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Abstract—The relaxation of the remanent magnetization of antiferromagnetically ordered ferrihydrite
nanoparticles at the exchange bias effect implemented in these systems has been investigated. The magneti-
zation relaxation depends logarithmically on time, which is typical of the thermally activated hoppings of par-
ticle magnetic moments through the potential barriers caused by the magnetic anisotropy. The barrier energy
obtained by processing of the remanent magnetization relaxation data under the field cooling conditions sig-
nificantly exceeds the barrier energy under standard (zero field cooling) conditions. The observed difference
points out the possibility of using the remanent magnetization relaxation to analyze the mechanisms respon-
sible for the exchange bias effect in antiferromagnetic nanoparticles and measure the parameters of the
exchange coupling of magnetic subsystems in such objects.
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1. INTRODUCTION

The magnetic properties of nanoparticles of anti-
ferromagnetic (AFM) materials are qualitatively dif-
ferent from the magnetic properties of bulk antiferro-
magnets. This is due to the decisive role of the surface
effects in particles of small sizes. In addition, bulk
defects in antiferromagnet nanoparticles are import-
ant, since they lead to decompensation of spins in sub-
lattices and induce the uncompensated magnetic
moment in AFM nanoparticles [1—3]. As a result, sev-
eral magnetic subsystems are formed in AFM
nanoparticles, including the ferromagnetic (FM) sub-
system (uncompensated moment) [4—15], surface
spins [9, 14—24], and the antiferromagnetically
ordered core [25]. The presence of these subsystems
and their interaction give rise to a number of bright
effects observed when studying the magnetic proper-
ties of AFM nanoparticles [18—22]. One of these
effects is the shift of the magnetic hysteresis loop upon
cooling in an external field.

This effect named the exchange bias was first
detected on submicron Co/CoO particles [26] with a
pronounced FM(Co)/AFM(Co0O) magnetic struc-
ture. In submicron particles or, in the ideal case, thin-
film FM/AFM structures, the shift of the magnetic
hysteresis loop along the abscissa axis (external field)

occurs upon cooling a system in an external magnetic
field starting with a temperature higher than the Néel
point of an antiferromagnet (the Curie point of a fer-
romagnet) [27—29]. The exchange coupling between a
ferromagnet and an antiferromagnet at the FM/AFM
interface induces the observed effect [27—29].

However, such an effect is observed quite fre-
quently in chemically homogeneous nanoparticles of
AFM materials [11, 12, 20, 30—43]. Here, a necessary
condition for the implementation of the exchange bias
effect is the presence of at least two magnetic subsys-
tems. To experimentally observe the exchange bias
effect in AFM nanoparticles, it is sufficient to cool a
material in an external field starting with a tempera-
ture higher than the superparamagnetic (SPM) block-
ing temperature, which, as a rule, is lower than the
Néel temperature. In addition, in AFM nanoparticles,
the shift of the magnetic hysteresis loop along the
ordinate axis is often observed. Note that the mecha-
nisms responsible for the exchange bias effect in AFM
nanoparticles are still unclear and the magnetic
parameters the measurement of which would yield
reliable information for determining the value of the
exchange coupling between the magnetic subsystems
are not distinguished.
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Ferrihydrite with the nominal formula Fe,O; -
nH,0 is characterized by the AFM ordering and only
exists in the form of nanoparticles no larger than 8 nm
in size. It is included in ferritin, which plays an
important role in the vital activity of living organisms.
Ferrihydrite can be obtained by chemical methods
[44] or extracted from products of the vital activity of
microorganisms [45, 46]. In some studies [11, 12, 36—
43], the shift of the magnetic hysteresis loop upon
cooling the ferrihydrite samples from a temperature
higher than the SPM blocking temperature was
observed. However, ferrihydrite nanoparticles exhibit,
as a rule, fairly high fields (about 10° Oe) of the irre-
versible magnetization behavior and a problem of sep-
arating the exchange bias effect from the effect related
to minor hysteresis loops arises [40—42]. In [42], a
method was proposed for identifying the exchange bias
effect; it was established that, in the investigated series
of ferrihydrite samples, this effect exists at a nanopar-
ticle size of more than 3 nm.

The hysteresis of any physical quantity is related to
the relaxation processes and the exchange bias effect
should obviously be reflected in the magnetization
relaxation. In this work, we studied the relaxation of
the remanent magnetization of a ferrihydrite sample
with an average particle size of 4 nm under the
exchange bias (external field cooling) and standard
(zero field cooling) conditions. The main aim of this
study was to establish the possibility of using the mag-
netization relaxation data for distinguishing the
parameters that characterize the exchange coupling of
magnetic subsystems in the investigated antiferromag-
netically ordered ferrihydrite nanoparticles.

2. EXPERIMENTAL

The biogenic ferrihydrite samples were extracted
from bacterial sediments after culturing Klebsiella
oxytoca bacteria under anaerobic conditions [11, 45,
46]. The obtained dried sol is an aggregated system of
ferrihydrite nanoparticles coated with an organic shell
[47] with a small (about 2—3 nm) average size. The
systems of different series obtained in this way have
identical particle sizes and their characteristic SPM
blocking temperatures TB lie in a narrow range (23—
25 Kinfieldsofup to 1 kOe) [11, 13, 43]. As was shown
previously [12, 13, 48], the low-temperature (up to
~200°C) annealing of ferrihydrite in air leads to a con-
trolled increase in the size of particles in aggregated
systems, while other iron oxide or hydroxide modifi-
cations are not formed upon the annealing. The sam-
ple used in this work for studying the magnetization
relaxation and magnetic hysteresis loop was annealed
at 200°C for 24 h. The average particle size in this sys-
tem, according to the transmission electron micros-
copy data, was ~4 nm [42]. This aggregate is hereinaf-
ter referred to as FH-4 nm.
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The magnetic measurements were performed on a
vibrating sample magnetometer [49]. The investigated
powder was fixed in a measuring capsule using paraf-
fin. The temperature dependences of the magnetiza-
tion (M(T)) were measured under the zero field cool-
ing (ZFC) conditions and upon cooling in an external
field (field cooling, FC). The magnetization hysteresis
(M(H) loops recorded in the ZFC mode at 7T=4.2 K
were obtained up to different maximum applied fields
+ H,_, with a gradually increasing |H,,,,,| value. The FC
M(H) dependences (T = 4.2 K) were measured upon
cooling in fields of Hgc = +30 kOe and +45 kOe start-
ing with a temperature of 120 K, which significantly
exceeds the temperature of the irreversible behavior of
the M(T) dependences.

The magnetization relaxation was measured at 7=
4.2 K after meeting the FC conditions at Hp: =
+30 kOe and a subsequent decrease in the field to
zero, as well as under the ZFC conditions after apply-
ing fields of up to 30 kOe and decreasing the field to
zero. In both cases, a decrease in the remanent mag-
netization My with time (the My(f) dependence) was
detected. In these measurements, after stopping at
H = 0 for 4500 s, the hysteresis loop was continued to
be measured.

3. RESULTS AND DISCUSSION

Figure 1 shows the ZFC and FC M(T) depen-
dences for the investigated ferrihydrite nanoparticle
sample in different magnetic fields. One can see the
behavior typical of SPM systems, specifically, the
nonmonotonic ZFC M(T) dependences with a maxi-
mum at the characteristic SPM blocking temperature
(Ty~ 60 K at H=1KkOe), the discrepancy between the
ZFC and FC M(T) dependences in the vicinity of the
temperature 7, and the T} shift to the low-tempera-
ture region with increasing external field.

Figure 2 shows the M(H) magnetic hysteresis loops
at 7= 4.2 K obtained in the ZFC mode in maximum
applied fields of H,,,, = 30 and +60 kOe and in the
FC mode in a field of Hg- = +30 kOe. The FC hyster-
esis loop noticeably shifts both along the abscissa and
ordinate axis. Figure 3 shows the portions of the FC
and ZFC M(T) dependences in the vicinity of the
intersection with the ordinate axis in the positive M
range. Here, we present the data of the measurements
of two types: (i) standard loop recording in the + Hpc
or +H_,, range in the ZFC mode and (ii) loop record-
ing with the stopping at H = 0 for 4500 s. The notice-
able relaxation of the remanent magnetizations My gc
(the FC mode) and My ,pc (the ZFC mode) are
observed for both magnetic prehistories.

Usually, the parameter characterizing the exchange
bias in the FM/AFM structures is

Hgp = —(He + Heg)/2, (1)
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Fig. 1. ZFC and FC M(T) dependences for sample FH-
4 nm in different magnetic fields.

where H; and Hy are the left and right coercivities of
the hysteresis loops under the FC conditions at Hg. >
0, respectively [27—29]. Obviously, we have Hpp # 0 at
|Hcy| > |Heg| or, equivalently, at |[H| > |Hq| (hereinaf-
ter, H. is the coercivity on the symmetrical ZFC
loop). However, the hysteresis loops of sample FH-
4 nm remain open under the ZFC conditions in fields
of up to 60 kOe (see Fig. 2) and the H value of the
total hysteresis loop is unknown. Then, Eq. (1)
becomes inapplicable, since the shift of the loop can
simply be a consequence of the minor hysteresis loop
[29]. Therefore, it is necessary to determine the ZFC
coercivity at the large H,,,, value by extrapolating the
H(H,,) dependence to a certain constant H: ng
value at H,, — oo. Then, we can compare the |H,|
and H¢ np values and the exchange bias field is
already determined by the formula [42]

Hep = |HCL| - |HC71NF|' (2)

In principle, the H-(H,,) dependence can be
approximated by a certain function that describes the
experimental H: and H,,,, points and tends to satura-
tion at large H,,,, values. As was shown in [41], for
AFM ferrihydrite nanoparticles, the equation

He(H o) = He el = H*/H oo | 3

with an exponent of b = 1.5 is valid. The processing of
the experimental data obtained on sample FH-4 nm
yields |He nel = 4.75 kOe, which corresponds to Hg =
1.25 kOe at |H| = 6 kOe.

Let us consider the shift of the FC magnetic hyster-
esis loop along the ordinate axis. The remanent mag-
netization My gc after cooling in external field signifi-
cantly exceeds the ZFC remanent magnetization
My 7rc (see Figs. 2, 3). However, the My ,pc value,
similar to the H value, depends on H,,,,. Above, we
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Fig. 2. M(H) dependences recorded at 7= 4.2 K under the
ZFC (Hp,x = 30 and 60 kOe) and FC (Hgc = +30 kOe)

conditions.

described the procedure for determining the H: np
value. The ZFC remanent magnetization My ;nr at
the large H,,,, value can also be determined by extrap-
olating the dependence of My ,pc on H,,,, to a certain
constant value at H,, — oo. The data presented in
Fig. 4 illustrate the desired dependence of My zpc On
H,,,,, obtained from the minor ZFC hysteresis loops. It
can be seen that this dependence also tends to satura-
tion (plateau) at the large H,,,, values. The analysis of
the data presented in Fig. 4 showed that the
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Fig. 3. Portions of the M(H) dependences obtained under
the FC (Hgc = +30kOe) and ZFC (H ,,, = 30 kOe) con-
ditions in a conventional way and with the stopping at
H =0 with the recording of the relaxation of remanent
magnetization My gc for 4500 s.
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Fig. 4. Remanent magnetization Mg zpc as a function of
the maximum applied field H,,, under the ZFC condi-
tions. Remanent magnetization My gc under the FC con-

ditions in fields of 30 and 45 kOe (the positions of the
My gc points on the abscissa axis correspond to these

field values) and remanent magnetizations M, R_Fc(t =
4500 s) and Mg_zgc(#= 4500 s) after relaxation for 4500 s
(connected to the values Mg gc(f=0) and Mg_zpc(t=0)

by vertical lines). The solid curve is built using Eq. (4) at
H*=122kOe, b= 1.5, and M ng= 2.7 emu/g. The hor-

izontal dashed line shows the M_jnF position relative to
the other data.

My zrc(H,,y) dependence in sufficiently strong fields
can be described by the function similar to (3)

My zrc(Hpa) = My el = H*/H,po 1 4)

with the exponent b = 1.5 £ 0.2; the variation in b
within these limits weakly affects My g The solid
curve in Fig. 4 was built using Eq. (4) at b= 1. 5 and
corresponds to the best fitting of the experimental
points. The horizontal dashed line corresponds to the
My nr value in Eq. (4) and the line thickness shows
the estimated My yr error. Figure 4 shows also the
remanent magnetizations of the FC M(H) loops
Mg vc at Hpc = 30 and 45 kOe (the position of the
My rc points on the abscissa axis corresponds to the
field Hpc in which the sample was cooled). It can be
seen that the cooling field value almost does not affect
the remanent magnetization (Mg gc(Hpc = 30kOe) =
My rc(Hgc = 45k0e)). In addition, it can be seen that
the My rc value is significantly greater than My |\
The latter can be caused by the exchange bias effect.

To describe the exchange bias effect in the
FM/AFM film structures, the specific binding energy
Os at the FM/AFM interface is introduced. For such
objects ideal in terms of the morphological parameters,
the o value can be obtained knowing the saturation
magnetization My of a ferromagnet, its layer thickness
drym, and exchange bias field Hgg [27—29, 50]

05 = HegMdpy. (5)
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For AFM nanoparticles, which are morphologically
nonideal objects, the analysis using Eq. (5) can only be
made under certain assumptions. First, the main con-
tribution to the M(H) hysteresis is made by the
uncompensated magnetic moments of particles (the
FM subsystem); therefore, the exchange coupling is
implemented both between the FM subsystem and the
AFM particle core and between the FM subsystem
and the subsystem of surface spins. Second, the
parameter dpy, i.e., the FM layer thickness, is unde-
termined in our case; we can unambiguously indicate
only the inequality dgy < D (D is the particle size).
Finally, it is necessary to correctly determine the Hgg
values (see above) and the saturation magnetization of
the FM subsystem (here, strong external fields are
needed to reach the saturation of the contribution of
the FM subsystem, which manifests itself as a field-
linear portion of the M(H) dependence [8, 10, 14, 15,
25]). The specific binding energy Gy was estimated
using Eq. (5) for CuO and NiO AFM nanoparticles in
[31, 32], where the particle size D was used as dgy;-

The exchange coupling between the magnetic sub-
systems should also manifest itself in the FC remanent
magnetization value. By analogy with Eq. (2), we can
write the expression for the excess remanent magneti-
zation My gp

MRiEB = MRfFC - MRJNF' (6)

The My gg value may depend on the binding energy Gg
in a failry complex way; therefore, it is difficult to
directly estimate oy from My gg. Nevertheless, the
exchange coupling can be reflected in the relaxation of
the remanent magnetization, i.e., in the My gc(?)
dependence. Figure 4 shows the My pc and My ¢
values after relaxation for 4500 s. It can be seen that the
Mg rc(t = 4500 s) value is significantly higher than
My nr and such a behavior is apparently characteris-
tic of the systems with the exchange bias effect.

The relaxation of the remanent magnetization of
single-domain magnetic particles is associated with
the change in the projections of their magnetic
moments onto the applied field direction. In this case,
the magnetic moments must overcome the potential
barriers caused by the magnetic anisotropy due to
thermal fluctuations. The investigations of the proba-
bility of hoppings of the particle magnetic moments
through potential barriers with height U [51] yield the
frequently observed logarithmic time dependence of
the magnetization

M(1) = M(t,)(1 = (kgT'/U) In(2/1%)). (7

Here, M(t,) is the magnetization at the initial instant
of time, ky is the Boltzmann constant, and #* is the
constant. Logarithmic dependence (7) is usually
observed at ¢ > 10% s [51—53]. The height U of the
potential barrier at H = 0 (after switching-off the field)
should be determined by the height of the barriers that
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occurred after switching-on the field. Consequently,
the U value determined from the FC relaxation mea-
surements at = 0 should contain the contribution of
the energy of exchange coupling between nanoparticle
magnetic subsystems.

Figure 5 shows the normalized dependences of the
remanent magnetization My pc(f)/My rc(t = 0) and
My 75c(t)/ My zrc(f = 0) obtained for the investigated
sample. In this figure, the logarithmic scale is used
along the abscissa axis. For the data obtained, loga-
rithmic dependence (7) is valid starting with 7 ~ 102 s.
The slopes of the FC and ZFC relaxation dependences
are noticeably different. For the My (7) dependence,
the U value determined from Eq. (7) is 250 K, while
under the ZFC conditions the barrier energy Uis 95 K.
This difference is indicative of a significant increase in
the height of the energy barriers for the magnetic
moments under the FC conditions and obviously
reflects the exchange coupling between nanoparticle
magnetic subsystems.

Let us estimate the specific binding energy of the
magnetic subsystems using the standard approach
(Eq. (5)) and through the barrier energies U calculated
from the measured remanent magnetization relax-
ation. For simplicity, we assume, as in [31, 32], that
dey = D (at D = 4 nm). Then, at a value of Mg =20 G
typical of ferrihydrite [12, 13, 44] and Hgg = 1.25 kOe
for sample FH-4 nm, we obtain, using Eq. (5), a value
of 65 = 0.01 erg/cm?. If we compare the potential bar-
rier Uzgc for the ZFC mode with the potential barrier
Ugc for the FC mode, their difference should be pro-
portional to the energy Egg of the exchange coupling
of the magnetic subsystems

Egg ~ Upc = Ugzpc- (8)
According to the analysis of the magnetization relax-
ation data, the value Upc — Uyzpc is =150 K. The Uz
value apparently slightly increases if the H,,,, value
under the ZFC conditions is high (~10° Oe) and the
Mg 7rc value is close to My yp (see Fig. 4). We set
(Ugc — Uzpc) ~ 102 K and the area S of the interface
between the magnetic subsystems in the AFM
nanoparticle to be equal to the particle surface area,
i.e., S~ mD? Then, using the obvious relation

Os = Egg/S, 9

we obtain 6g = 0.027 erg/cm?. This value is larger than
the value obtained using the standard approach by a
factor of approximately 2.5 (o5 = 0.01 erg/cm? from
Eq. (5)). Thus, only qualitative agreement is observed,
but both methods have the same drawback, specifi-
cally, the ambiguity of determination of the main
parameters (the dpy and S values). At the same time,
the qualitative agreement between the estimated Gg
values suggests the possibility of using the remanent
magnetization relaxation processes to calculate the
energy of the exchange coupling between magnetic
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Fig. 5. Normalized time dependences of the remanent
magnetization (logarithmic scale) under the FC
(MR_pc()/MR_pc(t=0)) and ZFC (Mg_zpc()/MR_zrc
(t = 0)) conditions (symbols). Solid lines are built using
Eq. (7) basing on the condition of the best agreement with

the experimental data at 7 > 10%s.

subsystems in AFM nanoparticles. It is worth noting
that the obtained value o (0.01—0.03 erg/cm?) is sim-
ilar to the specific energy of the exchange coupling of
NiO nanoparticles (0.03 erg/cm?) [31] and exceeds
that for CuO nanoparticles (6 X 1073 erg/cm?) [32].

Thus, the use of the barrier energies determined
from the remanent magnetization relaxation for estab-
lishing the exchange bias effect in AFM nanoparticles
is an alternative to the conventional method in which
only the exchange bias field is analyzed. In addition,
note the possibility of analyzing the excess remanent
magnetization My gz (Eq. (6)). For AFM nanoparti-
cles, this parameter is more important than for the
FM/AFM structures. This statement is based on the
similarity of the dependences of Hgz and My g onthe
ferrihydrite particle size D (Fig. 6). In the figure, the
data obtained in [42, 43] on the biogenic and chemical
ferrihydrite samples are summarized. It follows from
the data in Fig. 6 that these curves are symbate, specif-
ically, (i) the Hgg and My g growth with the particle
size and (ii) the proportionality of the Hgz and My g
values at the same particle size. It should be noted that
the dependences of Hgp on the size D of NiO and CuO
nanoparticles were obtained in [31, 32]. In these
dependences, Hgp also increases to a certain D value
and then decreases (for submicron AFM particles, no
noticeable exchange bias effect is observed). The
obtained information on the Hgg(D) and My gg(D)
dependences, the interrelation between Hgg(D) and
My gg(D), and the relaxation of My gg(D) give faith to
understanding the mechanisms of the exchange bias
effect in AFM nanoparticles.
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Fig. 6. Dependences of the exchange bias field Hgg and
excess remanent magnetization MR7EB (Eq. (6)) on the

ferrihydrite particle size D according to the results reported
in [42, 43]. The data for the sample investigated in this

work correspond to D =4 nm.

4. CONCLUSIONS

AFM nanoparticles exhibit the shift of the mag-
netic hysteresis loop upon cooling in an external field
starting only with a certain particle size, which is
~3 nm for ferrihydrite. This effect is related to the
presence of the exchange coupling between the mag-
netic subsystems formed in antiferromagnetically
ordered nanoparticles. An important feature of such
objects is that, here, the exchange bias effect leads to
the shift of the magnetic hysteresis loop both along the
abscissa and ordinate axis. This makes it possible to
analyze the behavior of the remanent magnetization of
AFM systems under exchange bias. For the samples of
ferrihydrite nanoparticles with different average sizes,
the excess remanent magnetization, i.e., the quantity
similar to the exchange bias field Hgg behaves similarly
to Hgg(D) upon variation in the particle size D.

The study of relaxation of the remanent magnetiza-
tion of ferrihydrite nanoparticles with an average size
of 4 nm allowed us to establish the following. (i) The
remanent magnetization noticeably decreases with
time after cooling both in the field and without it.
(ii) A relative decrease in the remanent magnetization
is much larger under the zero field cooling conditions.
(iii) The logarithmic time dependence of the rema-
nent magnetization relaxation is observed starting with
~102 s. This allows us to interpret the relaxation data
using commonly accepted Eq. (7) and to obtain the
barrier energies in the presence of the exchange cou-
pling (field cooling) and under standard conditions
(zero field cooling). Therefore, we can estimate the
energy of exchange coupling between the magnetic
subsystems (Eq. (9)), which is of the same order of
magnitude as the value obtained by a standard analysis
of the exchange bias field (Eq. (5)).
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Thus, in this study, we demonstrated by an example
of ferrihydrite nanoparticles that the analysis of the
remanent magnetization and its relaxation under the
exchange bias makes it possible to estimate the energy
of the exchange coupling between the magnetic sub-
systems formed in AFM nanoparticles. This method is
an alternative to the standard approach, which only
analyzes the exchange bias field determined from the
shift of the M(H) hysteresis loop along the field axis.
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