influence of
defects at the surface, which would change the charge density,
also needs to be taken into account.
Below we summarize the unique features of the surface PS

compared with the conventional PS in the bulk of other
manganites: (1) even though both surface and bulk PS are a
consequence of competing interactions with similar energies,
surface PS arises in the system with the strongest AFM correlation,
and it is only present when the bulk is in the CE phase. (2) The FM
phase domains show much higher anisotropy than the bulk
domains. The magnetic moments remain in the in-plane direction
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Fig. 5 Simulation of the magnetic images. a–b Simulated magnetic images of in-plane and out-of-plane magnetic domains. Size of
simulated image: 1 × 0.6 μm2. The domain with 2 nm thickness is shown in a. Both domains have a diameter of 300 nm. c The thickness
dependence of the profiles along the horizontal line across the center of domains. d Profile along the line in b. All the profiles in c and d are
normalized by the same factor. e The thickness dependence of the contrast magnitude of in-plane magnetic domains (red open circles).
The dashed line is the contrast of out-of-plane magnetic domains divided by a factor of 1, 5, 10, and 20. f A zoom-in of the surface phase
separation pattern. Several large FM phase domains are marked with A, B, C, D, and E. g Illustration of the net magnetic moments at the
surface. h Simulated MFM image of FM phase domains (A–E) based on the magnetic moment distribution shown in g. i Schematic showing
how the ground state changes with the charge density and surface.
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([100] axis) even in a field of 12 T. As far as we know, this is the
largest known anisotropy. It probably originates from the super-
exchange interaction between magnetic moments in the surface
FM phase and bulk CE phase45, which would also result in an
enhancement of exchange bias46,47. This suggests a route of
achieving high magnetic anisotropy through the pinning effect in
PS systems. (3) The vastly different patterns seen after a field-
sweep cycle indicate the magnetic domains are not due to static
impurities or strain. However, these domains are pinned in
different thermal cycles. This pinning effect, which is only
observed in thermal cycles, remains unclear.
Nevertheless, they share some common features. The textures

of the surface PS do not change with the magnetic field until the
COI phase domains are melted39, which is similar to other PS
systems39,48. The COI phase domains at the surface have a similar
melting magnetic field as the bulk of the film.
To conclude, we revealed how the CE phase is developed and

its surface state in a PCMO thin film through high-field magnetic
imaging. The real-space microscopic images clearly show a large
suppression of the local magnetic susceptibility accompanying the
charge-ordering transition at TCOI, whereas no obvious change is
observed at TN. These insights would help clarify the controversy
regarding the nature of the phase transitions in various strongly
correlated oxides. We also showed the evidence of phase
separation at the surface in the CE phase regime, where the
ferromagnetic phase domains show very high magnetic aniso-
tropy, confirming the ferromagnetic tendency at the surface in the
CE phase. These results would enrich our understanding of phase
separation and spark the interest in exploring unconventional
surface states in strongly correlated systems.

METHODS
Magnetic force microscopy
The description of the 20 T MFM and the detailed explanation of the image
contrast formation can be found in refs. 37,39. It uses the frequency-
modulated mode to image the stray field from the sample, and the

contrast (δf) is proportional to the second derivative of Bz (δf / ∂2Bz
∂z2 ). When

the magnetic moments of both the tip and sample are all aligned with the
external magnetic field, the darker area (with a larger negative δf) is then
due to a larger attractive force. The lift height is ~100 nm for all the images.
WSxM is used to analyze the MFM images49.

PCMO film deposition and characterization
The details regarding the deposition and structural characterization of the
thin film have been described elsewere35–37. The resistivity was measured
using a physical property measurement system from Quantum Design. The
magnetization was measured in a superconducting quantum interference
device from Quantum Design.

Magnetic image simulation
Mumax350 is used to perform the micromagnetic simulations presented in
this work. As it can simulate MFM images by calculating the same quantity,
i.e., the second derivative of Bz on z (z is in the out-of-plane direction)50, we
can compare these simulated images with the measured images directly.
We use a grid of 128 × 128 × 32 pixels with an actual size of 1 μm× 1 μm×
32 nm. The domain diameter is 300 nm. The saturation magnetization and
exchange stiffness are 6 × 105 A/m and 10−12 J/m, respectively. The tip is
set as a magnetic dipole. The tip lift height is set to 150 nm as it shows the
profile which matches the best with the experiment. The magnetic images
of in-plane domains with the thickness of 1, 2, 4, 8, 12, 16, 20, 24, 28, and
32 nm, and out-of-planes with 32 nm thickness have been simulated. The
robustness of the simulation can be seen in Supplementary Figures 6 and 7.
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