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We have investigated the ferromagnetic �FM� domain structure of a single-crystal bilayered manganite
La2−2xSr1+2xMn2O7 �x=0.32� by using low-temperature magnetic force microscopy. We observed that below
65 K, the FM domains form stable treelike patterns with out-of-plane magnetization. With increasing tempera-
ture, the FM domain patterns gradually change in the form of domain wall motion. Above 80 K, the FM
domain patterns change more and more with each temperature step. The magnetization changes from the
out-of-plane to an in-plane direction around 88 K. The in-plane FM domains almost completely disappear near
the Curie temperature of this sample �TC�110 K�, where the resistivity exhibits a sharp increase. We also
observed large changes in the magnetic structures upon thermal cycling. We concluded that the formation of
FM domains at low temperatures �T�80 K� is determined by the energy associated with surface magnetic free
poles and domain walls. At high temperatures �80 K�T�TC�, the two-dimensional FM fluctuations in the
basal plane may also play an important role in forming the domain structures. The evolution of the FM domain
patterns with temperature coincides with the change in resistivity.
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I. INTRODUCTION

The mixed-valent perovskite manganites, such as
La1−xSrxMnO3 and �La,Pr�1−xCaxMnO3 in a certain hole
doping region, exhibit a phase transition from a paramag-
netic or antiferromagnetic insulating phase to a ferromag-
netic �FM� metallic phase;1–3 upon cooling through the Curie
temperature, FM clusters first form in the paramagnetic ma-
trix and grow to merge and form a percolative path through
the whole sample below TC.4–6 In this process, the formation
of FM clusters can be strongly affected by an external mag-
netic field. As the FM clusters percolate through the whole
sample, e.g., as in La2/3Ca1/3MnO3, a tremendous drop in
resistivity occurs accompanied by a discontinuous decrease
in the equilibrium Mn-O bond length, signaling a first-order
phase transition from insulating to metallic behavior.7,8 This
percolation mechanism in perovskite manganites has been
confirmed by various measurements such as neutron
scattering,5 transport,6 and magnetic force microscopy
�MFM�.9 Compared to FM perovskite manganites, the bilay-
ered manganites La2−2xSr1+2xMn2O7 �0.30�x�0.50� exhibit
more complicated FM ground states as a function of the hole
doping x, because of the two dimensionality of the system.10

In the FM ground state, the easy axis of magnetization
is along the c axis for hole concentrations x�0.32, but
switches to the ab plane for hole concentrations x�0.32.
The x=0.32 composition is at the crossover from the out-of-
plane magnetization to the in-plane magnetization. The mag-
netic structures in this composition were found to be signifi-
cantly affected by the change in external parameters such as
pressure, temperature, and magnetic field.11,12 Welp et al.12

observed that a spin reorientation transition �SRT� occurs in
the x=0.32 compound around 80 K by using magnetization
measurements; the easy axis of the crystal tilts away from the
c axis toward the ab plane. They attributed this change to a

decrease of the first-order and second-order anisotropy con-
stants with increasing temperature. They also observed
maze-shaped domains in the ab plane below 75 K by using
magneto-optical imaging. Recently, Asaka et al.13 observed
magnetic ripple and nanowidth domains evolving with tem-
perature in the x=0.32 compound by using Lorentz transmis-
sion electron microscopy �LTEM�. The evolution of mag-
netic domains indicated that the SRT occurs in the interval
55–70 K. They argued that the SRT is caused by the two-
dimensional fluctuations of magnetic moments in the basal
plane and the orbital occupancy transition from the d3z2−r2 to
the dx2−y2 orbitals. By using low-temperature MFM, we have
performed systematic magnetic measurements of the �001�
plane of a single crystal x=0.32 compound from 30 to 110 K
�TC� under various external magnetic fields in order to ex-
plore the evolution of FM domains with temperature and
magnetic field. Interestingly, we observed nanosized, treelike
magnetic domain patterns evolving with temperature and
magnetic field.

II. CRYSTAL SYNTHESIS, CHARACTERIZATION,
AND MAGNETIC FORCE MICROSCOPY DETAILS

Single crystals of La1.36Sr1.64Mn2O7 were grown by the
traveling floating zone method in an image furnace at the
Argonne National Laboratory. Magnetization measurements
under 250 Oe magnetic field in a dc superconducting quan-
tum interference device �Quantum Design� show a ferromag-
netic transition at TC�110 K. The sample was cleaved along
the ab plane in air before being loaded onto the sample
stage of a homebuilt, low-temperature magnetic force
microscope.14,15 The cleaved sample shows a mirrorlike flat
surface. The MFM tips were prepared by coating a layer of
35 nm thick Co /Cr magnetic material onto commercial
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atomic force microscopy tips with rf-magnetron sputtering.
These tips were then magnetized by a strong permanent mag-
net so as to have the magnetic moment pointing toward the
sample. The MFM chamber was first pumped down to
1�10−6 torr and then filled with �350 mtorr of helium ex-
change gas. The helium exchange gas was used not only for
fast cooling of the MFM body, but also for stabilizing the
MFM measurements. The whole MFM probe was placed in-
side a cryogenic Dewar. The MFM images presented in this
paper were obtained in a linear mode with about 80 nm lift
height.

III. MAGNETIC FORCE MICROSCOPY RESULTS

A. Temperature dependence of the micromagnetic properties

Figures 1�a�–1�f� show the evolution of the magnetic do-
mains with temperature from 30 to 80 K under zero mag-
netic field. The sample was zero-field cooled from room tem-
perature down to 30 K. The measurement was conducted in a
warming up run. At 30 K, FM domains with out-of-plane
magnetization form treelike patterns with 180° domain wall
structures. Bright and dark areas are domains with magneti-
zation pointing out of and into the sample, respectively. The
width of the domains ranges from 200 to 500 nm, which is
consistent with the domain size observed by Asaka et al.13

Such FM domain patterns are very similar to the ones ob-
served on the �001� surface of cobalt, a uniaxial fer-

romagnet.16,17 The formation of these magnetic domain pat-
terns can be interpreted by considering the energies associ-
ated with the surface free magnetic poles and the domain
walls.18 The total energy is minimized when the reduction in
magnetostatic energy due to having smaller domains matches
the energy spent in creating new domain walls. With increas-
ing temperature from 30 to 65 K �Figs. 1�a�–1�d��, the do-
main patterns remain stable, but the magnetization of the
domains gradually decreases as is to be qualitatively ex-
pected from a Brillouin function19 �note the scale bars�. The
domain walls start to show an apparent movement at 74 K
�refer to the middle of the MFM images�, which indicates
that the previously energy-balanced magnetic state breaks
down and a different balanced magnetic state shows up. The
motion of domain walls is dominantly driven by the compe-
tition between the surface magnetic free-pole energy and do-
main wall energy. Since the magnetic free-pole energy de-
pends on the component of the magnetization perpendicular
to the �001� plane, changes may be partially driven by the
change in the easy axis direction due to the temperature-
dependent first-order and second-order anisotropy constants.
This change is indicative of the onset of the SRT. At higher
temperatures, the domains change increasingly more from
one temperature step to the next �Fig. 1�f��. Above 80 K, we
took MFM images with smaller temperature steps in order to
obtain a detailed picture of the evolution of the spin moment
with temperature.
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FIG. 1. �Color online� Evolution of magnetic domain structures in La1.36Sr1.64Mn2O7 with temperature from 30 to 80 K. �a�–�f� are MFM
images taken at the area shown in �g� at various temperatures under zero field. Thermal drift of the tip with respect to the sample occurring
during the measurement was compensated by the tube scanner offset. �g� is the topography with size 15�15 �m2. �h� is the resistivity data
in the ab plane �dotted� and the c axis �solid� reported in Ref. 11 for the same samples. In MFM images, the magnetic force gradient
generated by magnetic domains is expressed in terms of the resonant frequency shift of the cantilever, and is displayed in the color scale. A
repulsive magnetic force results in a positive frequency shift, while an attractive magnetic force results in a negative frequency shift.
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B. Observation of the spin reorientation transition

Figure 2 shows a series of MFM images taken at a differ-
ent position from that shown in Fig. 1. As the temperature
increases from 78 to 85 K �Figs. 2�a�–2�c��, we can see that
the small wavy domains merge into larger domains at el-
evated temperatures; curved domain walls change their
stretching directions on the surface in such a manner that
they tend to form parallel stripes. As is well known, for a
domain with magnetization perpendicular to the crystal sur-
face, the domain width is approximately proportional to
�1/2 /Ms �� is domain wall energy per unit area, Ms is
magnetization�.19 So it is expected that the domain width will
change as the domain wall energy and the magnetization
change with temperature. Below 88 K, the major component
of the magnetization is still out of plane. As the temperature
is raised up to 88 K �Fig. 2�d��, only in-plane domains ap-
pear on the sample surface. This signals that the SRT finishes
around 88 K in this sample. While MFM alone is not able to
determine all the components of the magnetization, our con-
clusion about the SRT is based on our MFM data and on
previous observations.12,13 The in-plane domains become
weaker and weaker at higher temperatures until they disap-
pear around the Curie temperature �Fig. 2�e�� as expected.
MFM cannot image in-plane domains, but their domain walls
do produce clear contrast, as in Permalloy squares15 and
computer hard disks.20

In perovskite manganites exhibiting a colossal magnetore-
sistance, the formation of FM domains coincides with the
change in resistivity. Transport measurements on the x
=0.32 compound have shown that the resistivity �Fig. 1�h��
along the c axis and in the ab plane remain almost constant
below 60 K.11 The resistivity gradually increases from
60 to 100 K and exhibits a sudden increase near the Curie
temperature �110 K� due to a metal-insulator transition.
These are the same samples used in our study. Our MFM
results in Figs. 1 and 2 show that the FM domain patterns
remain very stable below 65 K, which coincides with a
nearly constant resistivity. The domain walls start to move
with their magnetization remaining mostly out of plane as
the temperature increases from 65 to 88 K, which coincides

with the gradual increase in resistivity. Above 88 K, the
magnetization of the domains tilts away from the out-of-
plane direction, signaling a change in the direction of the
easy axis that does not occur in mixed-valent perovskite
manganites such as La1−xSrxMnO3. The change in the direc-
tion of the easy axis of the x=0.32 compound is due to the
change in the sign of the first-order crystal anisotropy con-
stant of this compound near 80 K.12 The detailed evolution
of domains cannot be easily obtained with our MFM mea-
surements above 88 K because of the complexity of the in-
plane domain patterns and the relative difficulty in imaging
in-plane domains with MFM. In the neighborhood of the FM
transition, T�TC, the in-plane domains vanish gradually and
the resistivity increases dramatically. However, the detailed
electronic and magnetic structures within domains should
be chiefly responsible for the change in resistivity with
temperature.21 Our MFM results show that the SRT occurs
from 74 to 88 K, which is different from what Asaka et al.
observed in the same composition by using LTEM.13 The
domain patterns we observed are more complicated than the
nanosized ripples reported by them. The difference is likely
due to sample preparation. For the LTEM study, the sample
needs to be ground down to 150 nm or less. This grinding
process creates many defects and strain in the sample, which
inevitably influences the SRT. Furthermore, as the sample
becomes thin, the shape anisotropy energy will play an im-
portant role in the magnetostatics, favoring in-plane magne-
tization. It is also possible that small changes in doping �x�
make significant changes in the SRT temperature, since a
change from x=0.31 to x=0.33 changes the magnetization
from out-of-plane to in-plane direction without a SRT.22

Neutron powder diffraction experiments showed that the spin
moment stays almost along the c axis at low temperatures,
gradually tilts away from the c axis with increasing tempera-
ture, and forms a maximum angle of about 50° with the c
axis at 90 K,23 which was already confirmed by the macro-
scopic magnetization measurement.12 Our MFM results ob-
tained from 30 to 88 K are consistent with these measure-
ments. However, at 90 K�T�TC, the domains within a
thick layer near the surface are aligned in-plane due to de-
magnetizing fields and the tilted easy axis. MFM picked the
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FIG. 2. �Color online� Evolu-
tion of magnetic domain struc-
tures in La1.36Sr1.64Mn2O7 with
temperature from 78 to 105 K.
The sample was zero-field cooled
from room temperature down to
78 K. The MFM images were
taken in a warming up run. �a�–�e�
are MFM images taken at the area
shown in �f� under zero field. �f� is
a topographic image with size
8�6 �m2. The step shown in the
MFM images in �d� and �e� is due
to the topographic effect, which
occurs when the magnetic signal
is weak.
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magnetic signals only from these in-plane surface domains,
which explains why our MFM results obtained above 88 K
show in-plane domains, while the neutron powder diffraction
and magnetization measurements showed tilted domains.

C. Micromagnetic thermal irreversibility

Another interesting result we observed is the domain be-
havior upon thermal cycling in zero magnetic field. The
sample was zero-field cooled from room temperature down
to 78 K. The thermal cycle started at 78 K, went through
82 K, and came back to 78 K. MFM images taken at the
initial 78 K and final 78 K show significant difference in
domain structure �see Figs. 3�a� and 3�b��, but the total mag-
netic domain distribution in the area shown in Fig. 3�c� does
not change, as seen from the histogram of Fig. 3�d�. The
domains with stronger magnetization �brighter areas at the
upper left part of the images� underwent less change than the
weaker domains. The nanoscale thermal cycle dependence of
the magnetic structure in this compound has not been previ-
ously reported. This behavior is evidence of the existence of
a partial destruction and nucleation of domain wall area on
thermal cycling that depends on the preexisting domain pat-
tern, which may also indicate temperature-dependent two-
dimensional ferromagnetic fluctuations.

D. Evolution of magnetic domains with external field

In the presence of external magnetic fields, we measured
the magnetic domain structures in the sample at 78 K and at
88 K. The field was applied perpendicular to the sample sur-
face along the tip magnetic moment. Figure 4�a� was taken
under zero field. When the field was applied up to 185 G, the
volume of the domains parallel to the field was seen to grow
�Fig. 4�b��, which results in the increase in the dark area and
decrease in the bright area. We believe the main component
of the magnetization is still out of plane at 78 K. At 88 K,
the MFM images in Figs. 4�d� and 4�e� show that the mag-
netization of most domains is in-plane. The magnetic signal
generated by the in-plane domains is much weaker than the
signal generated by the out-of-plane domains in Figs. 4�a�
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FIG. 3. �Color online� Thermal cycling behavior observed in the
magnetic structures in La1.36Sr1.64Mn2O7 under zero field. The
sample was zero-field cooled from room temperature down to 78 K.
�a� and �b� are MFM images taken at the area shown in �c� at initial
78 K and final 78 K, respectively. �c� is topography with size
�8.6 �m�2. �d� is a histogram of the MFM images �a� �dotted curve�
and �b� �solid curve�.
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FIG. 4. �Color online� Evolu-
tion of the magnetic domain struc-
tures in La1.36Sr1.64Mn2O7 with
magnetic field. �a� and �b� are
MFM images taken at the area
shown in �c� at 78 K under differ-
ent external fields: �a� 0 G and �b�
185 G. �c� is a topography with
size 8.6�8.6 �m2. �d� and �e� are
MFM images taken at the area
shown in �f� at 88 K under differ-
ent external fields: �d� 0 G and �e�
240 G. �f� is a topography with
size 7.3�6.9 �m2. See text for
details.
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and 4�b�, as can be seen by comparing the scale bars related
to the MFM images. Upon applying a 240 G field, the in-
plane domains do not change much, as seen in Fig. 4�e�. The
increase in contrast and brightness of the MFM images is
mainly due to the increase in the magnetic moment of the
MFM tip under the external field. The stripes marked by “T”
in Fig. 4�e� represent tail-to-tail in-plane domains, which be-
come clearer under a 240 G field. Possible closure domains
are identified at the position marked by “C” in Fig. 4�e�.
These closure domains do not show any apparent change
in response to the external field. Since the crystal
La1.36Sr1.64Mn2O7 is a moderately uniaxial anisotropic ferro-
magnet at low temperatures,12 the in-plane domains are ex-
pected to form in the �001� surface of the crystal due to
demagnetizing fields exceeding the anisotropy, which was
indeed observed by Konoto et al. using spin-polarized scan-
ning electron microscopy.24 We did not clearly observe the
in-plane domains in this sample below 88 K due to the
strong stray field generated by the out-of-plane domains.

IV. CONCLUSIONS

We have studied the magnetic structure of the x=0.32
compound at various temperatures in the absence or presence
of an external magnetic field by using low-temperature
MFM. We found that in the FM state, the FM domains with
out-of-plane magnetization form treelike patterns below
88 K. These magnetic patterns remain highly stable below
65 K and start to undergo a gradual change with temperature
above 65 K. As the temperature goes higher, more pro-

nounced changes in the domain patterns occur. At 88 K, in-
plane domains were observed on the surface in the form of
domain stripes and closure domains. Above 88 K, the in-
plane domains gradually disappear as TC is approached. The
evolution of the FM domains occurs where the resistivity
changes below TC. We observed the SRT occurring around
74–88 K in our sample. The SRT is associated with the ther-
mal evolution of the anisotropy energy, which reflects the
two-dimensional character of the system. The significant
change in the anisotropy energy with temperature is mainly
due to a competition between the lattice elastic energy and
the exchange striction. With increasing temperature, an or-
bital occupancy transition from d3z2−r2 to dx2−y2 is indicated
by a decrease in the c /a ratio;22 however, the orbital transi-
tion itself is not related to the change in anisotropy energy
because the d3z2−r2 and dx2−y2 orbitals do not contribute to the
spin-orbit coupling due to the quenching of their orbital an-
gular moment. We also observed large nanoscale changes in
the magnetic structure upon thermal cycling, which may in-
dicate short-range, two-dimensional ferromagnetic fluctua-
tions in the basal plane.
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