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Abstract—The magnetic properties of the superparamagnetic ferrihydrite nanoparticles that form as a result
of the vital activity of Klebsiella oxytoca bacteria are studied. Both an initial powder with an average number
of iron atoms Ng, ~ 2000—2500 in a particle and this powder after annealing at 140°C for 3 h in air are inves-
tigated. The following substantial modifications of the magnetic properties of the ferrihydrite nanoparticles
are detected after annealing: the superparamagnetic blocking temperature increases from 23 to 49.5 K, and
the average magnetic moment of a particle increases (as follows from the results of processing of magnetiza-
tion curves). The particles have antiferromagnetic ordering, and the magnetic moment resulting in the super-
paramagnetism of the system appears due to random spin decompensation inside the particle. For this mech-
anism, the number of uncompensated spins is proportional to the number of magnetically active atoms raised
to the one-half power, and this relation holds true for the samples under study at a good accuracy. The possible
causes of the detected shift of magnetic hysteresis loops at low temperatures upon field cooling are discussed.

DOI: 10.1134/S1063776114080044

1. INTRODUCTION

Nanoparticles with antiferromagnetic (AF) order-
ing exhibit magnetic properties that differ substantially
from the properties of analogous bulk materials [1—4].
First of all, this is the presence of uncompensated
magnetic moment p,,.. Néel predicted three possible
causes of the appearance of . in an AF particle [5].
They are random breaks in an AF order, i.e., partial
spin decompensation of magnetically active atoms on
the particle surface (case 1) or throughout the particle
volume (case 2), and an odd number of planes with
parallel spins (case 3). The uncompensated magnetic
moment of an AF particle depends on the number of
atoms /N having magnetic moment J as follows:

Hyne = IN, (1)

where N is the number of atoms and exponent b is 1/3,
1/2, and 2/3 for cases 1, 2, and 3, respectively. The
value of p,,. begins to play a key role in the magnetic
properties of particles at N < 10*—10°. Uncompen-
sated spins are predominantly ferromagnetically
arranged inside a particle, which results in superpara-
magnetic (SP) behavior of a system of AF particles.
The other part of magnetically active atoms, which are

antiferromagnetically ordered, manifests itself in the
magnetic properties in the form of a linear field
response y4rH, and the values of antiferromagnetic
susceptibility y 4 are significantly higher than that of
the bulk material. The temperature dependence
x4 T) also radically changes: the magnetic suscepti-
bility of a bulk AF material increases with temperature
up to the Néel temperature, and the magnetic suscep-
tibility of AF nanoparticles decreases with increasing
temperature [1, 6—12]. Relatively small (approxi-
mately to 10—20 nm) particles exhibit the blocking
temperature below which magnetization curve M(H)
is irreversible, which is characteristic of SP systems.
Moreover, M(H) hysteresis loops are often shifted
upon cooling in an applied magnetic field from a tem-
perature above the blocking temperature [7, 13—21].

Apart from classical oxide AF materials (NiO [13—
16], CuO [17, 18], a-Fe,O5 [19, 20]), ferritin nano-
particles are being extensively studied [7, 9—12, 22—
25]. Ferritin is represented by an AF-ordered ferrihy-
drite particle inside a protein shell with outside and
inside diameters of 12 and 5—8 nm, respectively. This
biomaterial is present in almost all living organisms
and its function is to store iron. The studies [7, 9—12,
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22—25] of the magnetic properties of ferritin nanopar-
ticles were performed on horse spleen ferritin, which is
now a commercial product.

Ferrihydrite formed during bacterial synthesis is an
analog to ferritin. The nominal formula of ferrihydrite
is usually written as 5Fe,O;:9H,0. The energy
obtained in the course of the oxidation reaction
Fe?™ — Fe?* is used by bacteria, and ferrihydrite is
“built” as a result of their vital activity. In particular,
the nanoparticles of such a material can be formed as
a result of the cultivation of Klebsiella oxyfoca bacteria
taken from sediments [26, 27]. Ferrihydrite nanopar-
ticles were comprehensively characterized by various
methods [26—30]. The authors of [29] studied the
magnetic properties of dried bacterial sediments,
which did not exhibit the blocking temperature char-
acteristic of magnetic nanoparticles. As a result of
additional cleaning, the authors of [31] prepared a
powder containing ferrihydrite nanoparticles, which
replicably demonstrated the blocking temperature
(about 20 K) and the uncompensated magnetic
moment that agrees with Eq. (1) at 6 = 1/2. The pur-
pose of this work is to study the modification of the
magnetic properties of ferrihydrite nanoparticles
undergone by “soft” heat treatment. The annealing
temperature was taken to be rather low (140°C), which
was determined by the condition of retaining the crys-
tal structure of ferrihydrite (structure transformations
occur upon annealing at 300 and 700°C, where ferri-
hydrite partly transforms into hematite [30]).

2. EXPERIMENTAL
2.1. Sample Preparation

The Klebsiella oxytoca strain was extracted from the
sapropel in lake Borovoe located in Krasnoyarsk Terri-
tory. Microorganisms were inoculated in an agar
medium and grown under anaerobic conditions.
A stable sol of nanoparticles in an aqueous solution
was prepared after multiple ultrasonic treatments of
bacterial sediments, centrifugation, and washing, and
this sol was then dried. Thus, we studied a powder of
magnetic nanoparticles.

This initial powder was designated as sample 1. Part
of the powder was held in a drying cabinet at a temper-
ature of 140°C for 3 h in an air atmosphere. It was
found that the powder lost about 18% of its mass under
these conditions, and it was designated as sample 2.

2.2. Mossbauer Investigations

Since the X-ray diffraction patterns of the prepared
powders were characteristic of an amorphous state
(see, e.g., [30]), we used Mossbauer spectroscopy to
obtain information on the possible changes in the
environment of iron or the appearance of other iron
oxide phases. Mossbauer studies were performed at
room temperature on an MC-1104Em spectrometer
with a ¥Co(Cr) source. Good agreement with the data
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in [30] was achieved: iron atoms in bacterial ferrihy-
drite can occupy three sites with different quadrupole
splittings. From the standpoint of a local structure, the
changes that occurred upon annealing of ferrihydrite
nanoparticles were insignificant. The quadrupole
splittings and the isomer shifts fell in the range charac-
teristic of various natural iron hydroxides [32].

Thus, we can conclude that no new iron oxide
phases formed in bacterial ferrihydrite upon annealing
and no substantial changes in the crystal chemistry of
the nanoparticle structure took place in it. It is natural
to relate the decrease in the sample mass to the loss of
intercrystalline water (according to the nominal ferri-
hydrite formula 5Fe,O; - 9H,0, water accounts for
16% of the mass) and partial “burning” of the organic
component, in particular, the organic coating of the
nanoparticles in the interparticle volume of closely
spaced nanoparticles [30].

2.3. Magnetic Measurements

The magnetic measurements were carried out on a
vibrating-sample magnetometer [33]. A powder was
fixed in paraffin in a measuring capsule, and the data
were corrected for the diamagnetic signal from the
capsule with paraffin. We used zero field cooling
(ZFC) and field cooling (FC) conditions. When hys-
teretic dependences were measured under FC condi-
tions, a sample was cooled from a temperature of
120 K, which is significantly higher than the blocking
temperature.

3. RESULTS AND DISCUSSION

Figure la shows the ZFC and FC temperature
dependences of the magnetic moment of the powder
samples in a field H = 1 kOe. The ZFC M(T) depen-
dences have clear maxima at a temperature of about
23 K (initial sample 1) and 49.5 K (annealed sample 2),
and the M(T) dependences obtained at different ther-
momagnetic prehistories diverge at these tempera-
tures. This behavior is characteristic of a system of SP
particles with blocking temperature 75 corresponding
to the maximum in the ZFC M(T) dependence.
Another characteristic feature of the SP system is a
significant shift of the blocking temperature toward
low temperatures when the applied field increases.
The inset to Fig. 1a illustrates this behavior: it presents
the values of Ty (axis y) at various applied fields
(axis x).

The blocking temperature determined as the max-
imum in the M z(T) dependence corresponds to the
freezing temperature of the largest particles in an
applied field. On the other hand, the temperature
behavior of the difference between the FC and ZFC
magnetic moments (M, — Mpo) allows us to deter-
mine the “average” blocking temperature (Tp) (see,
e.g., [19]). Figure 1b shows the temperature depen-
dences of the temperature derivative d(M > —
Vol. 119
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M )/d T for the sample under study. The values of ( T)
at H = 1 kOe that are determined as the maximum in
the dependence d(Myr — Mg)/dT are 10.5 and
22.4 K for initial sample 1 and annealed sample 2,
respectively.

The blocking temperature of the ferrihydrite parti-
cles after annealing is seen to increase. According to
the generally accepted concepts, 7 is unambiguously
related to particle volume V as follows:

T, = KV/In(t/1,)k ~ KV/25k. 2)

Here, K is the magnetic anisotropy constant (specifi-
cally, effective magnetic anisotropy related to both the
shape anisotropy and the crystalline anisotropy of a
particle), k is the Boltzmann constant, and the factor
of 1/25 appears because of the ratio of the characteris-
tic measurement time (t ~ 10% s) and particle relax-
ation time (1, ~ 107°—10"1%).

As follows from the Mdossbauer spectroscopy data
(Section 2.2; according to them, no new iron oxide
phases appear), either the effective magnetic anisot-
ropy constant of particles K or the particle size (or both
parameters) changes. To reveal the causes of the
increase in the blocking temperature upon annealing,
we consider the magnetization curves of the samples in
a temperature range above 7.

The experimental results are shown in Fig. 2. It fol-
lows from these experimental curves that the M(H)
dependences are the superposition of an SP contribu-
tion, which is described by the Langevin function in
the simplest case, and a linear relation M(H) = y4rH.
The linear dependence manifests itself at high fields,
where the Langevin function is close to saturation.
This behavior was observed for small AF particles [13,
14, 17—19], including analogs of our samples (ferritin
nanoparticles) [1, 6—8, 10, 11, 23, 24]. Term y H
describes the canting of the sublattices of the AF core
of the particles (4 is the magnetic susceptibility of
the AF particle core). A comparison of the experimen-
tal M(H) dependences of the samples at close temper-
atures (e.g., 100 and 110 K) demonstrates that the ini-
tial increase in the magnetic moment is significantly
higher for annealed sample 2 and that the M(H)
dependences of the two samples cannot be scaled by
the multiplication of the magnetic moment by a coef-
ficient or by subtracting a field-linear M(H) function.
This finding indicates that the magnetic moment of a
particle in sample 2 is higher than in initial sample 1.

For a quantitative analysis of the M(H) depen-
dences, we use the generally accepted approach for
systems of noninteracting AF nanoparticles, where the
magnetic moment of a sample is determined by the SP
behavior of individual particles with allowance for
their size or magnetic moment distribution and by
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Fig. 1. (a) Temperature dependences of the magnetic
moment under ZFC and FC conditions at H = 1 kOe for
the samples under study. (inset) Blocking temperature 7'
vs. the applied field. (b) Temperature dependence of the
temperature derivative of Mz — Mpc, the maximum of
which determines the average blocking temperature (7g):
(@) sample 1 and (O) sample 2.

component y 4-H. In this case, the M(H) dependences
are described as follows:

Mmax

M(H) = N, [ L(tp DDA, pdty + arH. )
Hmin
Here,

L(p,, H) = coth(pw,H/kT) —1/(n,H/kT)
is the Langevin function, f(u,) is the magnetic-
moment distribution function of the particles p,, and
N, is the number of particles per unit mass of the pow-
der. We used the lognormal distribution f(u,) =
(n,5(2m) %)~ texp{—[In(p,/n)]1?/2s%}, where the average
magnetic moment of a particle is (u,) = nexp(s®) and s
is the dispersion of In(p,). During processing of data at
each temperature, we first estimated p, without regard
for the distribution function to bring the general shape
of the M(H) dependences into agreement and then
used Eq. (3) to achieve the best agreement between the
experimental and fitted curves. We varied (u,) and y 4r
at various temperatures, while dispersion s?, which
Vol. 119
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Fig. 2. Isotherms of magnetization curves at various tem-
peratures for (a) initial sample 1 and (b) sample 2 after
annealing. (symbols) Experimental points, (solid lines)
results of best fitting of L(H) + y 4«(H) by Eq. (3), (dashed
lines) Langevin contribution L(H) (first term in Eq. (3)),
and (dotted lines) contribution of the AF component y 4-H
(second term in Eq. (3)) at given temperatures.

characterizes the distribution shape, and the number

of particles N, remained constant.! Note that the
agreement between the experimental and fitted curves
degrades significantly without regard for the distribu-
tion function in the field up to 10 kOe, although the
adjustable parameters differed by at most 10%.

The solid curves in Fig. 2 illustrate the results of the
best fitting. Figures 2a and 2b also show the SP
(dashed lines) and AF (dotted lines) contributions for
the samples at certain temperatures. Figure 3 shows
the temperature dependences of the parameters
(D), x4« 1)) varied during adjustment. The values
of y 47 are approximately the same for both samples,

' The values of s*> were 0.2 and 0.25 and the number or particles
was N, = 2.62 x 10" and 2.2 x 10'8 for samples 1 and 2, respec-
tively.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

BALAEV et al.

(TN %ars 1074 G cm?/(Oe g)
T T

300 (my) ~(1=T") 1.2

0.9
200

0.6

) N 0.3

100 e O
°

1 1 1
200 300 400
T,K

1
0 100

Fig. 3. Average magnetic moment of a particle ( pp) and y 4f
for samples (@) 1 and (O) 2 that was obtained by process-
ing the experimental M(H) curves (Fig. 2) at various tem-
peratures. (solid lines) Dependence (4) at a = 3/2 and 2.

and the average magnetic moment of a particle in sam-
ple 2 is significantly higher. These findings indicate a
larger average particle size in sample 2 and agree with
the increase in the blocking temperature (Fig. 1).

We now dwell on the temperature dependence of
the average magnetic moment of a particle. It is logical
that this dependence for ferro- or ferrimagnetic order-
ing should obey the well-known Bloch law

(R (1) ~ (R (T = 0))(1 =T 4)
which follows from the existence of “thermal” spin
waves, at a = 3/2 and sufficiently low temperatures.
Indeed, this dependence was observed for SP nano-
particles [34—36]; however, there exists a number of
experiments performed on small ferrimagnetic nano-
particles that demonstrated a deviation from the “law
of 3/2.” In these cases, the exponent is usually higher
than 3/2[37, 38]. In the case of AF ordering, research-
ers consider the uncompensated magnetic moment of
particles. The authors of [10, 11] obtained @ = 2 in
Eq. (4) for ferritin nanoparticles and interpreted this
result in terms of the theory of spin waves in antiferro-
magnets. For the ferrihydrite nanoparticles under
study, we found that the (u,)(7) dependence follows
Eq. (4) ata=1.9+0.1 for sample 1 (which agrees with
the data on ferritin [10, 11]) and at @ = 1.55 = 0.05 for
sample 2. This is illustrated in Fig. 3, which shows the
results of description of the (u,)(7) data by Eq. (4). We
can state that, as the ferrihydrite particle size
increases, the temperature dependence of the uncom-
pensated magnetic moment changes and becomes
closer to the law of 3/2.

The (u,)(T) dependence obtained by processing
the experimental M(H) dependences can be used to
reliably extrapolate the calculated data to 7= 0 and,
hence, to estimate the values of () (7" = 0), which
were found to be 235 £ Spgand 330 & 10, for samples
1 and 2, respectively. If the magnetic moment of the
Vol. 119
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Fe3* ion is taken to be J ~ 55, the number of iron ions
with uncompensated spins is N,,,. = 47 and 65 for sam-
ples 1 and 2, respectively. Of course, these estimated
values of N,,. imply the ideal ferromagnetic orienta-
tion of uncompensated spins.

We now compare the calculated values of N,,. with
the possible versions of formation of an uncompen-
sated magnetic moment in small AF particles. The
authors of [28] studied the morphology and structure
of the nanoparticles produced by Klebsiella oxytoca
bacteria, and nanoparticles corresponding to sample 1
were analyzed. As follows from these results, the ferri-
hydrite particles in sample 1 are elongated cylinders
~3 and 6—7 nm in size. Using these data and the aver-
age distance between iron ions in ferrihydrite (3 A
[16]), we can estimate the average number of Fe3*ions
in a nanoparticle (Ng. ~ 2000—2500). Even at this

scatter of the values of Ng,, we obtain NlF/e2 ~ 45-50,

which coincides with the estimate (N,,. = 47) made
from the magnetic data for initial sample 1. This indi-
cates that the uncompensated magnetic moment is
induced by random breaks in the spin order through-
out the particle volume (including surface; see
Eq. (1)). This value (N, = 47) is severalfold larger

than the value (N, = NIF/: ~ 12—14) expected from
the model of uncompensated magnetic moment for-
mation by random breaks in the spin order only on the
particle surface.

Note that the relation N,,,.~ N, L/ez holds true for fer-

rihydrite and ferritin nanoparticles [1, 6—11, 24]. The
fact that this relation is rather exactly obeyed is inter-
esting, since the total number of defects, which lead to
abreak in a spin order, should be on the order of N, in
this case.? However, this is in conflict with the gener-
ally accepted approach to these materials as AF parti-
cles, which is based on the set of Mdssbauer, neutron
diffraction, and magnetic studies [1, 4, 6—12, 29]. It is
possible that ferrihydrite, which has an imperfect
structure, is also characterized by a nonuniform defect
distribution over the sublattices [24], and the relation
N,..= N, IF/: mainly indicates that defects are present in
both the particle surface and volume.

IfN,,.~ N ]F/f and the particle volume is V'~ Ng,, we
derive the relations N,./N,. = V/V)V? =

(N, re/ Nage) /2 for particles with different volumes V; ~
Nir.and V; ~ Nyp.. As a result, we have

VI/VZ = NlFe/NZFe = (]VImcl/]VuncZ)2 (5)

2
= (l"’uncl/“uncZ) .

2 At the number of defects on the order of Ng, the difference
between the numbers of defects in both sublattices can be about

1/2 . . .
NF/e from statistical considerations.
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When comparing the values of (u,)(7=0) and N,
for the samples under study, we found that the average
particle volume in sample 2 increased by (66/47)? ~
2 times. This conclusion about an increase in the par-
ticle volume can also be drawn from the detected ratio
of the blocking temperatures (see Eq. (2)) on the
assumption of a constant magnetic anisotropy con-
stant. As follows from Fig. 1, the ratio of the values of
Ty at H=1kOe for these samples is (49.5 K/23 K) »
2.13, and the same value is obtained for the ratio of the
average values of (Tp) (22.4 K/10.5 K ~ 2.13; see
Fig. 1b). Thus, we found from different data that the
particle volume increases about twofold upon
annealing.

The conclusion regarding the annealing-induced
increase in the nanoparticle volume naturally agrees
with the detected mass loss (~18%). Since the anneal-
ing temperature is rather low (140°C) and the modifi-
cation of Mossbauer spectra is insignificant (see Sec-
tion 2.2), the decrease in the mass of the sample pre-
pared upon drying an aqueous sol is most likely to be
related to partial loss of water and the organic shell of
particles. During the sublimation of the organic shell
of closely spaced nanoparticles, they undergo coales-
cence, which results in an increase in their average
sizes.

Thus, the morphology of the ferrihydrite particles
can undergo significant changes at the temperatures
slightly above the boiling temperature of water. Of
course, these changes should also depend on the
medium in which a sample is located. Therefore, it is
difficult to determine the Néel temperature from
direct magnetization measurements at high tempera-
tures. The authors of [6, 11] proposed to estimate the
Néel temperature by extrapolating a A7) depen-
dence to the zero value of y 4 7).

It is seen in Fig. 3 that, in our case, the antiferro-
magnetic susceptibility changes approximately
according to the law y A7) ~ y,AT = 0)(1 — 1),
which is similar to the dependence detected for fer-
ritin nanoparticles in [6, 11]. The linear extrapola-
tion of our y,«{7T) data in Fig. 3 gives 430 £ 20 K,
which agrees with the Néel temperatures obtained for
ferritin in [6, 11].

In the range below T3, the M(H) dependences are
hysteretic functions, which is characteristic of SP sys-
tems (see Fig. 4, which shows these data for 4.2 K).
The bacterial ferrihydrite samples under study are
characterized by the following specific features. Up to
fields of 60 kOe, the hysteretic M(H) dependences are
partial hysteresis loops (see the inset to Fig. 4a). As a
consequence, coercive force H, depends on the maxi-
mum applied field H,,,,. For initial sample 1, the val-
ues of H,are 1.5 and 1.9 kOe for H,,,, = 30 and 60 kOe,
respectively (Fig. 4b). The coercive forces of annealed
sample 2 at H,,,, = 30 and 60 kOe are slightly higher,
2.35 and 3.6 kOe, respectively (Fig. 4¢).

The following rather rare specific feature, which is
characteristic of SP system (see [39—42]), is also
Vol. 119
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Fig. 4. Hysteretic M(H) dependences at 7= 4.2 K for sam-
ples (O) 1 and (@) 2. (a) Field range of +60 kOe, maxi-
mum applied field H,,, = 60 kOe; (inset) segments of the
hysteretic dependences in fields higher than 20 kOe illus-
trating the irreversibility of the M(H) dependences and the
position of the initial magnetization curve relative to the
hysteresis loop of sample 2 (A). (b), (¢) Low-field seg-
ments of the hysteresis loops at H,, = (O) 30 and (@)
60 kOe for samples (b) 1 and (c) 2.

detected: the initial magnetization curve for sample 2
is outside the hysteretic curve in the field range 15—
40 kOe (so-called anomalous hysteresis). This feature
is illustrated in the inset to Fig. 4a. The difference
between the initial magnetization curve and the hys-
teretic loop exceeds the measurement error, and this
effect is repeated after the removal of magnetic prehis-
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tory (heating above the blocking temperature). Since
we consider an SP system below the blocking temper-
ature, the position of the magnetic moment of a parti-
cle is determined by the competition of Zeeman
energy p, x H and magnetic anisotropy energy KV.
This specific feature can result from the existence of
numerous close local energy minima of the magnetic
moment energy in an anisotropy field [39]. The poten-
tial energy minima in which vector p, can be located
can be different for the magnetization from the fully
demagnetized state and the hysteresis loop section
afterthecycle H=0— H,,,— —H,..,— H=0.
In this case, we believe that anomalous behavior of the
initial magnetization curve can occur (Fig. 4a).

Figure 5a shows the hysteretic M(H) dependences
for sample 2, which were obtained under ZFC condi-
tions at H,,, = 30 kOe and upon FC cooling in a mag-
netic field Hz- = 30 kOe, on the temperature exceed-
ing the blocking temperature. The hysteresis loop is
seen to shift significantly relative to both the abscissa
and ordinate axes. Figures 5b and 5c¢ show the detailed
M -(H) dependences for samples 2 and 1 in the region
of intersection with the abscissa. Let the field at which
the My (H) dependence intersects the abscissa be

H.pc_ and H_ ., for negative and positive values of H,

respectively. It is seen that H ;. and H, differ strongly
at negative fields. For samples 1 and 2 at Hz-= 30 kOe,
the values of H,p-_ turn out tobe —1.93 and —6.2 kOe,

and the exchange shift (i.e., the shift of the FC hyster-
esis loop with respect to the origin of coordinates)

determined as Hy= (H, po_ + H, pc,)/2is 270 Oe and

2.38 kOe for the samples, respectively. However, after the
cycle of measurement of M z-(H) loop from +30 kOe —
—30 kOe — +30 kOe, the M(H = +30 kOe) value
does not coincide with Mz-(H = 30 kOe) obtained
under FC conditions. This behavior is illustrated in
the inset to Fig. 5a: points A and B correspond to the
magnetic moment at H = 30 kOe immediately after
cooling in this field and after recording a loop under
FC conditions. Moreover, if the applied field is
decreased at point B, the M(H) dependence does not
follow the earlier M ;-(H) curve and is close to the seg-
ment of the hysteresis loop when the field is decreased
(in the range H > 0) under ZFC conditions. Point Cin
Figs. 5a and 5b corresponds to M(H = 0) after record-
ing an Mp-(H) loop and decreasing the applied field to
zero. Similar behavior is observed for sample 1 (not
shown). We can conclude that the FC M(H) hysteresis
loop is shifted (which is most pronounced for
annealed sample 2); however, this effect becomes less
pronounced after the cycle of measuring the Mp.(H)
dependence.

The shift of the magnetic hysteresis loop of a sys-
tem of magnetic nanoparticles during field cooling is a
frequent phenomenon [1, 13—21, 41, 42], which was
observed for ferritin [7, 22] and ferrihydrite [6] nano-
Vol. 119
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particles. At least two mechanisms are possible for this
behavior. The first of them is related to the exchange
interaction between surface spins and the core of a
particle and is similar to the well-known exchange
shift for ferromagnet/antiferromagnet (F/AF) struc-
tures [21]. This mechanism can also occur for the
spin-glass state of surface spins and ferri- or ferromag-
netic ordering in the core [21, 41, 42]. The exchange
shift detected for AF nanoparticles, such as NiO [13—
16] and CuO [17, 18], is related to the interaction of
uncompensated spins with the AF core on the surface.
For the exchange shift mechanism in an F/AF struc-
ture, Hyp is inversely proportional to the magnetiza-
tion of the F layer and the ferromagnetic layer thick-
ness (this is the surface layer thickness in the case of
the spin-glass state of surface spins) [21]. In our case,

the relation N, = NIF/C2 is valid at a high reliability,

which supports the fact that the magnetic moment of
a particle is formed by both surface spins and the spins
in the core of a particle. The mechanism of interaction
of such a “ferromagnet” with the AF “matrix” is
unclear, and it is difficult to explain the significant
increase in Hyp (from 270 Oe to 2.38 kOe) for sample
2 (when the average magnetic moment of a particle
increases by 1.4 times and the volume increases
approximately twofold) in terms of this approach.

Another cause of the detected shift in the hysteresis
loop can be the influence of the effective magnetic
anisotropy of the particles [22]. Indeed, up to an
applied field of 60 kOe, the M(H) dependence remains
irreversible and H, depends on the maximum applied
field H,,,,. It is possible that FC conditions are a cer-
tain analog of high values of H,,, under ZFC condi-
tions and that the observed modification of the hyster-
esis loop (including the shift of the coercive force, i.e.,
H,p-_) under FC conditions reflects the high mag-

netic-anisotropy-induced energy barriers that are
overcome by the magnetic moment of a particle.
Cycling along the hysteresis loop after field cooling
partly “deletes” the magnetic history (see M(H) in
segment BC in Fig. 5a). The fact that the initial mag-
netization curve is outside the hysteresis loop noted
above also indicates a complex structure of the energy
barriers separating the potential energy minima for
vector p, (Fig. 4a).

Thus, apart from the well-known mechanism of
exchange interaction between the magnetically
ordered phases on the surface and in the core of a par-
ticle, the detected shift of a magnetization hysteresis
loop under FC conditions can also be related to the
effect of the magnetic anisotropy of the particles.

4. CONCLUSIONS

We studied the magnetic properties of the ferri-
hydrite nanoparticles produced by Klebsiella oxy-
toca bacteria. These nanoparticles exhibit super-
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Fig. 5. (a) Hysteretic M(H) dependences at 7= 4.2 K for
sample 2 at H,,, = 30 kOe under (O) ZFC and (@) FC

conditions. The FC M(H) dependence follows the path
A— A'— B— C. (inset) Segments of these depen-
dences in fields higher than 15 kOe. (b) Low-field seg-
ments of the hysteresis loops of sample 2 at H,,, = 30 kOe

under (O) ZFC and (@) FC conditions (H,, H, p-_,

H, g, are the coercive forces under these conditions,

respectively). (c) Low-field segments of the hysteresis
loops of sample 1 at H,,, = 30 kOe under (O) ZFC and
(@) FC conditions.

paramagnetic behavior with a characteristic block-
ing temperature. Their magnetization curves can be
represented as the superposition of a superparamag-
netic (Langevin) contribution and an antiferromag-
netic component.
Vol. 119

No.3 2014
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Heat treatment of ferrihydrite at 7= 140°C for 3 h
led to a substantial increase in the blocking tempera-
ture (from 23 to 49.5 K), and Moéssbauer spectroscopy
data showed no radical changes in the environment of
iron ions in annealing. An analysis of the magnetiza-
tion curves with a lognormal distribution of the mag-
netic moments of particles demonstrated that the
average magnetic moment of a particle increases by
1.4 times upon annealing. In combination with the
results of earlier investigations of the structure and
morphology of the nanoparticles, we concluded that
the Néel mechanism of formation of the uncompen-
sated magnetic moment of a particle with antiferro-
magnetic ordering takes place in them (in both initial
and annealed nanoparticles). Specifically, spin dec-
ompensation (break in spin order) occurs on the parti-
cle surface and in the particle volume and the number

. 1/2 .
of uncompensated spins is N, = NF/e (where N, is

the number of magnetically active atoms in a particle).
Based on these results, we concluded that the particle
size increases approximately twofold upon annealing.
The temperature dependence of the uncompensated
magnetic moment of small particles (sample 1) was
found to approximately follow the dependence
(1—T7%, and this dependence for larger particles
(sample 2) transformed and became close to the Bloch
law (1 — T%/?).

The values of antiferromagnetic susceptibility ¥ 4
obtained as a result of analysis of magnetization curves
decrease with increasing temperature similarly to the
¥4r dependence in ferritin studied earlier. The extrap-
olation of y A7) to high temperatures gives a Néel
temperature of 430 K for the samples under study.

The FC hysteresis loop is shifted and this effect
increases significantly for the annealed sample. The
following specific features of the hysteretic M(H)
dependences were revealed: irreversibility up to a field
H = 60 kOe at T = 4.2 K, the passage of the initial
magnetization curve outside the hysteresis loop, and
different M(H) dependences after field cooling and the
repeated cycle of changing an applied field (removal of
magnetic prehistory; see Figs. 5a, 5b). These features
indicate a significant effect of magnetic anisotropy
(jumping of the magnetic moment of a particle over
energy barriers after field cooling) on the shift of the
hysteresis loop.

The increase in the magnetic moment of the bacte-
rial ferrihydrite particles upon annealing at low tem-
peratures can be used to intentionally change the par-
ticle size and to control the magnetic moment of the
particles in a rather simple manner. This is important
for the practical applications (such as the transport of
medicinal agents in an organism) in which particles
must be nanosized, have a sufficiently high magnetic
moment, and have no magnetization hysteresis at
room temperature.
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