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The magnetization dynamics of e-Fe2O3 nanoparticles with an average size of about 9 nm is

investigated. From comparison of the hysteresis loops obtained in quasi-static conditions and under

pulse fields with amplitudes up to 200 kOe and pulse lengths 8–32 ms, it follows that the effective

coercivity increases considerably with the variation rate of the imposed magnetic field. A theoretical

explanation of this behavior is proposed. The model takes into account the superparamagnetic effects

as well as the fact that magnetic anisotropy of the nanoparticles, along with the bulk term, includes a

surface contribution. The latter, being of minor importance for the observed magnetic behavior of

25–100 nm particles, becomes essential when the particle size is below 10 nm. From the experimental

data, a reference value of the surface anisotropy of nanodisperse e-Fe2O3 is established, and evidence

is presented to the effect that below 300 K this contribution does not significantly depend on

temperature. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907586]

I. INTRODUCTION

The polymorphic modification of iron oxide e-Fe2O3

was first reliably identified in 1998.1 In modern view, it is a

canted ferrimagnet with the magnetic ordering temperature

of 500–585 K.2–11 This phase is usually synthesized in the

nanodisperse form, see, for example, Refs. 8 and 9. Among

all other iron oxides, a unique specific feature of e-Fe2O3 is

the high level of coercivity Hc being about 20 kOe at room

temperature for grains 25–100 nm in size.2,3,5,12,13 However,

the Hc value of such particles sharply decreases below

150 K. This fact, along with the anomalies in the temperature

dependence of magnetization between 80 and 150 K,12,14 is

considered as related to a certain magnetic transition, the na-

ture of which is still argued.3,6,9,10

The strong coercivity of e-Fe2O3 predetermines the

application prospects of these nanoparticles. First, it is mag-

netic recording and data storage.10,15 The relatively low re-

manent magnetization (�10 emu/g (Ref. 10)) is not a serious

limiting factor nowadays given the high sensitivity of the

giant magnetoresistance-based reading devices. Second,

these are permanent magnets with super-high coercivity,

e.g., the e-Fe2O3 nanoparticles embedded in silica matrices.

Although the low level of remanent magnetization is a con-

siderable drawback if to use these oxides as such, their com-

bination with magnetically soft particles or matrices seems

promising for making composites of the exchange spring

type.

The most fascinating application area for the nanodis-

perse e-Fe2O3 is radio-optics. As the particles possess very

high Hc, their Larmor frequency in the absence of an external

field, i.e., the frequency of intrinsic (natural) ferromagnetic

resonance, is about 200 GHz. This is millimeter wavelength

range, for which the magnetoactive media are in deficiency

and, thus, in great demand.7 Pure e-Fe2O3 nanodispersions as

well as those doped with indium6,11 and ruthenium,15 being

capable of high absorption rates and strong Faraday effect,

might fit very well the sub-THz communication technology

requirements for the materials for attenuators and phase

rotators.15

Since all the prospective applications of nanodisperse e-
Fe2O3 are concerned exclusively with its unique magnetic

hardness, the practical knowledge of magnetic anisotropy of

the material is of paramount interest. In order to advance

along this line, hereby we: (i) investigate the dynamics of

magnetization and re-magnetization of nanoparticles and (ii)

distinguish and estimate the bulk and surface contributions

to the particle effective anisotropy. This is done by meas-

uring the dynamic magnetic hysteresis (DMH) loops of e-
Fe2O3 nanoparticles in a quasi-harmonic field. We show that

taking into account the superparamagnetic effect ever pres-

ent in polydisperse nanoparticle assemblies, one is able to

consistently interpret the results, and make some conclusions

on the temperature dependence of the anisotropy constants.

II. EXPERIMENTAL DETAILS

A. Samples

Samples of e-Fe2O3 in a porous silica gel matrix were

synthesized by incipient wetness impregnation with the

Fe(II) sulphate solutions16,17 and subsequent drying at

110 �C and calcination at 900 �C for 4 h. According to the X-a)Electronic mail: dabalaev@iph.krasn.ru
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ray data,16 this technique yields the e-Fe2O3 particles free

of any other iron oxide polymorphic phases. For this study

e-Fe2O3/SiO2 samples were prepared with iron ion content

about 7.4 wt. %, hereinafter we refer to them as 7FS. The

magnetic properties of the samples with a lower Fe content

and, correspondingly, smaller size have been studied before

in Refs. 17 and 18.

High resolution transmission electron microscopy

(HRTEM) investigations of the 7FS samples were performed

using a JEOL JEM-2010 microscope with resolution up to

1.4 Å. The size distribution was estimated by a statistical

count of particles from several frames taken from different

parts of the sample. The results are shown in Fig. 1 together

with their approximation done with the aid of a log-normal

function, whose parameters are d0¼ 7.3 nm and s¼ 0.7. The

calculated average size is 8.6 nm, the width of the 95% inter-

val is 66.15 nm.

B. Magnetic measurements

1. Quasistatic magnetic properties

Quasistatic magnetization loops M(H) were recorded on

a PPMS-6000 measurement system (Quantum Design) in the

fields 690 kOe at temperatures of 77.4 K and 300 K. The

temperature dependence of M(T) was determined by means

of zero-field cooling (ZFC) and FC tests. In the range of

4.2–300 K, a vibrating sample magnetometer was used.19 In

the range of 300–600 K, the data were obtained using a high-

temperature appliance of the PPMS-6000 facility. In those

measurements, a powder sample glued to a sapphire sub-

strate was kept under high vacuum: 10�10 Torr.

2. Magnetization in pulse fields

The complete DMH loops of nanodispersed e-Fe2O3

cannot be measured by standard techniques, since in this

system the M(H) curve exhibits distinct signs of saturation

only in fields ranging 50–60 kOe (Refs. 2, 3, 5, 12, and 13).

Since the harmonic magnetic field of such an amplitude is

technically unattainable, we use a pulse field induced by bat-

tery discharge through a solenoid. This is done on an original

setup at the Laboratory of High Magnetic Fields, Kirensky

Institute of Physics, Russian Academy of Sciences, Siberian

Branch. The field is induced by discharging a capacitor bat-

tery through a copper solenoid. Technically, it is an LC con-

tour, in which the self-oscillating process is initiated by a

thyristor opening after charging the capacitors to a given

voltage. Usually, the oscillations in such setups are stopped

by a thyristor right after the first half-wave. Meanwhile, to

get a complete magnetization loop, one needs at least one

full wave. To provide the second half-wave, diodes are con-

nected inverse-parallel to the thyristor. In such a way, one

gets a field pulse of a sufficient amplitude and with the shape

close to that of a single period of harmonic oscillation.

The magnetic response is taken by a pickup system of a

set of compensated coaxial coils surrounding the sample.

The output signal of the coils is amplified and recorded by a

digital storage oscilloscope. The sample magnetization is

determined by processing the difference between signals

taken from the induction sensor with and without the sample

under the same electric current pulses.

III. EXPERIMENTAL RESULTS

Figure 2 shows the temperature dependence of magnet-

ization measured in different fields under FC/ZFC conditions

at temperatures up to 600 K. The obtained dependencies

M(T) are irreversible: the ZFC and FC data do not coincide,

at least below 300 K. It can be seen that the transition to the

magnetically ordered state occurs at 500 K in agreement

with the data reported in Refs. 2–11.

In the temperature range of 100–150 K, the M(T) curves

in both ZFC and FC regimes display a maximum. Its position

does not depend on the field strength in the 1–10 kOe range,

displaying a slight shift in the 100 Oe–1 kOe interval, see

inset in Fig. 2. This evidences that the M(T) maximum is not

FIG. 1. HRTEM histogram for the 7FS sample and the lognormal function

with the parameters d0¼ 7.3 nm and s¼ 0.7.

FIG. 2. Temperature dependencies of magnetization for the 7FS sample

under different external fields; arrow indicates the transition point to the

magnetically ordered state; inset shows the data obtained via ZFC (closed

symbols) and FC (open symbols) protocols.
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caused by superparamagnetic blocking and is due to the

magnetic transition in e-Fe2O3.12

Measurements of the DMH loops on 7FS sample in

pulse fields were performed at temperatures of 77.4 K and

300 K. The pulse lengths were specified by changing capaci-

tance of the battery and amounted to s¼ 8, 16, and 32 ms.

The magnetic field amplitude H0 was controlled by the initial

charge of the battery and ranged from 80 to 200 kOe. The

field grew from zero to H0, then went down to a negative

value somewhat smaller than the jH0j (Fig. 3), and finally

decreased to zero.

Typical DMH loops are shown in Fig. 4 together with

the quasistatic (DC) data obtained using a vibrating sample

magnetometer with the field variation rate about 20 Oe/s. In

the dynamic regime, we define the effective coercivity Hc as

the value of the field at the point, where the curve M(Hc)

intersects the abscissa axis in the negative region. As can be

seen from Fig. 4, thus defined values of Hc obtained with

pulse remagnetization exceed by far the quasistatic coerciv-

ity. Moreover, Fig. 4(a) where the DMH loops measured at

different s but similar H0 are presented, evidences the

increase of Hc with diminution of the pulse duration. If, on

the contrary, the pulse duration is kept constant, then Hc

increases with the field amplitude, see Fig. 4(b).

To describe the dependence of Hc on the pulse length s
and amplitude H0, it is convenient to use the parameter

(dH/dt)max that is the maximal variation rate of the applied

field. For the harmonic field that we use to simulate the pulse

process, one has (dH/dt)max¼xH0¼ 2pH0/T, i.e., the ratio

of the field amplitude to the pulse duration. Under experi-

mental conditions, the value of this parameter is determined

as the slope of a tangent of H(t) function at the point where it

intersects the abscissa axis, see Fig. 3.

Dependencies of the effective coercivity Hc on (dH/

dt)max at T¼ 300 K and T¼ 77.4 K are shown in Figs. 5(a)

and 5(b), respectively; there the points visually positioned on

the ordinate axis render the results of the quasistatic mea-

surement (vibrating sample magnetometry). The data shown

in Fig. 5 were obtained under the field amplitudes H0� 70

kOe and, thus, characterize the major dynamic hysteresis

loops.

IV. THEORETICAL MODEL

The above-mentioned preparation technique suggests

that e-Fe2O3 nanoparticles are rather uniformly distributed in

the bulk of a sample. Since the mass fraction of iron is rela-

tively small (7.4 wt. %), in the calculation of the magnetiza-

tion curves one may neglect the interparticle coupling and

take into account only the interaction of the particles with

the applied field. A consistent theory of the dynamic re-

magnetization of noninteracting anisotropic single-domain

particles with allowance for thermal fluctuations is built in

Ref. 20. Here, we use its simplified variant termed semi-adi-
abatic (SA) approximation developed in Ref. 21. Estimating

applicability of the SA model to the nanoparticles of the size

about 10 nm, see Fig. 1, one finds that it works at the fre-

quencies up to 1 MHz. In our experiment the shortest pulse

duration is 8 ms, so that the equivalent cyclic frequency f
does not exceed 125 Hz; apparently, the SA requirement is

well satisfied.

To interpret the measurement results, we model the e-
Fe2O3 dispersion by an assembly of independent spherical

FIG. 3. Time-change of the field inside the solenoid for different s’s; thin

straight lines (tangents) illustrate determination of the field variation rate

(dH/dt)max at the instant of the sample remagnetization, i.e., when the mag-

netization changes its sign.

FIG. 4. Typical dependencies M(H) obtained in quasistatic (symbols) and pulse (lines) fields at 300 (a) and 77.4 K (b). The field pulse parameters are

s¼ 16 ms, H0¼ 186 kOe (solid line) and s¼ 32 ms, H0¼ 200 kOe (dashed line) for (a); s¼ 16 ms, H0¼ 115 kOe (solid line) and s¼ 16 ms, H0¼ 84 kOe

(dashed line) for (b).
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particles with uniaxial magnetic anisotropy which comprises

two contributions: bulk and surface. The particle magnetic

energy related to the first one is

EV ¼ �KVVðe � nÞ2; (1)

where KV is the bulk anisotropy constant, V the particle vol-

ume, and e and n are unit vectors of the magnetic moment

and easy magnetization axis, respectively. The necessity to

account for the surface energy is due to the following. As

seen from the HRTEM histogram in Fig. 1, for the majority

of particles in the system under study, their diameter d does

not exceed 5 nm. Containing a large fraction of spins with

incomplete coordination, the ferrite grains of this size pos-

sess a significant surface magnetic anisotropy, see Refs. 22

and 23. Besides that, particularly for nano-e-Fe2O3, a clear

qualitative evidence of surface spin pinning is reported in

Ref. 12.

A simple model for this type of anisotropy is built on

N�eel’s original considerations, see Refs. 24–26, for example.

In the notations here used, the corresponding term in the par-

ticle energy is

ES ¼ �KSSðe � nÞ2; (2)

where S is the particle lateral area and KS the surface anisot-

ropy constant. As seen from (1) and (2), the directions of the

easy axes in the bulk and on the surface are assumed to coin-

cide, so that the particle anisotropy energy may be arranged

to the form

EA ¼ EK þ ES ¼ �KeffVðe � nÞ2; (3)

where, as in Ref. 27, the effective constant

Keff ¼ KV þ 6KS=d; (4)

is introduced. Then the entire orientation-dependent part of

the particle energy in external magnetic field H is

U ¼ �l �H � Keffðe � nÞ2; (5)

with l being the particle magnetic moment. Since prepara-

tion of the e-Fe2O3 dispersion suggests no preferential orien-

tations of the particle axes, we take that in the model

statistical ensemble they are distributed at random.

In an applied AC field, the energy of a particle and, con-

sequently, the orientation of its magnetic moment are func-

tions of time. According to the theory,21 the averaged

projection of the magnetic moment onto the direction h of

linearly polarized field is presented as a sum

lðtÞ ¼ l0½HðtÞ� þ l1ðtÞ: (6)

The first term, l0[H(t)], is the “adiabatic” component, i.e.,

the equilibrium value that l would have had in the field with

instantaneous strength H(t). The second term, l1(t), is the re-

tarded part. As shown in Ref. 21, it is determined by the

relation

l1ðtÞ ¼ A1ðtÞ �
ð
ðl � hÞF1ðe; tÞdX; (7)

where integration spans over all orientations of the magnetic

moment. Function F1(e, t) in the integrand has a quasi-

Boltzmann form

F1ðe; tÞ ¼ ½Z1ðtÞ��1
exp½�Uðe; tÞ=kBT�; e 2 X1;

�½Z2ðtÞ��1
exp½�Uðe; tÞ=kBT�; e 2 X2:

(
(8)

Partition integrals Z1(t) and Z2(t) are evaluated in the regions

X1 ¼ f0 � # < #s; 0 � u � 2pg and X2 ¼ f#s � # < p;
0 � u � 2pg, respectively; here #s is the polar coordinate of

the saddle point of potential (5).

Coefficient A1(t) in (7) is the solution of the first-order

differential equation

dA1

dt
þ k1 tð Þ

2sD
A1 ¼ �

d

dt

Z1 � Z2

Z1 þ Z2

� �
; (9)

where k1(t) is the smallest eigenvalue of the Brown equa-

tion28 evaluated for the field strength H(t), and sD¼ (KeffV/

kBT) s0 is the reference time of thermal diffusion of the parti-

cle magnetic moment, see Ref. 29, for example; the attempt

time s0 is set to 10�9s.

V. COMPARISON WITH THE EXPERIMENT

When modeling the experiment described in Sec. III, we

assume that the applied field follows the harmonic law

HðtÞ ¼ H0 cos xt correlating the frequency to the pulse

FIG. 5. Dynamic coercivity vs varia-

tion rate of the magnetic field; dots

with errorbars mark experimental

data; solid lines are calculated via SA

model using lognormal distribution

with the parameters given in Fig. 1;

(a): T¼ 300 K, KV¼ 4.5	 106 erg/

cm3, and KS¼ 0.1 erg/cm2 and (b):

T¼ 77.4 K, KV¼ 5	 102 erg/cm3, and

KS¼ 0.27 erg/cm2. Dashed line shows

fitting with the SA model at

KV¼ 5.1	 106 erg/cm3, KS¼ 0, i.e.,

without surface anisotropy.
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length s as x¼ 2p/s. The dependence l(t) for a given direc-

tion n of the particle anisotropy axis is obtained by numeri-

cal integration of Eqs. (6)–(9). This solution, upon

eliminating the time from the pair of relations M(t)¼ l(t)/V
and H(t), yields the magnetization curve M(H, n). Then, by

repeating that procedure, the averaging of function M(H) is

performed with respect to two parameters: (i) the orientation

of anisotropy axes, which is assumed to be random and (ii)

the particle size, using the lognormal distribution of Fig. 1.

This yields the magnetization loop M(H) for a polydisperse

ensemble of non-aligned e-Fe2O3 nanoparticles. From it, the

dynamic coercivity Hc is determined via the condition

M(Hc)¼ 0. Evidently, since Hc possesses a relaxational con-

tribution, it depends on the field “period” s.

Comparison of the measurement results against the SA

theoretical dependencies Hc(xH0) is presented in Fig. 5.

When fitting, we take into account the dramatic difference in

the values of bulk anisotropy constant in e-Fe2O3 at room and

low temperatures. For 300 K, we set KV¼ 4.5	 106 erg/cm3

taking it from the reference range KV� 5	 106 erg/cm3 estab-

lished in a number of works10,12,14,15 where the particles of

the size about 25–100 nm were studied. According to the

same data, around 85 K the value of KV falls down by about

four orders of magnitude. This temperature is close to that of

our measurement: 77.4 K. Assuming the same extent of

reduction of the bulk anisotropy in our particles, we set

KV¼ 5	 102 erg/cm3.

The quantitative contribution of the surface anisotropy

in magnetodynamics of nano-e-Fe2O3, as far as we know, is

introduced for the first time. As mentioned, the importance

of the surface term follows with necessity from the smallness

of the particle average size (9 nm). In larger nanograins, like

those of Refs. 12 and 15, the surface effect is much lower

and, thus, is hard to measure. As the nanoparticles under

study have homogeneous chemical content (no core-shell

structure), the surface anisotropy is mostly associated with

the incomplete environment and, thus, non-uniform arrange-

ment of spins on the outer border of the particles. Such a KS

is of the exchange origin, and one may expect that below the

Curie point this parameter should at the most grow gradually

with the temperature decrease. That is why for the surface

energy density at room temperature we set KS¼ 0.1 erg/cm2

taking it from the typical range inherent to iron oxides.23,26,30

Certainly, it is a naive guess given the complex magnetic

structure of nano-e-Fe2O3. However, even this simple

assumption proves to be an essential step in right direction.

In Fig. 5(a) that renders the data at 300 K, the solid line gives

the result of fitting with KS¼ 0.1, while the dashed one cor-

responds to the attempt with KS¼ 0. As seen, the curve with

a finite KS yields a substantially better agreement.

The interpretation of the low-temperature case shown in

Fig. 5(b) is yet more instructive. Note that the ratio of quasi-

static values Hc(300 K)/Hc(77 K) in our experiment (particle

size 9 nm) turns out to be only about 2.5 instead of the

above-mentioned 30 in Ref. 12, where the particle size is

25–100 nm. It is clear that the bulk anisotropy, as itself,

which in this temperature interval ranges KV� 103 erg/cm3,

fails completely to account for the evidence. The situation

changes as soon as the surface term moderately increasing

with the particle cooling is included in Eq. (4). As Fig. 5(b)

shows, setting KS to a quite reasonable value 0.27 erg/cm2

suffices to fit fairly well the frequency dependence of HC at

low-temperature for the (dH/dt)max values up to 40 MOe/s.

VI. DISCUSSION

Remagnetization of e-Fe2O3 nanoparticles is investi-

gated by a pulse method that enables one to achieve quite

high magnetic fields. The magnetic hysteresis loops are

obtained and the effective coercivity is measured under the

field variation rates from 20 Oe/s (quasistatic mode) to 60

MOe/s. The theoretical interpretation is based on the SA

approximation that accounts for the long-lived superpara-

magnetic relaxation mode.

The SA model is compared with the experimental evi-

dence at two temperatures, at which the nanoparticles of e-
Fe2O3 have rather different anisotropic properties. Analysis

of the 300 K and 77.4 K measurements of HC on a unified ba-

sis reveals the essential role that the surface anisotropy plays

in formation of coercivity of nanodisperse e-Fe2O3 with the

particle size�10 nm.

As the surface term scales proportionally to 1/d, it is the

more relevant the smaller the particles. A simple estimate is

instructive. Let for simplicity be KV¼ 0. Setting the particle

diameter to 5 nm, and, as found, KS� 0.1 erg/cm2, from

expression (4) for the effective anisotropy constant one gets

Keff¼ 6KS/d
 106 erg/cm3. Taking Ms
 20 emu/g for the

specific saturation magnetization10 and q
 5 g/cm3 for the

specific gravity, we obtain the equivalent coercivity as large

as Hc¼ 2Keff/(qMs)� 20 kOe. This means that even in the

entire absence of bulk anisotropy, the surface term alone is

able to ensure the high coercivity of the particles.

The surface magnetic anisotropy is of utter importance

for the most interesting application of nanodisperse e-Fe2O3,

viz., millimeter wavelength radio-optics. Indeed, as the

afore-given estimate shows, for the 5 nm particles the fre-

quency of intrinsic ferromagnetic resonance (IFMR) even at

KV¼ 0 still lies in the sub-THz band. Moreover, upon com-

bining the bulk and surface anisotropies of such particles,

one can enhance the IFMR frequency of a randomly oriented

nanodispersion about 50% over the highest result (31 kOe)

attainted only after orientational texturizing of 20–40 nm

particles, as is reported in Ref. 15. Note also that if, as our

model assumes, the surface term grows with the temperature

diminution, then high coercivity of e-Fe2O3 nanodispersion

could be retained even in the temperature range around 80 K,

where the bulk anisotropy almost disappears. The above-

mentioned just moderate reduction of quasi-static HC that we

encountered when cooling the sample from 300 to 77 K,

strongly supports this inference.

VII. CONCLUSIONS

With the aid of the semi-adiabatic model the essential

role of surface anisotropy in the observed magnetic proper-

ties of finely nanodisperse e-Fe2O3 is unambiguously

revealed. However, at present the agreement with the data is

rather semi-quantitative than precise. In particular, we note

the deviation between theoretical and measurement results at
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77.4 K for xH0> 40 MOe/s. In our view, this discrepancy

points out the shortage of fundamental knowledge on the

magnetic structure of nano-e-Fe2O3 and makes the studies of

that a challenging issue.
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