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ABSTRACT: Knowledge of the magnetic domain is indispensable for understanding the magnetostatic properties of magnets. How-
ever, up to date, magnetic domain has not yet reported in the field of molecule-based magnets. Herein, we study the magnetic domains 
of molecule-based magnets. Two magnetic films of iron/chromium hexacyanidochromate FexCr1‒x[Cr(CN)6]2/3∙5H2O (x= 0; Film 1 
and x= 0.2; Film 2) were prepared for investigation. The temperature evolution of surface magnetization was measured using mag-
netic force microscopy. Film 1 showed a magnetic domain below Curie temperature (TC) and its positive-magnetic polarization 
increased monotonously with decreasing temperature, while Film 2 showed positive magnetic polarization below TC and switches 
from positive to negative magnetization through a demagnetization state at 146 K. This study originally reports the temperature 
variation of magnetization state at the magnetization reversal. The magnetic domains appeared as a maze pattern with an approximate 
domain size of one-to-several micrometers. This work shows that the research on molecule-based magnets can be expanded from 
magnetochemistry to the magnetostatic engineering of bulk magnets, molecule-based magnetostatic engineering. 

INTRODUCTION 
Typical magnetic materials such as metal–alloy magnets, rare 
earth magnets, and ferrite magnets are widely used in daily life 
and their magnetic mechanisms have been extensively studied. 
Forty years ago, researchers discovered bulk magnets 
composed of metal ions and organic molecules. These magnets 
were named molecule-based magnets or molecular magnets.1 
Since then, many molecule-based magnets have been developed 
in the chemistry field. 2–20 The orbital and spin angular momenta 
of each magnetic atom in a molecule-based magnet can be 
predicted from the ligand fields of the coordinated ligands 
and/or organic radicals. The magnetic interactions between the 
magnetic atoms (such as superexchange interactions, double-
exchange interactions, and magnetic dipole–dipole interactions) 
can also be deduced, although in most cases, only the magnetic 
interactions between the nearest neighboring magnetic atoms 
contribute to the magnetic properties. 21–24 Moreover, one can 
design one-, two-, or three-dimensional structures of the spin 
network and the chiral structure of molecule-based magnets. 
Therefore, one can design the magnetic properties [saturation 
magnetization (Ms), Curie temperature (TC), and coercive field 
(Hc)] by selecting the metal ions, radicals, and coordinated 
ligands considering the magnetic dimensionality of the spin 
network and the superexchange interactions between magnetic 
sites. The above investigations have led to new magneto-

functionalities and developments such as photo-sensitive 
magnetism, pressure-responsive magnetism, superionic-
conduction magnetism, gas-responsive magnetism, and 
transparent colored magnetic thin films.25–48 Therefore, 
molecule-based magnets are expected as a proof-of-concept for 
advanced magnetic functions and applications (e.g., advanced 
magnetic sensors and external-stimuli-induced magnetic 
recordings), which have not been realized to date. However, 
magnetic domains in molecule-based magnets have not been 
studied. As information on magnetic domains is essential for 
upscaling a research-level of magnetic material to a practically 
usable magnetic material, observing the magnetic domain and 
evaluating the performance of a molecule-based magnet as a 
conventional magnet (e.g., evaluating its magnetic surface 
properties) are important tasks (Supporting Information §1). 
Although single-domain and vortex-magnetic states have been 
reported in nanoparticles of Prussian blue analogs,33,36 there 
have been no reports on magnetic domains in three-dimensional 
ferromagnetic materials with a ferromagnetic multidomain 
structure (Figures 1 and S1). The present work reveals the 
magnetic domains in two molecule-based magnets. The target 
samples are two Prussian blue analogs: iron/chromium 
hexacyanidochromate FexCr1‒x[Cr(CN)6]2/3∙5H2O films with x = 
0 (Film 1) and x = 0.2 (Film 2). Film 1 showed a magnetic 
domain below Curie temperature (TC) and its positive-magnetic 



 

Figure 1. Illustration of the size dependence of the 
magnetization state. Nanoparticles with extremely small sizes 
indicate superparamagnetism, while larger nanoparticles 
exhibit a single magnetic domain. Bulk magnets exhibit 
multiple magnetic domains. Observations of single magnetic 
domains and vortex-magnetic states in nanoparticles of 
Prussian blue analogs were reported in previous studies.33, 36 In 
this study, the focus was on Prussian blue–based magnets that 
exhibit multiple magnetic domains. 
 
polarization increased monotonously with decreasing 
temperature, while Film 2 showed positive magnetic 
polarization below TC and switches from positive to negative 
magnetization through a demagnetization state at 146 K. Monte 
Carlo calculations presented the theoretical insight of 
magnetization reversal where positive magnetization is once 
demagnetized, and negative magnetization develops from the 
demagnetized state. 
 
RESULTS AND DISCUSSION 
Electrochemically Synthesized Films and their Morphology 
and Crystal Structures 
Magnetic FexCr1‒x[Cr(CN)6]2/3·5H2O films were prepared as 
described in the previous literature (Figure 2a).48 The Fe3+ and 
Cr3+ ions in aqueous mixed solutions of K3[Cr(CN)6] (0.5 mmol 
dm‒3), CrCl3 (7.5 mmol dm‒3 for x = 0 and 1.4 mmol dm‒3 for x 
= 0.2), and FeCl3 (6.1 mmol dm‒3 for x = 0.2) were 
electrochemically reduced to Fe2+ and Cr2+, respectively. In the 
reduced mixed solution, Fe2+ and Cr2+ were reacted with 
[CrIII(CN)6]3‒ to form the product  
FeII

xCrII
1‒x[CrIII(CN)6]2/3·5H2O. At constant reduction potential 

(−840 mV vs. Saturated Calomel Electrode (SCE)) and a loaded 
electrical capacity of 0.6 C, thin films of insoluble polynuclear 
metal cyanides were deposited on an electrode surface (SnO2-
coated glass). Elemental analyses of the prepared samples 
yielded a formula of CrII[CrIII(CN)6]2/3·5H2O (CrCr) in Film 1 
and Fe0.20Cr0.80[Cr(CN)6]2/3·5.3H2O (FeCrCr) in Film 2.  

Film 1 appeared as a transparent thin film on the SnO2-coated 
glass (Figure 2b). From scanning electron microscopy (SEM) 
images, the thickness of the prepared film was determined as 
1.70 ±  0.06 μm. Atomic force microscopy (AFM) images 
revealed a smooth and homogenous film surface with an uneven 
width of 0.58 ± 0.22 μm (Figures 2b and S2a). The mid-IR 
spectrum of Film 1 shows a peak at 2190 cm‒1 attributable to 
the CN stretching frequency of CrII‒NC‒CrIII (Figure S3a).48 
The powder X-ray diffraction (PXRD) pattern of powder-form 
CrCr at 300 K revealed a cubic crystal structure (space group: 
Fm3�m) with a lattice constant of 10.4124(5) Å (Figure S4a and 
Table S1). The crystallite size estimated by Rietveld analysis 
was ca. 56 nm. The XRD pattern of the film sample (Figure 
S4b) is similar to that of the powder sample, even though the 
ratios of peak intensities at 24.2°, 34.4°, and 38.6° differ slightly 
from that of the powder sample. This difference in peak 

intensities indicates that the (220) plane is oriented slightly 
perpendicular to the substrate plane (Figure S5). Film 2 
appeared as a purple thin film on the SnO2-coated glass (Figure 
2c). SEM images of this film revealed a thickness of 1.76 ± 0.05 
μm. AFM images confirmed a smooth and homogeneous thin 
film with an uneven width of 0.45 ± 0.14 μm (Figures 2c and 
S2b). Energy Dispersive X-ray Spectroscopy analysis of the 
SEM and transmission electron microscopy (TEM) images 
confirmed the homogenous distributions of iron, chromium, 
carbon, nitrogen, and oxygen elements in the film sample 
(Figures S6 and S7). The mid-IR spectrum of Film 2 shows a 
peak at 2181 cm‒1 attributable to the CN stretching frequencies 
of mixed FeII‒NC‒CrIII and CrII‒NC‒CrIII (Figure S3b).48 The 
ultraviolet–visible (UV–vis) spectrum (Figure S8) shows a 
large broad absorption band with the maximum intensity at 508 
nm, originating from intervalence transfer between FeII and 
CrIII. The PXRD pattern of powder-form FeCrCr at 300 K 
revealed a cubic crystal structure (space group: Fm3�m) with a 
lattice constant of 10.4411(5) Å (Figure S9a and Table S2). The 
crystallite size estimated by Rietveld analysis was ca. 60 nm. 
The XRD pattern of the film sample (Figure S9b) is similar to 
that of the powder sample, even though the ratios of peak 
intensities at 24.1°, 34.4°, and 38.6° indicate that the (220) 
plane is oriented perpendicular to the substrate plane (Figure 
S10). 
Magnetic Properties Determined from Superconducting 
Quantum Interference Device (SQUID) Measurements 
The magnetic properties of Film 1 were measured using a 
SQUID. In the magnetization versus temperature curves of this 
film, spontaneous magnetization appears below TC (244 K; see 
Figure 2d). From the magnetization versus external magnetic 
field (Hex) plots obtained under in-plane and out-of-plane Hex, 
the Hc values at 153 K were determined as 40 and 70 Oe, 
respectively (Figure S11a). These observed magnetizations 
reproduce the literature-reported magnetic properties, which are 
explained by ferrimagnetism induced by antiferromagnetic 
coupling between the magnetic spins of CrII (S= 2) and CrIII (S= 
3/2) (upper part of Figure 2d).48 

The magnetic properties of Film 2 are shown in Figure 2e. 
The magnetization of this film was slightly positive below TC 
(222 K) but negative below the compensation temperature Tcomp 
(134 K). These temperature-dependent magnetizations manifest 
from mixed ferro-ferrimagnetism23,24,48 involving two types of 
exchange couplings: a ferromagnetic interaction between FeII 
(S= 2) and CrIII (S= 3/2) and an antiferromagnetic interaction 
between CrII (S= 2) and CrIII (upper part of Figure 2e). The 
magnetization reversal at Tcomp is the result of summing the 
temperature dependences of the positive magnetization due to 
the CrII sublattice and the negative magnetizations due to the 
FeII and CrIII sublattices. The Hc values at 175, 134, and 113 K 
were 870, 2410, and 2890 Oe, respectively, under the in-plane 
Hex and 1280, 1590, and 1450 Oe, respectively, under the out-
of-plane Hex (Figure S11b). 
Surface Magnetism and Magnetic Domain Observed using 
MFM Measurements 
The surface-magnetized states and magnetic domains were 
observed by the MFM measurements. The magnetic moment is 
detected as a phase-difference in the cantilever oscillations. The 
magnitude and direction of the phase-difference indicate the 
strength and direction (positive or negative) of the magnetic 
moment on the film surface, respectively (Figure S12). Figure 
3a plots the detected frequency versus phase-difference on Film 



 

 

Figure 2. Electrochemically synthesized Film 1 and Film 2 (a). Photographs (upper), differential AFM images (lower left), and 
cross-sectional SEM images (lower right) of Film 1 (b) and Film 2 (c). The zero point of the AFM scale bar is set to the average 
position of surface irregularities. Magnetization vs. temperature plots of Film 1 (d) and Film 2 (e) under a 10 Oe out-of-plane 
magnetic field. The upper part of (d) is a schematic of the antiferromagnetic interactions between CrII(S= 2) and CrIII(S= 3/2). The 
upper part of (e) is a schematic of mixed ferro-ferrimagnetism with ferromagnetic and antiferromagnetic interactions between FeII(S= 
2) and CrIII(S= 3/2) and between CrII(S= 2) and CrIII(S= 3/2).  
 



 

Figure 3. Temperature dependencies of the detected frequency vs. phase-difference determined from magnetic force microscopy 
(MFM) measurements of Film 1 (a) and Film 2 (b). The peak heights represent the detected frequencies. The insets are the MFM 
images measured at various temperatures. 
 
1 at different temperatures, determined from the MFM 
measurements. Above TC, at 294 K, the observed phase- 
difference was centered at zero, indicating the absence of a 
magnetic signal. After cooling to below TC, Film 1 showed a 
positive phase-difference indicating the development of 
positive magnetic polarization. Figure 4a shows the temperature 
dependence of the average phase-difference measured by 

MFM. This plot reproduces the magnetization curve of Film 1 
observed in magnetic measurements (Figure 2d). The MFM 
images in Figure 3a (inset) display the magnetic moment on the 
surface of Film 1, obtained by mapping the phase differences. 
As Film 1 cooled, its magnetic polarization was enhanced, and 
its magnetic domains were clarified (Figures S13 and S14). The 



 

Figure 4. Observed temperature dependences of the phase-difference in MFM measurements of CrCr (Film 1) (a) and FeCrCr 
(Film 2) (b). Calculated total magnetization (Mtotal) vs. temperature curves under zero external magnetic field (upper) and calculated 
magnetizations vs. temperature curves in each sublattice (lower) of CrCr (c) and FeCrCr (d). The black, red, green, and blue lines 
plot the temperature dependences of Mtotal, MCr

II, MCr
III, and MFe

II, respectively. Insets are snapshots of the magnetization distributions. 
The color indicates the equilibrium magnetization (Sz) per-site, averaged over a block of 10 × 10 sites. Snapshots of CrCr at (i) 318 
K, (ii) 252 K, (iii) 239 K, (iv) 205 K, and (v) 33 K, and FeCrCr at (i) 300 K, (ii) 159 K, (iii) 86 K (Mtotal = 0), and (iv) 13 K. 
 
magnetic domains, represented by the color intensity, showed 
relatively strong and weak magnetic moments. 

Figure 3b plots the detected frequency versus phase-
difference on Film 2 at different temperatures. As Film 2 was 
cooled from 293 K to 175 K, the phase-difference peak shifted 
in the positive direction, but further cooling from 175 K to 114 
K induced a negative shift. These shifts indicate that cooling 
from 293 K to 175 K generates positive magnetic polarization, 
but cooling from 175 K to 114 K generates negative magnetic 

polarization. Figure 4b plots the temperature dependence of the 
average phase-difference in Film 2. This plot reproduces the 
magnetic reversal behavior observed in the magnetic 
measurements (Figure 2e). The particular temperature Tp, at 
which the magnetic polarization vanishes, was around 146 K. 
The MFM images (Figure 3b, inset) visualize the magnetic 
moments on the surface of Film 2. No magnetic signal was 
detected at 293 K. Cooling induced a positive magnetic 
polarization and magnetic domains with  relatively strong and 
weak magnetic moments were formed at 175 K (Figures S15 



 

and S16). As the temperature further decreased, the positive 
magnetic polarization weakened and magnetic signal was 
scarcely detectable at Tp (146 K). Negative magnetic 
polarization weakly emerged at 134 K and was enhanced with 
further cooling. Based on these observations, magnetization 
reversal occurred as a gradual change from a positive 
magnetization state to a demagnetized state and finally to a 
negative magnetization state.  
Mechanism of Compensation Temperature 
To understand the temperature-induced magnetization reversal, 
Monte Carlo calculations of the Heisenberg spin model were 
implemented in a cubic lattice system composed of two 
sublattices (A and B) at the metal sites (Figure S17). The 
Heisenberg Hamiltonian is described as H = ‒∑ 2Jij S�⃗ i<ij> ∙S�⃗ j , 
where <ij> denotes nearest-neighbor coupling. In the CrCr-
system (Film 1), the A and B sites were occupied by CrIII (S = 
3/2) and CrII (S = 2), respectively. In the FeCrCr-system (Film 
2), CrII (S = 2) and FeII (S = 2) were randomly aligned at a ratio 
of 4:1. The Monte Carlo simulation was conducted in a system 
of 500 × 500 × 10 sites with periodic boundary conditions. The 
per-site magnetization was defined as  Mtotal = � 1

N
 ∑ S i

 z
i � , 

where ⟨ ⟩ denotes the thermal average and N is the number of 
all sites. Similarly, MCr

III, MCr
II, and MFe

II were defined for CrIII, 
CrII, and FeII sites, respectively, where N is the number of 
sublattice sites. The model and calculation method are detailed 
in Supporting Information §16 (Figures S17 and S18). The 
upper and lower parts of Figure 4c show the calculated 
temperature dependencies of the total and sublattice 
magnetizations in the CrCr-system, respectively. The 
equivalent results of the FeCrCr-system are shown in Figure 
4d. Both systems showed paramagnetic states above TC but 
growing magnetization when cooled below TC. In the CrCr-
system, the sublattice magnetizations of CrII (MCr

II) and CrIII 
(MCr

III) were positive and negative, respectively. The total 
magnetization (Mtotal) monotonously increased during cooling, 
indicating ferrimagnetic behavior. In the FeCrCr-system, MCr

II 
was positive but the MCr

III and sublattice magnetization of FeII 
(MFe

II) were negative. As this system was cooled below TC, the 
total magnetization initially remained positive but eventually 
disappeared. Further cooling induced negative magnetization. 
The temperature dependence of magnetization in FeCrCr was 
interpreted as follows.: As CrII and CrIII undergo stronger 
superexchange interactions than FeII and CrIII, the growth of 
MFe

II is delayed relative to the growths of MCr
II and MCr

III (see 
lower part of Figure 4d), so the magnetization reverses. The 
insets of Figure 4c and 4d are snapshots of the magnetization 
distributions. Here, the color indicates the equilibrium 
magnetization per-site, averaged over blocks of 10 × 10 sites: 
red (positive magnetization), yellow (slightly positive 
magnetization), green (almost zero magnetization), light blue 
(slightly negative magnetization), and blue (negative 
magnetization). Each snapshot is an approximately 250 nm × 
250 nm section of the actual sample. These snapshots re-
confirm that magnetization reversal occurs via a gradual change 
from the positive magnetization state through demagnetization 
to a negative magnetization state. 
Magnetic Domain 
Next, we focused on the magnetic domain. Figure 5a shows the 
AFM and MFM images of Film 1 at 154 K, the most stable 
temperature of the MFM equipment. Figure 5b combines the 
AFM and MFM images as three-dimensional topographic 

surface images with color maps of the magnetic moments. The 
magnetic domains (represented by color intensity) indicate both 
relatively strong and weak magnetic moments. The magnetic 
domains extended far beyond the primary crystalline size (ca. 
60 nm) estimated by the Rietveld analysis and were larger than 
the uneven width (ca. 0.6 μm) estimated from the AFM 
observations (Figure S19). Figure 5c shows the MFM image 
simplified to two colors through image processing (see Method 
section). A maze pattern appears in the image. The magnetic 
domain size was estimated as one-to-several micrometers 
(approximately 0.67 ± 0.35 μm in width and 2.50 ± 0.72 μm in 
length, as estimated from Figures 5c and S20a), the typical size 
of single magnetic domains reported in conventional metal–
alloy and metal–oxide magnets.49–53  Figure 6 shows the AFM 
and MFM images of Film 2 at 175, 146 and 114 K, respectively. 
At 175 K, positive magnetization was observed and the 
magnetic domain exhibited a maze pattern. Film 2 at 175 K 

Figure 5. Atomic force microscopy (AFM) image (left) and 
MFM image (right) of Film 1 at 154 K (a), 3D topographic 
AFM image with color mapping of the magnetization state of 
the surface, obtained from the MFM image (b). The zero point 
of the AFM scale bar is set to the average position of surface 
irregularities. Red and pale areas indicate where the magnetic 
moment is strong and weak, respectively. Bicolor mapping of 
the magnetization state obtained by image processing, showing 
a maze pattern (c).



 

Figure 6. AFM (left) and MFM (middle) images of Film 2 at 175 K (a), 146 K (b), and 114 K (c). The figures on the right are 3D 
topographic AFM images with color mapping of the magnetization state of the surface obtained from the MFM image (i) and bicolor 
mapping of the magnetization state obtained using image processing (ii). 
 
displayed finer magnetic domains compared to Film 1 at 154 K 
due to significant thermal fluctuations. At the compensation 
point (146 K), occasionally, regions with weak positive 
magnetization (yellow) and weak negative magnetization (green) 
were observed, but overall, the magnetization was nearly zero. At 
114 K, negative magnetization was evident, and the magnetic 
domain pattern showed a maze pattern. As the temperature 
decreased, thermal fluctuations were relatively suppressed, 
resulting in the clear observation of magnetic domains compared 
to those observed at 175 K. The observed magnetic domain 
sizes in Film 2 at 114 K were approximately 0.61 ± 0.27 μm in 
width and 2.12 ± 1.13 μm in length (Figure S20b), slightly 
smaller than the domain sizes of Film 1 at 154 K. These 
differences suggest that thermal fluctuations had stronger 
influence on Film 2 at 114 K compared to Film 1 at 154 K. 
Magnetic Domain under an External Magnetic Field 
The left and right parts of Figure 7 show MFM images of Film 
1 under magnetic fields of +5 kOe and –5 kOe, respectively, 
applied parallel to the film surface (Figure 7a). The maze 
pattern of the magnetic domain in the absence of a magnetic 
field became a vertically striped pattern under the magnetic 
field (Figures 7b and S21). Figure 7c is a schematic of the 
relationship between the MFM signal and the magnetic moment 
(magnetic pole) on the film surface. The magnetic domain 
boundaries were located at the boundaries of the uneven film 
surface (Figure S22). Switching the direction of the applied 

magnetic field switched the direction of the magnetic moment 
on the film surface. Figure 8 shows the MFM images obtained 
at three different temperatures, 175, 146, and 114 K, when an 
external magnetic field was applied to Film 2. Even in Film 2, 
the magnetic domains exhibited a vertically striped pattern 
under the applied magnetic field. However, interestingly, 
differences in the pattern were observed depending on the 
temperature (Figure S21). At 175 K, the pattern was closer to a 
maze-like vertically-striped pattern. Upon cooling, the stripes 
became more distinct and transformed into a clear vertically 
striped pattern. This behavior can be interpreted as follows: at 
175 K, strong thermal fluctuations hinder the ordering of the 
stripe pattern; however, as the temperature decreases, the 
thermal fluctuations are suppressed, leading to a more distinct 
vertically striped pattern. 
 
CONCLUSIONS 
To observe the magnetic domains of molecule-based magnets, 
we focused on the electrochemically synthesized films of two 
Prussian blue analogs: CrCr (Film 1, Cr[Cr(CN)6]2/3∙5H2O) 
and FeCrCr (Film 2, Fe0.20Cr0.80[Cr(CN)6]2/3∙5.3H2O). 
Magnetic polarization was generated and grown in Film 1. The 
magnetic domains of this film showed a maze pattern with a 
domain size of one-to-several micrometers, a reasonable size 
for single magnetic domains. Under a magnetic field, the shape 
of the magnetic domain changed from a maze to a vertically-



 

Figure 7. Configurations of the external magnetic fields (Hex= ±5 kOe) applied to the film (a), MFM images measured at 153 K under 
Hex = +5 kOe (left) and −5 kOe (right) (b), and schematic representation of the relationships between the magnetic moment (magnetic 
pole) on the film surface and cantilever (c). 

Figure 8. AFM (a) and MFM (b) images of Film 2 measured at 175 K (i), 146 K (ii), and 114 K (iii) under Hex = +5 kOe (middle) 
and −5 kOe (right). The observed regions vary at each temperature. 
 



 

striped pattern. Meanwhile, Film 2 exhibited magnetization 
reversal behavior in the MFM measurements. The observations 
showed that magnetization reversal was achieved through a 
gradual change from positive magnetization to demagnetization 
and finally to negative magnetization. Such a temperature 
evolution of surface-magnetization at the magnetization 
reversal has not been previously reported. This process differs 
from that of induced magnetization reversal under an external 
magnetic field, which reverses the magnetic-domain sizes of 
positive and negative magnetic moment. Temperature-induced 
magnetization reversal via positive magnetization through 
demagnetization to negative magnetization was further 
confirmed in Monte Carlo simulations. 

Energy-conservative recording media are urgently demanded 
in modern society.54‒58 From this viewpoint, research related to 
magnetization reversal is an important issue. The observation 
of temperature-induced magnetization reversal is of great 
importance for the basic understanding and engineering of 
magnetic materials. Furthermore, this work shows that the field 
of molecule-based magnets is possible to expand from 
magnetochemistry to magnetostatic engineering of bulk 
magnets, and open a new field of molecule-based magnetostatic 
engineering. 
 
EXPERIMENTAL SECTION 
Materials 
Elemental analyses of the prepared samples yielded a formula 
of CrII[CrIII(CN)6]2/3·5H2O (CrCr) for Film 1 (Calcd: Cr, 30.86; 
C, 17.11; N, 19.96 wt%. Found: Cr, 30.59; C, 17.31; N, 19.83 
wt%) and Fe0.20Cr0.80[Cr(CN)6]2/3·5.3H2O (FeCrCr) for Film 2 
(Calcd: Fe, 3.89; Cr, 26.57; C, 16.74; N, 19.52 wt%. Found: Fe, 
3.66; Cr, 26.93; C, 16.81; N, 19.22 wt%). 
Physical measurements 
Elemental analyses for Fe and Cr were performed using an 
Agilent 7700x inductively coupled plasma mass spectroscopy, 
while those for C and N were performed using standard 
microanalytical methods. X-ray diffraction (XRD) 
measurements were performed using a Rigaku Ultima IV 
diffractometer with Cu Kα radiation (λ = 1.5418 Å). The PDXL 
program (Rigaku) was used for the Rietveld analyses. UV–vis 
absorption spectra were measured on a JASCO V-770 
spectrometer. Infrared (IR) spectra were recorded on a JASCO 
FT/IR-4700 spectrometer. The microstructures of the film 
samples were measured using a SEM (JEOL JSM-7800F 
PRIME) with a JEOL JED-2300F accessory for Energy 
Dispersive X-ray Spectroscopy (EDS) and with a field-
emission transmission electron microscopy (TEM) (EF-TEM, 
JEOL JEM-2800F) in conjunction with EDS using an X-MAX 
100TLE SDD detector (Oxford Instruments). The magnetic 
properties were measured using a SQUID magnetometer 
(Quantum Design, MPMS 7). 
Principles of MFM measurement 
MFM is a magnetization detection technique that sensitively 
responds to the magnetization of a sample surface. In MFM 
measurement, a magnetic moment is detected by scanning a 
sample surface with a magnetic probe (cantilever). The 
magnetic moment is detected as a phase difference between the 
cantilever oscillations (Supporting Information §11). The 
strength of the magnetic moment is detected as magnitude of 
the phase difference, while the direction of the magnetic 

moment (positive or negative) is detected as the direction of the 
phase difference between the oscillations of the cantilever. 
AFM and MFM measurements 
AFM and MFM measurements were conducted using a Hitachi 
High-Tech Science AFM5000II/AFM5300E MFM with an SI-
MF40 cantilever  (Supporting Information §21 and Figure S23). 
To enable MFM measurements at different temperatures, an 
optional heating–cooling dual-purpose sample stage, a cooling 
Dewar, and a temperature controller were attached to the 
AFM5000II/AFM5300E. For external magnetic field 
application, a custom-made setup was implemented, which 
involved placing an electromagnet beside the sample stage and 
controlling the current flowing through the electromagnet to 
achieve magnetic field control ranging from −5 kOe to +5 kOe. 
A magnetic field was applied horizontally to the thin film 
sample mounted on the sample stage. 
Stray field from the magnetic cantilever and initial 
magnetization condition 
The magnetic cantilever used in the MFM measurement, SI-
MF40, is a silicon cantilever coated with an 80-nm-thick 
CoPtCr magnetic film. The setting parameter of Zlift was set to 
50 nm. The stray field of the cantilever operates in an extremely 
narrow region of several tens of nanometers and is estimated to 
have a strength of approximately 400 Oe (Supporting 
Information §21). The stray field generated by the magnetic 
cantilever is a localized dynamic magnetic field, and its effect 
is different from that of applying a static magnetic field over a 
wide area, suggesting that it may not considerably change the 
pattern of microscale magnetic domains. Regarding the initial 
magnetization conditions in this MFM measurement, an 
external magnetic field was not applied to set the initial 
magnetization direction, i.e., the stray magnetic field from the 
magnetic probe was solely relied. 
Estimation of uneven widths from AFM images 
The uneven widths of the film sample surfaces were estimated 
by analyzing AFM images as follows: we selected 100 clearly 
visible uneven widths for each AFM image and measured their 
diameters using the “Image J” software. This process was 
repeated for six AFM images, resulting in 600 uneven width 
measurements. Subsequently, we derived the distribution of 
uneven widths and calculated the average values (Figure S2). 
Estimation of the magnetic domain size from MFM images 
The sizes of the magnetic domains were estimated as follows: 
in the bicolor-mapped MFM images, we measured the values of 
126 short and 37 long widths of magnetic domains using the 
“Image J” software (Figure S20). Subsequently, we calculated 
the distribution and average values for both the short and long 
widths. 
Image processing 
As a first step, the effect “Blur (Gaussian)” was applied to the 
target image using Adobe’s After Effects software. This 
treatment was performed by weighting the values of the 
surrounding pixels for a given pixel by a Gaussian function 
according to their distance and superimposing them. The used 
parameter is 95. As a second step, the After Effects “Tone 
Curve” was applied to the above-processed image, thresholded, 
and binarized. 
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SYNOPSIS TOC  
 

 
The magnetic domains in molecule-based magnets of two Prussian blue analogs, FexCr1‒x[Cr(CN)6]2/3 films (x= 0; Film 1 and x= 0.2; 
Film 2), were studied using magnetic force microscopy (MFM). Film 1 shows magnetic domain below TC with a maze pattern. In 
Film 2, positive magnetic polarization appears below TC and magnetization becomes zero at a particular temperature, changing the 
magnetic polarization to negative.  

 


