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<Abstract>  

The magnetic property and intra-particle structure of the γ phase of Fe2O3 (maghemite) 

nanoparticles with a diameter (D) of 5.1 ± 0.5 nm were investigated through AC and DC 

magnetic measurements and powder X-ray diffraction (XRD) measurements at pressures (P) 

up to 27.7 kbar. Maghemite originally exhibits ferrimagnetic ordering at about 918 K, and has 

an inverse spinel structure with vacancies. Maghemite nanoparticles studied here consist of a 

superparamagnetic core with structural periodicity and a disordered shell without the 

periodicity. The DC and AC susceptibilities reveal that the anisotropy energy barrier (ΔE/kB) 

decreases at the initial pressure (P ≤ 3.8 kbar), recovering at P ≥ 3.8 kbar. The physical 

mechanism associated to the change of ΔE/kB with P suggests that it is associated to the 

existence of a down-and-up fluctuation of the number of Fe3+ ions constituting the core at the 

pressure threshold of about 4 kbar. This phenomenon was confirmed by the analysis of the 
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XRD measurement using Scherrer’s formula. The core volume decreased down to about 45 % 

of the initial volume at P = 2.5 kbar. The result series obtained in this study indicates that both 

the core and the shell are unstable against external stress, and that, at higher pressure, the core 

can be restructured. ΔE/kB is approximately proportional to the volume associated to the 

ordered fraction of the nanoparticles as seen from XRD, Vcore. From this dependence it is 

possible to separate the core/shell contribution to ΔE/kB and estimate a core and surface 

anisotropy constants, with the core one being of the order of magnetocrystaline anisotropy of 

maghemite. As for the structural experiments, the data for D = 12.8 ± 3.2 nm at pressures of 

up to P = 33.6 kbar are also presented. 
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1.  Introduction 

  Nowadays, the magnetic study of nanoparticles is one of the most active research areas of 

condensed matter physics from the viewpoints of both fundamental science and industrial 

application. When the particle size reaches the nano-meter scale, superparamagnetism appears 

due to single-domain formation [1, 2]. The magnetically active state of this minuscule domain 

leads us to believe that it is possible to apply it to high-bit information storage devices. 

Physically, the effect of surface is quite interesting. The structural defects in the surface can 

bring about complex magnetic behavior, and the influence of the defects is more remarkable 

than in bulk systems. On the other hand, inter-particle interaction via the spins of the surface 

also affects the magnetic properties [3]. A fundamental understanding of the basic physical 

properties of magnetic nanoparticles is an important stimulant to the development of 

nano-science and advanced technologies. 

Iron oxide nanoparticles have already been also used in several biomedical fields like 

magnetic resonance imaging, hyperthermia targeted drug delivery and tissue engineering [4]. 

Among iron oxides, the γ phase of Fe2O3 (maghemite) is one of the most attractive materials 

for industrial application because of its chemical stability. Maghemite originally exhibits 

ferrimagnetic ordering below about 918 K [5]. The basic structure of bulk maghemite is the 

inverse-spinel structure with some vacant sites, and possesses cubic symmetry (P4332) with a 

lattice constant of a = 8.34 Å [6, 7]. However, the recent structural study has revealed that the 

ordered distribution of the caution vacancies on the octahedral positions results in the 

formation of the tetragonal superlattice (space group P41212) [6, 7]. In the case of maghemite, 

the existence of these vacancies strongly influences the generation of the net moment. 

Especially in nanoparticles with many surface molecules, the effect becomes considerable, 

and in fact the magnetic properties are dependent on the synthesis method [8, 9]. 

Here, let us briefly describe the core/shell structure of ferrimagnetic nanoparticles. The 
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expression “core/shell structure” provides an important clue to the magnetic properties of 

ferrimagnetic nanoparticles. The central part, i.e., the core, has structural periodicity, and can 

maintain spontaneous magnetization, which results in superparamagnetism. In contrast, the 

surface region, i.e., the shell, has no structural periodicity. There is no evidence of an abrupt 

change between the core with structural periodicity and the disordered shell and in practice 

there must be a more or less extended transition between core and shell. In this view, the 

core-shell model is an approximation that, however, has been successfully used to model the 

magnetic properties of nanoparticles [10-14]. The net moment of the entire particle originates 

from the moment of the core. The magnetic properties of the surface shell are often described 

as approaching those of disordered systems as spin glasses [15], and are analyzed as 

paramagnetic/antiferromagnetic component in the magnetization curve data [16]. In the frame 

of the core-shell model, the magnetic behavior of maghemite nanoparticle systems is 

understood in terms of the magnetic properties of the core and the shell. In the maghemite 

nanoparticles, Millán et al. [16] have reported an interesting result that the shell thickness is 

independent of the particle size, and is estimated to be about 1 nm, in particles with size 

ranging from 2 to 15 nm, through the analysis of magnetization curve data. The magnetic 

interaction between the core and the shell can appear as an exchange bias effect, among other 

characteristics. A fundamental study of these two components of a ferrimagnetic nanoparticle 

system allows us to gain insight into the physics of defects and surface effects. Thus, we 

deemed it necessary to investigate the magnetic properties of a prototype material by applying 

pressure to it and thereby changing its structural background systematically. Pressurization 

was expected to continuously shrink and restructure the system and tune the defects. We have 

already reported the preliminary results for maghemite nanoparticles with a diameter (D) of 

6.5 ± 0.65 nm, and confirmed the changes in the magnetic properties under pressure [17]. In 

this paper, we report the effects of hydrostatic pressure on both the magnetic properties and 

 4



the intra-particle structure in maghemite nanoparticles with D = 5.1 ± 0.5 nm, according to 

magnetic measurements and structural analyses. As for the structural analysis experiments, 

the experimental data for D = 12.8 ± 3.2 nm are also presented, in order to show that the 

effects of pressure are independent of the particle size in the nano-size level. 

 

2.  Experimental 

  The two kinds of maghemite nanoparticles used in this study were prepared by a procedure 

mentioned elsewhere [16], in which the nanoparticles are grown within an organic polymeric 

matrix of polyvinylpyridine (PVP) that coats the particles and prevents aggregation. 

Transmission electron microscopy (TEM) images and size distributions are given in Fig. 1. 

The diameter, D, had been estimated to be D = 5.1 ± 0.5 nm and D = 12.8 ± 3.2 nm by means 

of TEM images. These samples were annealed at 200°C and 250°C, respectively. Against the 

total mass of these samples including PVP, the weight percentage of maghemite is estimated 

to be 9 wt% (D = 5.1 nm) and 37 wt% (D = 12.8 nm). 

The AC and DC magnetic measurements were done using a superconducting quantum 

interference device (SQUID) magnetometer (Quantum Design, MPMS-5S) in the 

temperature (T) range of 5 K ≤ T ≤ 80 K. Pressure was attained using a piston cylinder cell 

(CR-PSC-KY05-1, Kyowa-Seisakusho Co., Ltd.), which can be inserted into the SQUID 

magnetometer [18]. The pressure cell was made of a non-magnetic Cu-Be alloy. In order to 

apply pressure effectively, the sample was held inside the teflon cell with the aid of a 

pressure-transmitting medium, Apiezon-J oil, and a small amount of metallic superconductor 

tin. The pressures at liquid-helium temperature were estimated based on the shift in the 

superconducting transition temperature of the tin [19]. 

  Synchrotron radiation powder X-ray diffraction (XRD) measurements were performed at 

pressures up to 33.6 kbar using a cylindrical imaging plate (IP) diffractometer (Rigaku Co.) at 

the Photon Factory (PF) of the Institute of Materials Structure Science, the High Energy 
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Accelerator Research Organization (KEK) [20]. The powder XRD pattern was measured at 

room temperature. The wavelength of the incident X-ray λ was 0.6883(1) Å. Pressurization 

was performed by the use of a diamond anvil cell (DAC) with a Be backing plate, on which 

diamond anvils with 0.8-mm flat tips were mounted. Between the anvils, a 0.3-mm thick 

Cu-Be gasket was inserted. In the sample hole with a diameter of 0.4 mm located in the center 

of the gasket, the crystalline sample and a few ruby crystals were held with the aid of a 

pressure-transmitting medium, fluorine oil (FC77). The pressure value was calibrated by the 

ruby fluorescence method [21], and the estimated value of pressure involves the measurement 

error of ±0.8 kbar. 

 

3.  Experimental Results 

 

3.1. Magnetic properties 

 The magnetic properties of maghemite nanoparticles with D = 5.1 nm were investigated 

through the following three magnetic measurements: AC susceptibility measurement, and 

zero-field-cooled (ZFC) and field-cooled (FC, from T = 80 K and H = 200 Oe) DC 

magnetization measurements. In the AC measurement, the frequency range of the AC exciting 

field was 1-100 Hz, and the field amplitude was 2.0 Oe. 

 

DC magnetic susceptibility 

  Figure 2 shows the temperature dependence of the ZFC and FC magnetization (M) under 

pressure for maghemite nanoparticles with D = 5.1 nm. The arrows indicate the peak positions 

of ZFC magnetization (Tp). The value of Tp at ambient pressure was estimated to be 12.3 ± 0.5 

K. When a pressure of 3.8 kbar was applied, the Tp decreased to 11.2 ± 0.5 K. However, 

further pressurization unexpectedly increased the Tp, following an unexpected down-and-up 
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fluctuation of pattern. 

  Figure 3 shows the temperature dependence of the deviation between the FC and ZFC 

magnetizations, ΔMFC-ZFC(T), at several pressures. The data for ΔMFC-ZFC(T) gives us the 

information on the temperature region of thermal irreversibility. The ΔMFC-ZFC at ambient 

pressure rapidly increased with decreasing temperature below 30 K. When a pressure of 3.8 

kbar was applied, the overall behavior of ΔMFC-ZFC(T) curve shifted toward the 

lower-temperature side. Thereafter, upon further pressurization, it shifted toward the 

higher-temperature side. The pressure dependence of ΔMFC-ZFC(T) is consistent with the 

change in Tp. The above characteristic pressure dependencies (the down-and-up fluctuation of 

Tp and MFC-ZFC(T)) have already been observed in maghemite nanoparticles with D = 6.5 nm 

[17]. 

 

AC magnetic susceptibility 

  Figure 4 shows the temperature dependence of the out-of-phase component of the AC 

magnetic susceptibility, χ”, at f = 1 Hz (a) and 10 Hz (b). The out-of-phase component is 

related to energy loss, and the peak position allows us to determine the temperature of 

magnetic freezing, the so-called “blocking temperature” (TB). The insets of Figure 4 show the 

temperature dependence of the data around TB. The arrows represent the positions of TB under 

each pressure. The pressure dependencies of TB at f = 1 Hz and 10 Hz are plotted in Figure 5 

showing a good consistency with the results for Tp and ΔMFC-ZFC(T) mentioned above.

 The frequency dependence of TB at each pressure was analyzed using the Arrhénius plot, i.e., 

the plots of the inverse of the blocking temperature, 1/TB, versus the natural logarithm of the 

AC frequency, ln(2πf). Here, the effective energy barrier, ΔE, between the spin-up and 

spin-down states can be estimated using the following equation: 
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where kB is the Boltzmann constant, and τ0 is a pre-exponential factor. The Arrhénius plots for 

the present experiment are shown in Figure 6. The solid lines show the fitting data using Eq. 

(1), and ΔE was estimated from the slope. The inset of Figure 6 shows the pressure 

dependence of ΔE/kB, which is also qualitatively consistent with the results series for Tp, 

ΔMFC-ZFC and TB. At ambient pressure, the value of ΔE/kB was estimated to be 378 K. At P = 

3.8 kbar, the value of ΔE/kB decreased to 88.7 % of the initial value. At P = 14.3 kbar, it 

increased to 111 % of the initial value. Thus, quantitative analyses on the TB and ΔE/kB reveal 

that the average energy barrier ΔE is reduced and thereafter enhanced. Disregarding 

interparticle interactions, the decreases of the onset of thermal irreversibility (seen in 

ΔM

B

FC-ZFC) and of ΤΒ are associated to a decrease of the energy barrier of the particles with 

larger anisotropy energy. In this view, both the particles with average ΔE and the particles 

with higher ΔE follow the same down-and-up trend. Together, these experimental features 

show the existence of a characteristic pressure PC (~4 kbar), and point out the possibility that 

the spatial region of the core is temporarily shrunk at P < PC, whereas at P > PC, the core 

region is re-stabilized due to restructuring resulting from a large external stress. This suggests 

that the nanoparticle structure is quite sensitive to external stress, and does not have sufficient 

stability (elasticity) even under small stress. In order to have a better insight on the role 

played by the structural changes we performed the XRD experiments under pressure at room 

temperature. 
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3.2. X-ray diffraction (XRD) measurements 

  Synchrotron radiation powder X-ray diffraction (XRD) measurements of maghemite 

nanoparticles with D = 5.1 nm were performed at room temperature at pressures of up to 27.7 

kbar. So as to prove the validity of the obtained pressure response for D = 5.1 nm, the data for 

D = 12.8 nm are also presented. 

Figure 7 shows the XRD patterns of maghemite nanoparticles with D = 5.1 nm and 12.8 nm. 

These diffraction patterns are consistent with the Rietveld simulation based on the space 

group P4332 with a = 8.34 Å (labeled with (a)), whereas the intensities of these patterns were 

not perfectly reproduced by the simulation especially around 2θ = 16°, owing to the effects of 

the nano-scale size. In such a case, the Rietveld analysis cannot be an effective analytic 

approach, even if the effective backgrounds (b) and (c) are assumed. In particular, for D = 5.1 

nm, at around 2θ = 16° and 27°, the broadening owing to the nano-scale size is remarkable. 

Thus, the following two kinds of analytic methods were adopted. First, the lattice constant 

was determined from the information of the diffraction angles of some diffraction peaks. Next, 

the particle size of the core having structural periodicity was calculated using Scherrer’s 

formula (Eq. 2) for the main diffraction peak of the plane index (311) around 2θ = 16°.  

  Figure 8 shows the XRD patterns for P = 0 (a), 2.5 (b), 8.5 (c) and 14.8 kbar (d) as 

representative data for maghemite nanoparticles with D = 5.1 nm. In the experimental data 

shown in Fig. 8, the contribution of the background, including the diamond anvils and FC77 

(see Fig. 7), was subtracted. At first, the data for 2θ = 12-18° at P = 0 kbar (a) could be 

reproduced by the summation of seven diffraction peaks with Lorentzian shape, based on 

P4332. It reveals that vacancy sites are not ordered in the present magnetic nanoparticles. 

Hereafter we do the structural analyses based on P4332. In particular, the diffraction peak 

around 2θ = 16° were well fitted with the summation of three Lorentzians due to the plane 

indices (310), (311) and (222) even at the pressurized states. Both the full-width at 
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half-maximum (FWHM) of the diffraction peak and the diffraction peak angle for (311) were 

available for the following analyses. 

  Using the information on the dominant diffraction peak (311), the lattice constant (a) of the 

cubic lattice and the particle size of the core, Dcore, were estimated. The Dcore was calculated 

from the values of the FWHM and the diffraction peak angle using the Scherrer’s formula, as 

follows: 

,
cos
9.0

core θβ
λ

=D                             
(2)

 

where β is the FWHM of the diffraction peak expressed in radians, θ is the diffraction peak 

angle, and Dcore is the particle diameter. 

  At ambient pressure, Dcore was estimated to be 3.8 nm. In the present study, the thickness of 

the shell was calculated to be about 0.65 nm (= (D - Dcore) / 2), at D = 5.1 nm and Dcore = 3.8 

nm. Here we consider the reason of that Dcore = 3.8 nm from the XRD measurement is larger 

than Dcore = 3.1 nm estimated according to Millán’s interpretation (the thickness of the shell is 

about 1 nm) from the magnetic measurement [16]. The above two estimated values are 

derived from independent physical measurements, and do not have to be completely 

consistent. However, we propose the following positive reason: The entire core with the 

structural periodicity does not have the perfect magnetic order, and the magnetic state of the 

outside part of the core might be magnetically unstable. Hence, Dcore from magnetic 

measurement may be smaller than that from the XRD measurement.     

  Figure 9 shows the pressure dependencies of the diameter of the core, Dcore and the lattice 

constant (a) of the cubic lattice, estimated according to the above-mentioned procedure. The 

Dcore estimated from XRD measurement reached a minimum at around 2.5 kbar, and the 

qualitative behavior was consistent with those of the magnetic data such as MFC-ZFC(T), Tp, TB, 

ΔE. 
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  As for the lattice constant of the cubic lattice, the lattice shrinkage had saturation tendency 

in the pressure region of 4-10 kbar. At pressures above 10 kbar, the lattice shrinkage restarted. 

This successive shrinkage for P > 10 kbar has us expect the occurrence of a structural change 

due to the electric repulsion between Fe3+ ions accompanying the restructuring of the particle. 

However, after the 27.7 kbar pressure was released, the diffraction pattern almost recovered to 

that of the initial state, and, within the considered pressure region, the elasticity of maghemite 

nanoparticle remained intact. 

  Figure 10 shows the pressure dependencies of the volume of the entire nanoparticle and 

that of the core. In the shell region, the unit cell cannot be defined, because the shell region 

does not have the structural periodicity. Here, we suppose that the shrinkage ratio of the shell 

is sure to equal to that of the core under pressure, since the intrinsic composition should be 

uniform over the entire particle. Under pressure, the particle volume, Vparticle, was calculated 

based on the following assumption: the initial particle diameter, D, is 5.1 nm, and the 

shrinkage ratio of the entire nanoparticle is the same as that of the unit cell in the core under 

pressure. The core volume Vcore was calculated using the diameter of the core, Dcore, which 

was estimated from the analysis using the FWHM of the diffraction peak and the diffraction 

peak angle. The residual volume after subtracting the core volume from the particle volume at 

each pressure corresponded to the volume of the shell, Vshell (=Vparticle - Vcore). 

  First, let us mention the pressure dependence of Vparticle, which is qualitatively similar to 

that of the lattice constant a, as expected. Vcore reached a minimum at 2.5 kbar, and thereafter 

increased with increasing pressure. At P = 2.5 kbar, Vcore was reduced to almost half of the 

initial volume, and the decrease ratio was much larger than that of Vparticle. This suggests that 

the core region temporarily became quite small. 

  For D = 12.8 nm, the data corresponding to Figs. 8-10 for D = 5.1 nm are presented in Figs. 

11-13, respectively. The essential pressure response was quite similar to that for D = 5.1 nm. 
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Figure 14 shows the ratios of Vcore, and Vshell, to Vparticle, under pressure for both D = 5.1 nm 

and 12.8 nm. Indeed, these ratios, Vcore/Vparticle and Vshell/Vparticle, are the same as the ratios of 

the number of Fe3+ ions constituting the core and shell to the number of Fe3+ ions constituting 

the entire particle. Figure 14 shows the pressure dependence of Vcore/Vparticle and Vshell/Vparticle 

for D = 5.1 nm and 12.8 nm. The qualitative behavior is independent of the particle size. In 

particular for D = 5.1 nm, the number of Fe3+ ions constituting the core, Ncore, was reduced to 

a half of the initial value at 2.5 kbar, and increased at pressures above 2.5 kbar. Finally, Ncore at 

P = 27.7 kbar exceeded the initial value in the case of D = 5.1 nm. These results indicate that 

the core is eroded by the shell under small stress, which causes the region without structural 

periodicity to become enlarged. However, the larger stress saturates the particle shrinkage, 

and thereafter the core region is restructured and stabilized. Our series of magnetic 

measurement results are well explained by the change in Ncore estimated through XRD 

measurements.  

In the maghemite nanoparticles with D = 25 nm, a Raman spectroscopic study has been 

already done in the pressure range up to 57.5 GPa [22], and it has been reported that the 

γ phase transforms to the α phase at P = 13.5 GPa. The stability of γ-phase seen in the present 

experiment is consistent with the above Raman spectroscopy.  

 

4.  Discussion 

  In principle, changes in magnetic properties observed with the application of pressure may 

be attributed to interparticle and/or intraparticle effects. In the case of interparticle effects, 

dipolar interactions are more plausible than exchange ones, since the nanoparticles are coated 

with polymer. In a regular array of identical dipoles, the transition temperature associated to 

dipolar interactions is given by [3] 
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 with a0 being of the order of 1-10, μ0 is the magnetic permeability of vacuum, m is the 

magnetic moment. d is the distance between neighboring dipoles. This expression has also 

been used to estimate the ordering temperature of systems of randomly distributed particles, 

where m and d are average values [3]. For the nanocomposite with D = 5.1 nm, considering a0 

= 10, d = 13.8 nm (estimated from D and from the maghemite mass concentration) and m = 

4.08 × 10-18 emu/particle (calculated from the analysis of the magnetization curve), Td = 0.5 K 

at ambient pressure, which means that dipolar interactions do not play an important role in the 

present discussion, even considering that for the highest pressure the total volume shrinks to 

half. Therefore, in the present case it is quite difficult to directly detect the influence of 

inter-particle dipole-dipole interactions through macroscopic physical quantity measurements, 

magnetization measurements or AC susceptibility measurements. If the random field of the 

dipole-dipole interaction induces a glassy behavior, one can ascertain the sign based on the 

non-linear AC susceptibility. In the present study, at all pressures, no non-linear response was 

detected in the AC susceptibility measurement for D = 5.1 nm and 12.8 nm. In this view we 

should focus our attention on intraparticle effects. 

  In ferromagnetic nanoparticles, the energy barrier is expressed as proportional to volume 

(V) considering an effective anisotropy constant (Keff) as ΔE = KeffV. This expression is also 

used in ferrimagnetic nanoparticles. Surface anisotropy (KS) is sometimes relevant, being 

expressed as an extra term in Keff, such that Keff = KV + αKS/D [23]. Here, KV is the volume 

anisotropy per unit volume. Combining information of ΔE/kB (P) (from Fig. 6) with 

information of Vparticle (P) and Vcore (P), we find that ΔE/kB is approximately proportional to 

Vcore (P) (Fig. 15 (a)). From the slope of the curve, Kcore = 7.7 × 105 erg/cm3. This value is 

between that found for the magnetocrystalline anisotropy (K1) of single-domain particle of 
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maghemite (K1 = -2.5 × 105 erg/cm3) [24], and that found in maghemite nanoparticles (K1 = 

3.6 - 6 × 106 erg/cm3) [25]. At the same time, ΔE/kB extrapolates to 246 ± 10 K when Vcore = 0, 

corresponding to the energy barrier associated to the shell. Considering the surface of a 5.1 

nm diameter nanoparticles, one can determine KS = 4.2 × 10-2 erg/cm2. This value is of the 

order of that previously found for maghemite nanoparticles (KS = 6 × 10-2 erg/cm2) [26], and 

about one order of magnitude lower than that found in Co nanoparticles (KS = 2 - 3 × 10-1 

erg/cm2) [23] after analyzing Keff for nanoparticles with different sizes. The above results 

show that the changes in ΔE/kB induced by pressure are closely related to changes in Vcore, 

with the anisotropy constant associated to ΔE/kB, the magnetic anisotropy of the core Kcore 

being almost constant with P in the studied P range [27]. 

 

 

5.  Conclusion 

The effects of pressure on the γ phase of Fe2O3 (maghemite) nanoparticles with a diameter 

of 5.1 nm and 12.8 nm were studied through magnetic measurement and powder X-ray 

diffraction (XRD) measurement. Our experimental data series revealed that the anisotropy 

energy barrier ΔE/kB decreases at the initial pressure (P ≤ 3.8 kbar), recovering at P ≥ 3.8 kbar. 

This was interpreted as a pressure-induced down-and-up fluctuation of the number of Fe3+ 

ions constituting the core. These experimental findings indicate that the core/shell structure of 

nanoparticles with vacancy site is unstable against external stress, and that, under high 

pressure, the core can be restructured. 

ΔE/kB is approximately proportional to the volume associated to the ordered fraction of the 

nanoparticles as seen from XRD, Vcore. From this dependence it is possible to separate the 

core/shell contribution to ΔE/kB and estimate a core and surface anisotropy constants, with the 

core one being of the order of magnetocrystaline anisotropy of maghemite. In this view, 
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applying pressure constitutes an elegant way of changing the core/shell ratio in an identical 

system in order to separate core from surface anisotropy.  
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Figure Legends 

Figure 1.  

TEM images and size distributions of maghemite nanoparticles with a diameter of 5.1 nm (a) 

and 12.8 nm (b). 

 

Figure 2. 

Temperature dependence of the zero-field-cooled (ZFC, open symbols) and field-cooled (FC 

cooling from T = 80 K in H = 200 Oe, solid lines) magnetization under various pressures for 

maghemite nanoparticles with D = 5.1 ± 0.5 nm. The arrows indicate the peak position of the 

ZFC magnetization at each pressure. The base line for each piece of data for the pressure 

range of 3.8 – 14.3 kbar was shifted at an interval of 0.05 emu/g so as to guide the eye. 

 

Figure 3. 

Temperature dependence of the deviation between the ZFC and the FC magnetizations, 

ΔMFC-ZFC, under several pressures for maghemite nanoparticles with D = 5.1 nm. The inset 

shows an enlargement of the rectangular area. 

 

Figure 4.   

Temperature dependence of the out-of-phase component of the AC susceptibility, χ”, at 

various pressures and f = 1 Hz (a) and 10 Hz (b) for maghemite nanoparticles with D = 5.1 nm. 
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The inset shows an enlargement of the rectangular area. The arrows indicate the blocking 

temperature (TB) at each pressure. The solid curve is a visual guide. 

 

 

Figure 5.   

Pressure dependence of the blocking temperature (TB) at f = 1 Hz and 10 Hz for maghemite 

nanoparticles with D = 5.1 nm. The solid curves are visual guides. 

 

Figure 6.   

Arrhénius plots of the inverse blocking temperature (1/TB) as a function of the frequency 

under various pressures for maghemite nanoparticles with D = 5.1 nm. The solid line 

expresses Eq. (1) at each pressure. The inset shows the pressure dependence of the energy 

barrier (ΔE/kB), which is obtained from the slope of the Arrhénius plot. The solid curve is a 

visual guide. 

 

 

Figure 7.   

X-ray diffraction (XRD) patterns of maghemite nanoparticles with D = 5.1 nm and 12.8 nm at 

room temperature and ambient pressure. The open circles and squares represent the 

experimental data for D = 5.1 nm and 12.8 nm, respectively. The dotted curve (a) is the results 
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of a simulation based on the bulk structure. The dotted curves (b) and (c) represent the 

assumed background data resulting from the fluorine oil and diamond anvils for D = 5.1 nm 

and 12.8 nm, respectively. 

 

Figure 8.   

XRD patterns of maghemite nanoparticles with D = 5.1 nm at room temperature for P = 0 (a), 

2.5 (b), 8.5 (c) and 14.8 kbar (d). The open squares represent the experimental data. The data 

for 2θ = 12-18° at P = 0 kbar (a) could be reproduced by the summation of seven diffraction 

peaks with Lorentzian shape, based on P4332. In particular, the diffraction peaks around 2θ = 

16° were fitted using the sum of three Lorentzians (red solid curve). The diffraction peaks of 

(310) and (222) are reproduced by the solid curves using the Lorentzians (green), while that 

of (311) is reproduced by the Lorentzian solid curve (blue). 

 

Figure 9.   

Pressure dependencies of the diameter of the core, Dcore, and the lattice constant a of the cubic 

lattice for maghemite nanoparticles with D = 5.1 nm. 

 

Figure 10.   

Pressure dependencies of the volume of the entire nanoparticle, Vparticle, and that of the core, 
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Vcore, for maghemite nanoparticles with D = 5.1 nm. 

 

Figure 11.   

XRD patterns of maghemite nanoparticles with D = 12.8 nm at room temperature for P = 0 (a), 

3.3 (b), 12.3 (c) and 33.6 kbar (d). The open squares represent the experimental data. The data 

for 2θ = 12-18° at P = 0 kbar (a) could be reproduced by the summation of seven diffraction 

peaks with Lorentzian shape, based on P4332. In particular, the diffraction peaks around 2θ = 

16° are fitted by using the sum of three Lorentzians (red solid curve). The diffraction peaks of 

(310) and (222) are reproduced by the solid curves using the Lorentzians (green), while that 

of (311) is reproduced by the Lorentzian solid curve (blue). 

 

Figure 12.   

Pressure dependencies of the diameter of the core, Dcore, and the lattice constant a of the cubic 

lattice for maghemite nanoparticles with D = 12.8 nm. 

 

Figure 13.   

Pressure dependencies of the volume of the entire nanoparticle, Vparticle, and that of the core, 

Vcore, for maghemite nanoparticles with D = 12.8 nm. 
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Figure 14.   

Ratios of the core volume, Vcore, and the shell volume, Vshell, to the volume of the entire 

particle, Vparticle, under pressure for D = 5.1 nm (a) and 12.8 nm (b). These ratios are the same 

as the ratios of the number of Fe3+ ions constituting the core and the shell to the number of 

Fe3+ ions constituting the entire particle. 

 

Figure 15. 

Anisotropy energy barrier ΔE/kB as a function of Vcore and Vparticle for maghemite nanoparticles 

with D = 5.1 nm. Solid line represents best linear fit to ΔE/kB(Vcore) and dotted line its 

extrapolation for Vcore = 0. 
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