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Effects of thermomagnetic prehistory in the behavior of magnetization

of a powder system of synthetic nanoferrihydrite in the presence

of magnetic interparticle interactions
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The temperature dependences of the magnetization M(T ) of two powder systems of ferrihydrite nanoparticles

with identical sizes of ferrihydrite particles (average particle size is ≈ 2.7 nm) and different intensities of

magnetic interparticle interactions (MII) were studied. In addition to the commonly observed increase in the

superparamagnetic blocking temperature TB (from 17K to 50K), MIIs clearly manifest themselves under different

conditions and regimes of thermomagnetic prehistory. It was found that the rate of pre-cooling in an external

magnetic field (in the used range of 1−10K/min) affects the magnitude of the magnetization of the system at low

temperatures and the shape of the M(T ) dependence in the temperature range up to TB . This effect is significant for

fairly weak external fields (up to ∼ 300Oe), and when the field increases to ∼ 800Oe, the cooling rate becomes

insignificant for the magnitude of magnetization. In this case, for the range of external fields up to ∼ 300Oe, the

M(T ) dependences obtained during cooling in an external field and when heating the sample in the field (after
pre-cooling) are different. For a system of ferrihydrite nanoparticles, in which the MIIs are weakened, these effects

are absent. Analysis of the results obtained allowed us to propose the following scenario for the implementation of

the detected thermomagnetic effects. In the presence of MIIs (in the temperature range below TB), the basic state

of the structure of the magnetic moments of particles µP is such that the vectors µP of neighboring particles tend

to be oriented predominantly against each other (anticollinearly). This takes place upon relatively
”
slow“ cooling

of the system (1K/min), but upon
”
fast“ cooling (10K/min), i. e.

”
hardening“ in an external field, the µP vectors

remain predominantly directed
”
along the field“ as in the temperature region of the superparamagnetic state (at

T > TB). The range of magnetic fields in which the described effects are observed is determined by the competition

between the MII energy and the Zeeman energy µP · H .
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1. Introduction

The relevance of study of ensembles of magnetic nanopar-

ticles is attributable to the possibility of their practical use

(for example, in biomedicine, in environmental applica-

tions) [1–3], as well as the fundamental component — the

need to identify the manifestations of surface and size effects

in the magnetic properties of nanoparticles [4–9]. In addition

to these effects (associated with a large proportion of surface

atoms) inherent in individual nanoparticles, magnetic inter-

particle interactions (MII) also play an important role in the

magnetic properties of nanoparticle ensembles [10–13]. One
of the most well-known manifestations of MII is an increase

of the temperature of superparamagnetic (SPM) blocking of

systems of interacting particles compared to such systems

in which particles of the same size are spatially separated

from each other [14–22]. The MII in the nanoparticle

system can affect the type of the magnetization curve

and the value of the coercive force [23,24]. Undoubt-

edly, the presence of MII also affects such an important

characteristic in biomedical applications (hyperthermia) as

the heating rate when applying an alternating magnetic

field [25].

Various states of the magnetic moments of the particles

can be realized in ensembles of nanoparticles depending

on the intensity of the MII, which can be regulated by

the distance between the particles and the magnitude of

their magnetic moments µP [26,27]. The transition (with a

decrease of temperature) from the SPM state to the blocked

state of the magnetic moments of particles is accompanied

in all cases by an increase of the reversal time τ of the vector

µP. The value τ is determined by the competition of thermal

energy and magnetic anisotropy energy for non-interacting

particles, according to the Boltzmann distribution. However,

the value τ increases faster with a decrease of temperature

in case of sufficiently strong MII, and collective processes
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of freezing of the magnetic moments of particles should be

discussed. An analogy to the well-known transition to the

spin glass state is appropriate here, but instead of the spin of

an atom, we mean
”
superspin“, i. e., µP. And finally, we can

expect the ordering of
”
superspins“ for highly filled systems

(with maximum volume concentration), i. e., the realization

of the so-called
”
superferromagnetic“ state [26].

It is most logical to consider dipole-dipole interactions as

a source of MII. However, the realization of magnetic inter-

action through exchange bonds between the surface atoms

of neighboring particles is not excluded for concentrated

systems [10,28,29]. Of course, each nanoparticle system has

its own characteristics, consisting in the properties of the

particle surface, the defects in their structure, and the size

of µP.

We will discuss the manifestation of MII in nanoferri-

hydrite powder systems in this paper.1 The magnetic mo-

ments of iron atoms in ferrihydrite are antiferromagnetically

ordered [30], but a sufficiently significant uncompensated

magnetic moment is formed due to structural defects in

nanoparticles of antiferromagnetically ordered materials. For

example, the value µP for ferrihydrite particles with size of

3−5 nm reaches several hundred Bohr magnetons [31–40].
Therefore, the magnetic behavior of antiferromagnetic

(AFM) nanoparticles is similar to that of ferro- and ferri-

magnetic nanoparticles. The impact of MII on the magnetic

properties of powder systems of AFM nanoparticles has

been established in a number of studies [10,21,22,41–52],
including studies of ferrihydrite [21,22,45–52]. It was

found for ferrihydrite that the rate of deceleration of the

characteristic time τ with the decrease of temperature

obeys the scaling law characteristic of the
”
superspin“ glass

type [48–50]. At the same time, the observed increase of

the transition temperature to the SPM state for ferrihydrite

without additional coating of nanoparticles due to MII

significantly exceeds the estimate of the contribution of

the energy of magnetic dipole-dipole interactions in this

system [50–52]. The analysis of the dependence of the

blocking SPM temperature on the external field within the

framework of the model [53] showed the possibility of

realizing the correlated behavior of the magnetic moments

of particles in a certain volume (cluster). The effective

size of such a cluster decreases with the growth of the

external field [51,52]. Consequently, the source of MII in

ferrihydrite powder systems can be indirect exchange (or
superexchange) interactions between the surface atoms of

neighboring particles.

The impact of the cooling rate in an external field on

the state of magnetization was studied in this work for

further examination of the manifestation of MII in the

magnetic properties of ferrihydrite powder systems, as well

as for determining the MII mechanism. Two representative

samples that were characterized earlier [49,50,52] were

taken for this purpose. Ferrihydrite nanoparticles are in

1 Ferrihydrite mineral with nominal chemical formula of 5Fe2O3 · 9H2O

exists only in nanoscale form.

close contact with each other in one sample, and the MII

effect is maximal, while nanoparticles (of identical sizes) are
coated with a layer of arabinogalactan polysaccharide in the

other sample, which ensures suppression of MII.

2. Experiment

2.1. Preparation and results of characterization

of samples

The procedure for obtaining samples of synthetic ferrihy-

drite with addition of various amounts of arabinogalactane

(AG) was described in detail earlier; AG was added at one

of the stages of obtaining ferrihydrite [52]. Two samples

were studied: the initial ferrihydrite without the addition of

AG (hereinafter — FH-uncoated), and ferrihydrite with a

mass concentration of AG of about 50% (hereinafter —
FH-coated). The technological procedure implies the

identical size of individual ferrihydrite nanoparticles in the

FH-uncoated and FH-coated samples.

It was found using the transmission electron microscopy

data that the average particle size of ferrihydrite without

organic coating was 2.7 nm, and this value coincides well

with the estimate according to the Scherrer formula obtained

from the half-width of the first (brightest) diffraction ring

from the micro-difraction pattern [50].

The changes of Fe 2p, O 1s and C 1s spectra of the

studied samples according to X-ray photoelectron spec-

troscopy data indicate the formation of an organic coating of

ferrihydrite nanoparticles in the FH-coated sample, and no

significant changes of the states of the particles themselves

are observed [52].

The identical properties of individual ferrihydrite parti-

cles in the FH-uncoated and FH-coated samples are also

indicated by the results of the analysis of the Mossbauer

spectra, which are described by the same parameters

for all samples responsible for the three unequal iron

positions characteristic of ferrihydrite (with quadrupole

splitting characteristic of each position) [52].

2.2. Measurements of magnetic properties

The temperature dependences of magnetization M(T )
were measured using three installations: the original SQUID

magnetometer [54] (used to perform measurements of

M(T ) in an external field of 50Oe), the original vibrating

sample magnetometer [55] (measurements of M(T ) were

performed in external fields of 100Oe and higher) and

commercial vibrating sample magnetometer of PPMS-9

facility (Quantum Design). The sample was securely

fixed in a measuring capsule. The magnetization data

is given in units of emu, reduced to the mass of the

sample (excluding AG). The cooling rate in the external

field was ≈ 10K/min for the first two installations, the

cooling rate of PPMS-9 was ≈ 1K/min. The heating rate

of the sample was 1K/min for all three magnetometers.
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The measurements were conducted in three modes of

thermomagnetic history:

(1) ZFC (zero field cooled) mode — measurement of

dependence MZFC(T ) when the sample is heated in an

external field after cooling in a zero external field;

(2) FCC (field cooled cooling) mode — measurement of

the dependence MFCC(T ) in case of cooling of the sample

in an external field from the temperature exceeding the

temperature of the SPM blocking, and the cooling rate for

this mode was ≈ 1K/min;

(3) FCW (field cooled warming) mode — measurement

of the dependence MFCC(T ) when the sample was heated

in an external field after cooling in an external field of the

same magnitude, and the pre-cooling rate for this mode was

either 1K/min, or 10K/min.

3. Results and discussion

The main results illustrating the effect of the pre-cooling

rate in an external field and the effect of thermomag-

netic history on magnetization are shown in Figure 1

(FH-uncoated sample) and Figure 2 (FH-coated). The

typical behavior of magnetization for ensembles of single-

domain magnetic particles during the transition from the

SPM state to the unblocked state can be seen from the

presented data (see the curves of both figures), which is

accompanied by a distinct peak of the dependence MZFC(T )
(hereinafter we denote the temperature of the peak of

dependence MZFC(T ) as TB) and the impact of thermo-

magnetic history (ZFC, FCW modes) on magnetization in

the region T < TB. It should be noted that the field range

for the data in Figure 1 and 2 is quite small (50−800Oe

and 50−300Oe, respectively), and a significant shift of

temperature TB to the low temperature range with an

increase of the external field characteristic of SPM systems

is observed in fields greater than ∼ 1 kOe [50,52].

The following cardinal differences can be identified from a

comparison of the behavior of the curves shown in Figures 1

and 2. First of all, it can be seen that the value TB is notice-

ably less than for an FH-uncoated sample for a sample with

FH-coated particles (with weakened magnetic interactions).
Given the identity of the sizes and magnetic properties of the

individual particles in these samples, it is natural to associate

the large value TB for the FH-uncoated sample with the

influence of MII. However, the most important difference

for the purposes of this work is the difference between the

impact of thermomagnetic history and the cooling rate in

the field on the relative magnitude of magnetization at low

temperature, as well as on the dependences MFCC(T ) and

MFCW(T ) of these samples. The following features can be

identified for the FH-uncoated sample:

(i) the difference between dependencies MFCW(T ) after

”
fast“ (10K/min is indicated below as MFCW 10K/min), or

”
slow“ (1K/min is indicated below as MFCW 1K/min) pre-

cooling;

(ii) the visible difference between the dependencies

MFCC(T ) and MFCW(T ) for
”
slow“ cooling (1K/min).

It can be concluded from the analysis of the experimental

curves in Figure 1 that the features (i) and (ii) are best

manifested in weak fields (H = 50, 150 and 300Oe —
Figure 1, a, b, c respectively). The dependences MFCC(T )
(in case of slow cooling) and MFCW(T ) practically coincide

with the increase of the external field to 800Oe, and the

effect of the pre-cooling rate on the dependence MFCW(T )
becomes insignificant, see Figure 1, d. Thus, the following

inequalities occur in the range of weak fields for the

FH-uncoated sample (with strong MII) at T < TB:

MFCC > MFCW, (1a)

MFCW 10K/min > MFCW 1K/min. (1b)

A different pattern is observed for a sample with

weakened MII (FH-coated), see Figure 2. It can be

seen that there is no difference in the behavior and

shape of the dependencies MFCW(T ) in the conditions

of
”
fast“ (10K/min) or

”
slow“ (1K/min) cooling. The

same can be said about the dependencies MFCC(T ) and

MFCW(T ), i. e., there are the following equalities within the

limits of experimental accuracy instead of inequalities (1):
MFCC = MFCW, MFCW 10K/min = MFCW 1K/min.

Reduction of the magnetization of the FH-uncoated

sample in case of
”
slow“ cooling (inequality (1b)) This

means that the processes of reorientation of the magnetic

moments of the particles µP occur during cooling. However,

the magnetization remains approximately at the same level

after
”
fast“ cooling as at the temperature TB, and the values

of MFCW 10K/min and MFCW 1K/min at low temperatures differ

quite significantly (for example, in fields 50 and 150Oe —
almost twice, see Figure 1, a, b). Therefore, the reorientation
of vectors µP in case of

”
slow“ cooling can be described as a

fairly fast process. The difference between the dependences

MFCC(T ) and MFCW(T ), which is visible in Figure 1, a, b, c,

is also related to the reorientation of the magnetic moments

of particles during slow cooling.

Systems of ferrihydrite nanoparticles, including the sam-

ples studied in this paper2, demonstrate the hysteresis of

the magnetization curves [21,22,30,32,56,57] at T < TB, and

consequently, relaxation of the magnetization can always

be observed under fixed external conditions (at T = const,

H = const). Usually, the relaxation of magnetization is

studied after application/removal of an external field of a

sufficiently large magnitude, or after cooling in sufficiently

large fields [29,56–58]. The change of magnetization

in such processes is associated with the overcoming by

magnetic moments µP of barriers caused by magnetic

anisotropy attributable to thermal fluctuations. And usually

the change (relaxation) of the magnetization does not

exceed several percent during a reasonable observation time

∼ 103−4 s [29,56–58]. Consequently, rather rapid processes

of magnetization relaxation observed from the data analysis

2 The value of the coercive force for the FH-uncoated and FH-coated

samples at T = 4.2K is ≈ 4.0 and ≈ 1.8 kOe, respectively [50]
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Figure 1. Temperature dependences of the magnetization of the FH-uncoated sample at different thermomagnetic history and after

different cooling rates in an external magnetic field, see Section 2 and the legend; the values of the external field are indicated in the field

of figures, the temperature of the peak of dependence MZFC(T ) — TB is indicated on (a).
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Figure 3. Schematic representation of the configuration of the external field vectors H, the magnetic moments of the particles µP (long
arrows) and the magnetization M for FH-uncoated samples — (a), (b), (c) and FH-coated samples — (d), (e). Ovals — ferrihydrite

nanoparticles, the particles are surrounded by a shell for the FH-coated sample. The experimental conditions, namely, temperature

(T < TB, T > TB), relative cooling rate, the ratio between the Zeeman energy µP · H and the energy characteristic of MII — EMII, are

indicated in the field of figures. Small arrows — the spins of the surface iron atoms, the AFM type of their arrangement ensures the MII

for the FH-uncoated sample.

in Figure 1 are determined by another mechanism. It is

logical to assume that this mechanism is related to MII,

since the role of MII is small for the FH-coated sample, and

the impact of the cooling rate on the magnetization is not

observed.

Let us turn to experiments on nanoparticle systems with

strong MII, in which, the sample is exposed for a certain

time to a certain temperature T ∗ (T ∗
< TB) during cooling

in a small external field [27,59–62]. In this case, a fairly

rapid decrease of the magnetization can be observed at

T ∗ = const [59–61]. The dependence MFCW(T ) exhibits

an anomaly in the vicinity of the temperature T∗ for this

measurement protocol after the temperature is decreased

and then increased (also in the external field), i. e., the so-

called
”
memory effect“ takes place. The approach we used,

namely the different cooling rates in the external field, is

largely similar to the described measurement protocol.

The vectors of the magnetic moments of the particles

µP have predominant directions along the external field H
in the SPM state (T > TB). The magnetization of the

FH-uncoated sample after rapid cooling in a magnetic field

remains approximately at the same level as at temperature

TB (see Figure 1). Apparently, the magnetic moments

µP do not have time with such
”
quenching“ (10K/min)

in an external field to significantly change their direction

relative to the state in which they were at the temper-

ature T > TB. Then, the dependence MFCW(T ) weakly

depends on temperature in case of slow heating (1K/min),
although it demonstrates a non-monotonic behavior (Fi-
gure 1). However, slow cooling leads to a significant (and
monotonous) decrease of magnetization, see dependences

MFCC(T ) in Figure 1. This means that the configuration of

the directions of the magnetic moments, which was above

the temperature TB, becomes energetically disadvantageous

with slow cooling. In other words, the fulfillment of the

inequality (1b) indirectly indicates that the vectors µP tend

to form a
”
antiferromagnetically similar“ structure as a result

of MII in the FH-uncoated sample.

The described scenario for the FH-uncoated sample is

schematically shown in Figure 3, a, b, c, which shows the

relative position of the vectors µP, H , as well as the

total magnetization of the sample MFC with approximately

preserved magnetization MFC. Figure 3, a, b, c schematically

illustrates the type of MII mechanism for synthetic ferrihy-

drite, namely, the presence of exchange (direct or indirect)
interactions between atoms of neighboring particles. The

bonds through the exchange interactions of the surface

atoms of neighboring particles are shown in Figure 3, b, c

as pairs of antiferromagnetically ordered spins taking into

account the AFM nature of the interactions of the magnetic

moments of iron in ferrihydrite. Such a mechanism was

proposed earlier [50–52], and the results obtained in this
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paper do not contradict the possibility of its implementation.

The experimentally observed weakening of the impact

of the cooling rate in the external field HFC on the

magnitude of the magnetization with the increase of HFC

does not contradict this mechanism, see Figure 1, d. The

”
antiferromagnetically similar“ structure (Figure 3, b) will

become energetically unfavourable with an increase of the

external field. The value µP · H in the field of 1 kOe is of the

order 10K (the magnetic moment of the particles is ∼ 150

Boron magnetons [40]). In fact, if the Zeeman energy µP · H
becomes comparable to the energy of MII — EMII, then the

effects of the cooling rate in the external field HFC on the

magnitude of the magnetization will weaken.

On the other hand, if the MII in the system is significantly

weakened, then there is no longer a factor affecting the

rearrangement of the vectors µP against each other in case

of cooling in the external field below the temperature TB.

On the contrary, the presence of an external field allows

the magnetic moments µP to be fixed in the potential

of magnetic anisotropy during the cooling process and

preferably remain in the direction parallel to the external

field. The above is a classical description of the processes

of SPM blocking of non-interacting single-domain magnetic

particles and explains the slight increase of magnetization

(dependences MFCC(T ) and MFCW(T )) with the decrease

of the temperature, see Figure 2. In this case, the cooling

rate (at least in the range used 1−10K/min) no longer

affects the magnetization.

4. Conclusions

A comparative study of the temperature dependences

of the magnetization of two representative systems of

ferrihydrite nanoparticles, in which either strong magnetic

interparticle interactions are present or these interactions

are weakened, revealed the following patterns. A sig-

nificant effect of the cooling rate, at least in the range

∼ 1−10K/min, on the magnitude of the magnetization at

low temperature is observed in the case of strong MII, if

the system is cooled in an external field from a temperature

exceeding the blocking temperature. As a result, the

type of temperature dependence of the magnetization in

case of sample heating MFCW(T ) depends on the cooling

rate. In addition, a significant difference between the

temperature dependences of the magnetization in case of

cooling MFCC(T ) and in case of heating MFCW(T ) of the

sample is observed for a low cooling rate. These effects

occur in weak fields (up to ∼ 300Oe), and they become

weakly manifested with a further increase of the external

field (up to 800Oe). The effect of the cooling rate in the

specified range ∼ 1−10K/min and the difference between

the dependences MFCC(T ) and MFCW(T ) are insignificant

for a sample in which the MII are weakened.

The revealed manifestation of MII in the magnetic

properties of nanoferrihydrite is explained in the following

scenario. The effect of the MII is such that it leads to a

predominantly
”
antiferromagnetically similar“ configuration

of the magnetic moments of neighboring particles at temper-

atures below the SPM blocking temperature. The directions

of the magnetic moments of the particles are rearranged

during slow cooling from their preferred orientation along

the external field (characteristic of the SPM state) to a

structure in which the vectors of the magnetic moments

of neighboring particles are predominantly directed against

each other. An increase of the external field to such an

extent that the Zeeman energy of the magnetic moment of

the particle becomes comparable to the energy of the MII

leads to a weakening of the impact of the MII and the

destruction of the antiferromagnetic-like arrangement of the

magnetic moments of the particles.
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