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Formation and properties of the nanocluster structure of iron oxides
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Nanostructures based on iron oxide clusters 1—300 nm in size were synthesized and
studied. Thermodynamic models of nanocluster nucleation resulting in the formation of both
primary nanoclusters and nanocluster aggregates with the sizes up to 70—80 nm were consid-
ered. Models of heat capacity of the nanoclusters were examined, and the twofold increase in
the heat capacity of the iron oxide clusters 2—3 nm in size compared to that of the bulk iron
oxide samples was found. The size of the primary nanoclusters and the intercluster interaction
make it possible to vary the magnetic properties of the nanostructures in a wide range from
paramagnetic to magnetically ordered o-Fe,O;—y-Fe,03 nanostructures with the first-order
magnetic phase transitions, magnetic twinning, and a strong magnetic field (10 Oe) effect on

the magnetization increase at low temperatures.

Key words: nanoclusters and nanostructures, nanocluster design, heat capacity, magnetic
phase transitions, magnetization, Méssbauer spectroscopy, atomic force microscopy.

Nucleation and formation of nanoclusters from the
gas phase, solutions, and melts are known and well stud-
ied processes characterized by critical nucleation sizes.1:2
Processes of cluster nucleation in the solid phase are much
more complicated and less controllable. In this case,
topochemical reactions leading to the appearance of a
new phase can be used. For homogeneous nucleation, the
minimum cluster size is determined by the critical nuclea-
tion radius, and the maximum radius is determined by
diffusion restraint of mobility of components of the new
phase formed due to the topochemical reaction.? In the
case of matrix or template restraint, the minimum and
maximum cluster sizes are determined by the nanoreactor
sizes.4 The further growth of clusters, for instance, with
the temperature increase, can result in cluster agglomera-
tion; in this case, the initial weak intercluster interaction
characteristic of the minimum critical cluster sizes is re-
placed by the strong intercluster interaction. Solid-phase
nucleation also occurs when nanocrystallites are formed
from the amorphous phase (metals and alloys, amorphous
polymers) upon detonation processes, explosions, efc.%

The formation of nanoclusters and a solid-phase
nanostructure is very complicated; however, these are the
processes that determine the final properties of such
nanomaterials as metal alloys, ceramics, glasses, and or-
ganic polymers. Therefore, it is significant to develop
models of nucleation interpreting the change or control
of the properties of nanostructures. The model of homo-
geneous nucleation and agglomeration of iron oxide
nanoclusters upon the thermal decomposition of iron
oxalate was proposed.?> It was shown that both weakly
interacting, virtually separated with the media iron oxide
nanoclusters and iron oxide nanoclusters of the initial
agglomeration stage are stabilized under certain condi-
tions. This reaction makes it possible to obtain a wide
range of iron oxide nanoclusters with the size from one to
several hundreds of nanometers and different intercluster
interactions and supercluster structures. This, in turn,
should result in a wide variation of the properties of
nanoclusters. Homogeneous nucleation is the simplest
case of cluster formation of iron and oxygen atoms. How-
ever, such an atomic nucleation should be accompanied
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by the participation of individual clusters as a whole to
form aggregates of clusters.

The purpose of the present work is to synthesize dif-
ferent nanostructures based on iron oxides in a wide range
of nanocluster sizes (from several nanometers to several
hundreds of nanometers) with a change in the intercluster
interactions and, on this basis, variation of their micro-
scopic and macroscopic properties.

Iron(11) oxalate was used as the solid-phase medium
of formation and growth of the iron oxide nanoclusters.

Experimental

Iron oxide nanoclusters were prepared by the thermal de-
composition of iron(ir) oxalate Fe,(C,04)3+5H,0 in air at
200—350 and 500 °C.3

The microstructure of the sample surface was studied on a
Solver P47 Pro scanning probe microscope with an AFM (atomic
force microscopy) scanning head in the semicontact regime in
air using a silicon cantilever (probe radius 10 nm). Powders
under study were molded under a pressure of 110 bar in the
reach-through hole of a nickel plate followed by the removal of
excess material. The nickel support was placed on a dielectric
corundum plate, the sample was scanned over several regions,
and the most characteristic features of its structure were studied.

Heat capacity was measured on a Mettler DSC-30 differen-
tial scanning calorimeter in a nitrogen flow in the temperature
interval from 110 to 300 K with a scan rate of 3—5 deg min~—!.

Magnetic measurements were carried out on a Criogenics
SQUID S-600 magnetometer with cooling in the zero field
(ZFC) and in a magnetic field of 10 Oe (FC). To provide the
ZFC regime, a sample was cooled to 1 K in the absence of an
external magnetic field, and then measurements were carried
out in a field of 20 Oe, increasing temperature to 300 K with an
increment of 1—20 K. For measurements in the FC mode, the
sample was cooled to 1 K in an external magnetic field of 10 Oe,
after which measurements were conducted in a field of 20 Oe,
increasing temperature to 300 K with an increment of 1—20 K.

Mossbauer spectra were obtained on a Wissel spectrometer
with the 3’Co (Rh) y-radiation source with an activity of 10 mCi.
Isomeric shifts were calculated from the center of the spectrum
of the magnetic hyperfine structure (HFS) of metallic iron.

Results and Discussion

Thermodynamic models of atomic and cluster nuclea-
tion in the solid phase. During the thermal decomposition
of iron(111) oxalate, a mobile active reaction medium be-
gins to form with nucleation of iron oxide nanoclusters at
a temperature higher than the critical point. Cluster for-
mation is similar to nucleation from individual atoms in
solution or melt in a restricted volume (volume of a cell or
pore). This size is controlled by diffusion restraint that
does not allow perturbation of the mother medium, which
is caused by a change in the cluster size, to migrate farther
than at the distance L = (Dr)!/2 (D is the diffusion coeffi-
cient) during the nucleation time (). In this case, this size

can be considered as the size of a cell surrounding the
cluster beyond which components of the mother batch
cannot penetrate.

For a system of non-contacting clusters, the depen-
dence of the free Gibbs energy (AGy) on the cluster ra-
dius (r) for one cluster during atomic nucleation is deter-
mined by the formula

AGy, = dnrto, — (4/3)nr3p AL, €))

where p, is the density of iron atoms in the cluster, Ap, is
the change in the chemical potential of iron on going of
one iron atom from the mother batch into the structure of
one cluster, and o is the density of the free surface energy
of the cluster. If N atoms fall on one cluster in a mixture
of which ny, are iron atoms and n, = (4/3)nr3p, are iron
atoms present in the cluster structure, then for N >>

Ape = A + In[(ng — m)/N]. o))

Here Ap, is the change in the standard chemical poten-
tial of iron measured in the k7 units on going of one iron
atom into the cluster structure. The clusters do not con-
tact with each other at the initial stage. When designating
the volume and surface area of this cluster as V, = (4/3)mr3
and Sg, = 4mr?, respectively, then Eq. (1) can be written in
the form

Ach = (XSfc — {AHCO + 11’1[(”0 - n)/N]}VfC (3)

The AG;,/AG,, function has a maximum in the point 7= r,
and a minimum in the point r = r,,, (Fig. 1).

Equation (3) characterizes the stages of cluster nucle-
ation and growth in a weakly interacting system of non-
contacting clusters. The further increase in their sizes
results in the situation when they come in contact with
each other and begin to agglomerate. The onset of cluster
agglomeration characterizes a system of strongly interact-
ing clusters. If the distance between the cluster centers
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Fig. 1. Change in the free Gibbs energy AG/AG,, upon cluster
nucleation, growth, and agglomeration calculated by formu-
las (3) and (4) as a function of the relative cluster size r/r,,.
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is 2r, = const (r; is the radius of clusters contacting with
each other), then the surface area S, and volume ¥V, of
the cluster forming contacts with k neighbors are deter-
mined rather correctly by the expressions

Sy = 4mr2 + K2nr(r, — 1), 4)
Ve = (4/3)mr + k(1/3)mr(=2 + 312r, — 1,).

Therefore, the change in the free Gibbs energy at the
agglomeration stage (i.e., for r > r,) is the following:

AGy = oS, — {AHO +1In[(ny —n)/N1}pV. (5)

Thus, the profile of changing the free energy of the
system per cluster in the whole range of changes is deter-
mined for r < r; by formula (3), and for r > r, it is deter-
mined by formula (5). The plot of AG/AG,, vs. r/r,, for
r.=1.75R., is shown in Fig. 1 as an example. The plot has
three minima separated by two maxima. The minimum in
the point ¥ = 0 corresponds to the initial state of the
mother medium. After passing through r,, the system
transforms into the first stable state (r = r,,,,) correspond-
ing to the equilibrium state of the formed but not contact-
ing clusters (this is possible when r,,, < 7). The third
minimum corresponds to a system of agglomerating clus-
ters each of which has k contacts. Therefore, the first
maximum at » = r.. forms a potential nucleation barrier,
and the second one forms the potential agglomeration
barrier. The potential agglomeration barrier for k = 6 and
different R, values is presented in Fig. 2. At r, = 1.7r,,
agglomeration is barrierless, whereas at r, = 1.75r,,, i.e.,
in a system less densely occupied by clusters, a potential
barrier should be surmounted to begin agglomeration. In
a less denser system, at 7, = 1.8r., no agglomeration
occurs because this is conjugated with an increase in the
free energy.

AG/AG,,

1.66 1.70 1.74 178 r/ry,

Fig. 2. Changes in the free Gibbs energy AG/AG,, in the region of
onset of cluster agglomeration as a function of the relative clus-
ter size r/r,, calculated for different values of the half-dis-
tance between the cluster centers: r, = 1.70r;,. (1), 1.73r,, (2),
1.75r.. (3), 1.77r,, (4), and 1.80r, (5).

Two minima in the curves of differential thermal and
gravimetric analysis were found’ during the thermal de-
composition of iron oxalate Fe,(C,04);+5H,0 in air at
temperatures 73 ~200 and 260 °C. The first minimum in
the both curves corresponds to iron dehydration with CO
and CO, evolution. Thus, at Ty > 200 °C a mobile me-
dium is formed in which nucleation and growth of iron
oxide clusters are possible. The second minimum is re-
lated, most likely, to the further removal of CO and CO,
and the onset of agglomeration of the iron oxide clusters.
The consistence between the thermodynamic model of
cluster nucleation, growth, and agglomeration and the
experimental data on iron oxalate thermal decomposition
is illustrated in Fig. 3. Here the space isolated by dash
includes four points of the onset of cluster nucleation and
formation. The pre-critical region of cluster sizes (r < r,,)
corresponding to the stage of fluctuation nucleation ac-
companied by an increase in the AG(r) function is ob-
served. In the region r > r. the nucleation process is
accompanied by a decrease in the free energy, occurs
spontaneously, and is finished by the formation of a stable
cluster with the size r,,,, = 5—6 nm and a nanosystem of
weakly interacting clusters (see Fig. 3, b). Agglomeration
occurs when the distance between the centers of adjacent
clusters (2r,) is rather short. In this case, if r,,, < r;, then
in the region r,, < r < r; the AG(r) function increases to
form a potential barrier with a maximum in the point » = r,.
With an increase in r; the depth of the potential well
corresponding to the strongly interacting system becomes
smaller, and at r, = (1) the well disappears and ag-
glomeration becomes impossible because it should be ac-
companied by an increase in the free energy (AG > 0).
Since r,,, and r, are determined by experimental condi-
tions, the result of the topochemical reaction depends on
the temperature of the reactor, duration of agglomera-
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Fig. 3. Scheme of cluster formation, growth, and agglomeration:
nucleation (a), maximum size of a stable cluster of a weakly
interacting system (b), agglomeration onset (c), and formation
of a system of strongly interacting clusters (d); arrows show the
correspondence of stages a—d to the curve of changing the free
Gibbs energy.
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tion, and prehistory of the sample. Thus, the formation of
a nanosystem proceeds via two main stages: the nano-
system of weakly interacting clusters (from the nucleation
of clusters to the onset of their agglomeration) and the
nanosystem of strongly agglomerating clusters (after the
onset of their agglomeration). The change in the charac-
ter of the intercluster interaction changes many proper-
ties of the nanosystem, and the appearance of the strong
intercluster interaction and agglomeration is character-
ized by considerable interphase strains. These strains are
generated by the formation of an intermediate neck due
to surface tension8: P = o,/x, where o is the surface ten-
sion, and x is the neck radius for cluster agglomeration.
Accepting for iron oxide oo = 1 Nm~! and x = 1 nm, we
obtain P ~10° Pa. An excess pressure is also developed
due to defects and dislocations at the interface and
achieves 10° Pa for clusters ~10 nm in size.! The strain
and pressure developed in the system of the strongly de-
veloped nanoclusters are important factors determining
the formation of the nanostructure and its properties.
When the conditions #, and r,,, are fulfilled, solid-phase
nanoclusters of metals, oxides, and chalcogenides can be
obtained, most likely, by low-temperature solid-phase re-
actions.

However, atomic nucleation followed by aggregation
can be accompanied by cluster nucleation to form aggre-
gates of individual clusters. In fact, when considering the
change in the free energy Gy, of nucleation from indi-
vidual clusters to form an aggregate with the R radius, as
considered earlier for atoms (1), then

AGp, = 4nR%a, — (4/3)nR3p,Au,, (6)

where o, Al,, and p, are the surface tension, the chemi-
cal potential of formation, and the density of the cluster
aggregate, respectively.

Let N atoms, of which nj are iron atoms, fall per
aggregate in a mixture, and n, = (4/3)nR>p, are those in
the aggregate structure. Then for N >> n,

A, = A, + Inf(ng — m)/N 1, (7)

Here AuaO(PT) is the change in the standard chemical
potential of iron measured in the k7 units on going of one
iron atom into the aggregate structure.

If cluster aggregates, similarly to individual clusters,
do not contact with each other in the initial stage, then,
designating the volume of this aggregate as Vp, = (4/3)R3
and its surface as Sp, = 4nR?, we can write Eq. (7) in the
following form:

AGp, = 0, Sp, — {A’ + In[(ng — n)/N 1}V 8)

The AGy, function, as for the atomic nucleation of an
isolated cluster (see Fig. 1), has a maximum in the point
R = R, and a minimum in the point R = R,,,,,. However,
the r.. and R, values should differ substantially.

In fact, the surface tension for a solid with a strong
covalent bond between the iron and oxygen atoms on the
surface of the iron oxide cluster should substantially ex-
ceed the surface tension for the cluster aggregates caused
by weak van der Waals interactions between them. The
surface tension values for these cluster aggregates are un-
known; however, if accepting the surface tension for an
iron oxide nanocluster to be about 1 N m~! (Refs 9 and 10)
and the surface tension of a cluster aggregate caused by
hydrogen and van der Waals bonds to be, correspond-
ingly, at a level between 0.073 N m~! as for water and
0.02 N m~! (Ref. 12) as for the most part of alkane mol-
ecules, then a 15—50-fold increase in the R, value for the
cluster aggregate over r,, can be expected from compari-
son of Eqgs (3) and (8). Similar conclusion can be made
from comparison of the energies of the bond between the
iron and oxygen atoms in an iron oxide cluster (~2 eV for
a covalent bond) and the energies of the bond between
atoms of inert gases (~0.1 eV for a van der Waals bond);
the latter is similar to the bond between the cluster aggre-
gates.

The considered nucleation of the cluster aggregates
can be not the single process of cluster aggregation. We
can assume the existence of superaggregates including
several cluster aggregates, whose formation occurs ac-
cording to Eq. (8) but with lower surface tension and,
hence, higher R, values.

Images and design of nanoclusters and nanostructures.
Data of atomic force microscopy (AFM) and Méossbauer
spectroscopy. The AFM images and profiles for the
nanostructures of the iron oxide clusters obtained in the
present work upon the thermal decomposition of iron(iir)
oxalate at T4 = 210 °C are shown in Fig. 4. The profiles of
cross sections of the AFM image of the region 600x600 nm
over lines 7 and 2 (see Fig. 4, a, c) indicate that two types
of nanostructures are formed upon decomposition: larger
aggregates 300 nm in size and smaller aggregates with
sizes of 70—80 nm. Scanning of the region 300x300 nm
(see Fig. 4, b, d) makes it possible to observe only one
type of aggregates: 70—80 nm in size. The both scales of
the images and especially the second one show the modu-
lation of the profiles of the aggregates (roughness) with
25—35 particular peaks, indicating that the aggregates
consist of finer parts: nanoclusters ~2—3 nm in size. How-
ever, the AFM method does not allow one to look inside a
cluster aggregate to obtain the direct image of a nano-
cluster and determine its structure.

Moéssbauer 37Fe spectroscopy was used for this pur-
pose. The Mdossbauer spectra of the same nanostructure
obtained at Ty = 210 °C are shown in Fig. 5. The mag-
netic HFS characteristic of y-Fe,0; is observed at the
measurement temperature 7= 4.2 K. This HFS was pro-
cessed in the simplest model using two systems of mag-
netic HFS corresponding to atoms inside (1) and on the
surface (2) of the cluster. As a result, we obtained the
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Fig. 4. AFM images (a, b) and the profiles of cross sections 7 and 2 of the AFM image (c, d) for the nanostructure including iron oxide
nanoclusters and obtained at the decomposition temperature of iron oxalate T4 = 210 °C: 600x600 (a, ¢) and 300x300 (b, d).

values of the magnetic field on the nucleus B; (1) =
47.811.0 T and B;,(2) = 42.8+£1.0 T, isomeric shift (1) =
0.50+0.03 mm s~! and §(2) = 0.50+0.03 mms~!, and
quadrupole splitting A(1) = A(2) = 0 mms~!. At this
temperature the B; (1) value is somewhat lower than that
for the bulk y-Fe,O; material (see Ref. 12), and their &
and A values coincide. The temperature increase results in
diffusing of the spectrum, broadening of the magnetic
HFS lines, and decreasing in B;,. Similar spectra are char-
acteristic of superparamagnetic nanoclusters.

A phenomenon of superparamagnetism helps to esti-
mate the nanocluster size. Let us use the simplest equa-
tion for superparamagnetism

T = 19exp[KV/(kT)], (€)]

where 1, K, and V are the relaxation time of the magnetic
moment, magnetic anisotropy constant, and cluster vol-
ume, respectively; 1y = 107—10~10s, The relaxation time
was estimated by the model of slow relaxation from broad-
ening of the magnetic HFS lines.!314 For the spectra of
the nanoclusters obtained at 74 = 210 °C, the line
width (T') measured at 7= 4.2 and 25 K was 0.62 and

5.12 mm s—!, respectively. The value AT = 4.5 mm s~! at
T=25K corresponds to t=2.2+- 10~ s. Then for 1, = 10~
at T=25Kand K= (1—2)-10°5 I m=3 (see Ref. 15), the
average cluster size is d = 1.4—1.7 nm. At the measure-
ment temperature 7 = 78 K, the 1 value decreases and
only a quadrupole doublet with the parameters 6 =
0.47£0.03 mm s~! and A = 0.87+0.03 mm s~! is observed
in the Mdssbauer spectrum.

The AFM data for larger clusters at 74 = 235 °C are
presented in Fig. 6. Here no superaggregates including
cluster aggregates are not already observed; however, clus-
ter aggregates of approximately the same sizes as those for
T4 = 210 °C (~80 nm) are retained. It is more difficult to
see the cluster structure of these aggregates than those in
the previous case; however, Mossbauer spectroscopy can
help (Fig. 7). For the nanostructure obtained at 7y =
235 °C, the superparamagnetic transition is observed at a
higher temperature (~100 K), which gives, using similar
estimates, a cluster size of 4—7 nm.

The AFM images change drastically when the nano-
clusters are transformed into the agglomeration state. Con-
tact (touching) of adjacent clusters initiates the agglom-
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Fig. 5. Mossbauer spectra of the nanocluster including iron oxide
nanoclusters and obtained at the decomposition temperature of
iron oxalate Ty = 210 °C; recording temperature: 4.2 (a), 25 (b),
and 78 K (¢).

eration process due to which a strongly interacting system
is formed. The AFM images and profiles of the nano-
clusters in the initial agglomeration stage at Ty = 265 °C
are presented in Fig. 8. The study of the surface region
500x500 nm makes it possible to estimate a cluster size of
30—50 nm in a system of interacting clusters, and a larger
scale (150x150 nm) and the study of the profile of two
contacting nanoclusters give a half-width of 14 nm and a
height of 6.4 nm for the prominent part of the cluster. The
Maossbauer spectra of the nanocluster structure (Fig. 9)
differ sharply from the spectra of the two preceding
nanostructures considered. Despite the absence of super-
paramagnetic relaxation for these large clusters (calcula-
tions by formula (9) give the time values exceeding sub-
stantially the time characteristic of Mdssbauer spectro-
scopy, © >> 108 5), a doublet characteristic of the para-
magnetic or superparamagnetic state of the substance is
observed in the spectrum up to 7= 100 K. Processing of
the Mossbauer spectra at 7= 78 K results in two superfine
magnetic structures corresponding to o-Fe,05 with the
parameters Bj, = 52.0£1.0 T and A = —0.29£0.02 mm s~!
and to y-Fe,O5 with the parameters B;, =47.0£1.0 T and
A=0.00+0.02 mm s—!. At 7= 120 K and higher tempera-
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150 4
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h/nm
12
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Fig. 6. AFM image (a) and the profile of the AFM image cross
section (b) for the nanostructure including iron oxide nano-
clusters and obtained at the decomposition of iron oxalate
Ty=235°C.

tures up to ambient temperature, the Mdossbauer spectra
can be presented by one system of the magnetic HFS
and a quadrupole doublet with the parameters B;, =
51.3+1.0 T,A=0.00+0.02 mm s—!, §=0.45+0.02 mm s~!
and A = 0.784£0.02 mms~!, § = 0.41£0.02 mms~!, re-
spectively. The characteristic feature of the whole series
of the Mossbauer spectra is the transformation of the spec-
tra with the magnetic HFS into a quadrupole doublet
corresponds, according to all the data, to the paramag-
netic state of the substance at temperatures much lower
than the Curie or Neel points typical of bulk a-Fe,O5 and
v-Fe,03 (T = 965 K, Ty = 865 K). This result will be
interpreted in the Section devoted to the magnetic prop-
erties of the nanostructures studied in the present work.

The AFM images for the largest nanoclusters obtained
at T4 = 500 °C are shown in Fig. 10. Here we can see a
nanostructure including strongly interacting nanoclusters
in the agglomeration state with sizes of ~300 nm. The
Maossbauer spectra of this system at room temperature
correspond to bulk a-Fe,05.12

Heat capacity of nanoclusters. The heat capacity of
iron oxides is mainly caused by vibrations of atoms in the
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Fig. 7. Mossbauer spectra of the nanostructure including iron
oxide nanoclusters and obtained at the decomposition tempera-
ture of iron oxalate 7y = 235 °C; recording temperature —
4.2 (a), 25 (b), 78 (¢), and 110 K (d).

crystal lattice. For a crystal with finite sizes, the energy of
atomic vibrations is written as follows:

E=(1/V) ¥ ho,/{explhw,/(kT)] — 1}, (10)

where summation is performed over 3NV vibrational modes
of the crystalline lattice including N atoms. The expres-
sion for heat capacity takes the form16

c—9E _k (hwn )2 explho, /(KT)]

{explho, (KT)] - 1}

T (11)

The phonon frequencies o, depend on the shape and
size of a crystal (cluster). In the asymptotic approxima-
tion for large spherical clusters with the R radii at high
temperatures (ho,/k << T < T, T¢ is the critical tem-
perature, for instance, Debye temperature), the heat ca-
pacity is expressed by the approximate formulal®

c=cp+al’/r+bT/P, (12)

where a and b are some constants. In the Debye approxi-
mation, this expression at » — oo gives the formula

¢ =cp = [kT?/2r%(ch)®] - p(Tc/T), (13)

X
where p(x) = | z*expzdz/(expz — 1)2, and c is the average
0

sound speed.

6.4 nm

€ — — «~ = = — — — —

//nm

Fig. 8. AFM images of the nanostructure including iron oxide
nanoclusters and obtained at the decomposition temperature of
iron oxalate T4 = 265 °C: scanning regions 500x500 (a),
150x150 nm (b), and surface profile along the dashed line (see
Fig. 8, b) (c¢); line length 14 nm, maximum depth of the re-
lief 6.4 nm.

At high temperature (7 >> Ty) this expression leads to
the Dulong—Petit law

c=3R (14)

(R is the universal gas constant), and at low temperatures
(T Ty, T<0.1T) we obtain the expression

c=a(T/Ty)?. (15)

The low-temperature limit at 7 — 0 gives the approxi-
mation in the form

¢ = (1/V)[(heg)*/ (kT )*lexpl—(hoy)/(KT)], (16)

where g is the minimum phonon frequency.
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Fig. 9. Mossbauer spectra of the nanostructure including iron
oxide nanoclusters and obtained at the decomposition tempera-
ture of iron oxalate Ty = 265 °C; recording temperature 77.8 (a),
125 (b), 160 (c), and 300 K (d).

Analysis of Egs (10)—(16) suggests that the heat ca-
pacity of the nanoclusters should increase compared to
that of a bulk solid in a wide temperature range, and the
increase in the heat capacity A = ¢ — cg for the nanoclusters
is due to an increase in the specific surface and the appear-
ance of additional modes of atomic vibrations (~a72/r)
and to a possible restriction of the wavelength of phonons
(~bT/r?) due to a decrease in the linear size of the cluster.
Consideration of the low-temperature limit (16) makes
it possible to predict a decrease in the heat capacity
of the nanoclusters compared to that of a bulk solid
(A =c — cg <0), so that for some size the heat capacity of
the nanoclusters becomes equal to that of a bulk sub-
stance and then decreases with the further temperature
decrease.

The temperature plots of the heat capacity of the sys-
tem of weakly interacting nanoclusters with sizes from
2—3 nm to 300 nm are shown in Fig. 11. A similar tem-
perature dependence of a bulk iron oxide sample is pre-
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Fig. 10. AFM image of the nanostructure including iron oxide
nanoclusters and obtained at the decomposition temperature of
iron oxalate T3 = 500 °C.
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Fig. 11. Molar heat capacity for nanostructures including iron
oxide nanoclusters with average sizes 2—3 ([), 4—7 (2), and
300 nm (3) and bulk iron oxide (4).

sented for comparison. A considerable increase in the
heat capacity of the nanoclusters over that of the bulk
material is distinctly seen and for the nanoclusters with
the sizes 2—3 nm exceeds that for the bulk sample by
almost 2 times. The second distinctive feature of the heat
capacity of the nanoclusters compared to the bulk solid is
a great slope of the temperature dependence of the heat
capacity for the nanoclusters.

Let us consider reasons for an increase in the heat
capacity according to Eqs (13)—(16). The first reason is
related to an increase in the root-mean-square displace-
ments of atoms on the solid surface <x>2 compared to
atoms inside the substance due to a decrease in the num-
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ber of bonds on the surface over that in the bulk. This
increases the <x>2 values for atoms on the surface by
2 times.

However, this increase is expected only for atoms on
the isolated solid surface or on the surface of isolated
clusters. Any interaction with the surface or intercluster
interaction induces an increase in the number of bonds
and a decrease in <x>2. The heat capacity is not directly
related to the <x>2 values and, therefore, its double in-
crease can hardly be explained by the simple increase
in <x>2. Indeed, when taking the simplest expression for
this magnitude in the Debye high-temperature approxi-
mation, then

<> = kT/(Mw?), (17)

where M is the mass of the atom.

It can easily be obtained that if in the harmonic ap-
proximation the energy of oscillator vibrations can be
presented in the form

E=e<x>? (18)
(¢ is the elasticity constant), then
¢ = ek/(Mo?). (19)

Analysis of this expression shows a strong effect of the
frequency spectrum of the nanocluster on the heat ca-
pacity. The appearance of low-temperature vibrations (and
the corresponding increase in <x>2) in the phonon spec-
trum of the cluster results in a considerable increase in the
heat capacity. At the same time, as already mentioned,
a decrease in the cluster size can be accompanied by the
restriction of the phonon wavelength and the frequency
cut of the phonon spectrum from the low-frequency side,
which can induce a decrease in the heat capacity.

The second constant determining the heat capacity of
the nanoclusters is the elasticity constant of atomic vibra-
tions in the cluster. For instance, a change in the state of
the nanosystem with the temperature increase and its
transformation into, e.g., the liquid state changes this con-
stant. Therefore, the heat capacity of the substance upon
its transformation into the liquid state can be either higher
or lower than the heat capacity of the initial state. It is
difficult to unambiguously conclude about an increase in
the heat capacity with a decrease in the cluster size based
on analysis of changes in <x>2, the frequency spectrum,
and elastic constants.

At the same time, a study!” of the intracluster mobility
of iron atoms in the iron oxide clusters at room tempera-
ture showed that the clusters 1—5 nm in size possess an
enhanced atomic mobility, and the atomic dynamics of
the clusters 1—2 nm in size is very sensitive to the state of
the cluster surface, effect of the surface tension, and in-
fluence of surfactants. A parameter was proposed for such
a special dynamic state of the nanocluster: the critical size

of the cluster. When the size of the cluster is smaller
than this critical size, the cluster is transformed into a
solid—liquid state like slush (see, e.g., Ref. 18). Thus,
according to this interpretation, the iron oxide clusters
with sizes of 1—2 nm are characterized by a decrease in
the melting point down to ambient temperature and trans-
formation into a special solid—liquid state. This state ex-
plains such a high heat capacity value for the iron oxide
nanoclusters.

In fact, the heat capacity of many solids can decrease
or increase after melting. However, near the melting point
corresponding to the phase transition, viz., melting, the
heat capacity increases considerably (sometimes even by
several times).!! This behavior of the heat capacity during
phase transition allows one to explain the considerable
increase in the heat capacity of small clusters near ambi-
ent temperature along with the frequency change in the
phonon spectrum and an increase in the <x>2 value.

The second feature of the temperature behavior of the
heat capacity of the iron oxide nanoclusters is related to a
sharper temperature dependence at 7' <200 K compared
to the bulk material. A similar temperature dependence
was observed for nanoclusters of metals, for instance,
silver,!® when at some temperature the heat capacity val-
ues of the cluster cross the temperature plot of the heat
capacity for the bulk material and become lower than
those for the bulk material. For metals, a similar effect
can easily be explained by the effect of quantum restraint
of phonons in the cluster and the influence of the linear
term including (at low temperatures) the 1/#? values as
well. Analogous data for the metal oxide clusters are miss-
ing, and the results obtained at relatively high tempera-
tures can be attributed, most likely, to the effect of a
complicated structure of the oxide cluster, the presence of
atoms of another type (oxygen), the influence of defects
favoring the appearance of high-frequency optical vibra-
tions, and a possible low-frequency "cut" of the phonon
spectrum.

Magnetic properties of nanoclusters and nanostruc-
tures. Isolated and weakly interacting nanoclusters ob-
tained in solid-phase chemical reactions (see above) and
in polymeric or other non-magnetic matrices are super-
paramagnetic. This is related to the fact that the total
magnetic moment of a nanocluster is confirmed by ther-
mal fluctuations as a single whole without loss of mag-
netic ordering between particular magnetic atoms. The
fluctuation time of the magnetic moment is described by
formula (9).

According to the Mossbauer spectroscopic data, these
values are 2.2-107? s for the iron oxide nanoclusters
1—2 nm insize at T= 25 K (see Fig. 5). An increase in the
cluster size results in an elongation of the fluctuation
time. This causes, in turn, the dependence of the super-
paramagnetic properties on the measurement methods.
For instance, for Mdssbauer spectroscopy at fluctuation
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times more than the characteristic time of the method
(t > 10-85), the magnetic HFS of the spectrum related to
magnetic ordering of the nanocluster appears. For mea-
suring magnetization, for example, using a SQUID
magnetometer with the characteristic times 1—10 s, at
t < 1—10 s magnetic clusters of similar size will be
superparamagnetic.

In the case of the nanoclusters with the fluctuation
time more than the characteristic time of the method, the
temperature dependence of the magnetization can be ob-
served considering the mean magnetization M of the
nanoclusters with magnetic moments arbitrarily oriented
in the space29:

3 [ expl-E(8)/(kT )] cos 6 sin 6d6

Me = Ms [exp[-E(6)/(kT)]sin6do (20)

where Mg is the saturation magnetization, and 6 is the
angle between the magnetization direction and easy axis
of cluster magnetization. If the effect of magnetic aniso-
tropy is negligible compared to the magnetic field effect,
then Eq. (20) can be written in a simpler form

Mc = MgLImH/(kT)], @1

where m = MgV is the magnetic moment of the clus-
ter, and

LimH/(kT)] = coth|mH/(kT)] — kT/(mH ) (22)

represents the Langevin function, which at mH << kT
results in the magnetization of a superparamagnetic, which
is similar to the expression for the Curie law for para-
magnetics

Mc = MZVH/(3kT). (23)

A similar temperature dependence of the magnetiza-
tion was observed for the weakly interacting iron oxide
nanoclusters with sizes of 1—2 nm (Fig. 12, curves /
and 77) up to 50 K. The results of measuring the magneti-
zation on cooling of the sample in the magnetic field (/)
and in the absence of a field (/") are presented in Fig. 12.
This procedure is one of the main methods of studying the
effect of superparamagnetism on the magnetization of the
sample. In the case of superparamagnetism, two types of
dependences are observed?!: cooling in the magnetic field
results in a smooth hyperbolic dependence of the sample
magnetization of the type 1/7, and cooling in the absence
of a magnetic field also results in a similar dependence
but only to the temperature 7§, i.e., to the temperature at
which thermal fluctuations of the magnetic moment of
the cluster cease. Below this temperature the magnetiza-
tion decreases to zero, because the resulting magnetic
moment of the whole nanosystem tends to zero due to the
chaotic direction of the magnetic moment of each nano-
cluster.

Magnetization/A m? kg~!
1.2
0.8
06
0.2 )

0.006

0.004

0.002

1 1 1

50 100 150 200 250 /K

1

Fig. 12. Magnetization of nanostructures obtained at the de-
composition temperature of iron oxalate Ty = 210 (1, I7),
265 (2, 27), and 330 °C (3, 3°) and including iron
oxide nanoclusters with the average sizes 2—3 nm (/, 1),
30—50 nm (2, 27), and larger (3, 3"). Magnetization was mea-
sured after cooling the samples in the presence of an external
magnetic field of 10 Oe (/—3) and in the absence of the
field (1'—3").

The run of the magnetization curves in the range 7 =
4.2—50 K for the system of weakly interacting iron oxide
nanoclusters (see Fig. 12, curve I) differs significantly
from the standard pattern of superparamagnetism. At
T = 40 K the magnetization maximum is observed, which
is accompanied by a small descent and then an ascent
with the temperature decrease to 4.2 K not only for the
field dependence but also for the samples upon their cool-
ing in the absence of a magnetic field. This contradicts
the superparamagnetic behavior of isolated or weakly in-
teracting clusters. To explain this effect, it is necessary to
consider again nanocluster design for a system of the
weakly interacting iron oxide clusters (see Fig. 4). An
hierarchic structure was observed for this system: the pri-
mary nanoclusters 1—2 nm in size enter into the compo-
sition of a more complicated structural agglomerate
70—80 nm in size. The formation of such an aggregate is
determined by the surface tension and a decrease in the
free energy, which should inevitably be accompanied by
approaching and intercluster ordering of the primary iron
oxide clusters. This aggregate can be considered as a mo-
lecular magnet formed of individual molecules, viz., pri-
mary iron oxide clusters, and transforming into the mag-
netically ordered state in the Curie (Neel) point at
30—40 K due to exchange interactions between the pri-
mary clusters. Thus, below 7 ~50 K the magnetic phase
transition occurs in the range 7= 30—40 K to form the
magnetically ordered cluster structure of the cluster ag-
gregate.

The results of studying the magnetization of the
nanostructure including the weakly interacting super-
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paramagnetic clusters (see Fig. 12, curves / and 1”) make
it possible to develop a model of magnetic ordering of
magnetic moments of individual iron atoms in the com-
position of the primary cluster. In fact, a maximum mag-
netization value of ~10=2 A m? kg~! results in the
ultimately low value of the magnetic moment of the clus-
ter (~0.1 pg per cluster) compared to the magnetic mo-
ment of the Fe3* ion (5—6 pp). This type of magnetic
ordering is observed for very small clusters with the very
large specific surface and is named speromagnetic order-
ing.22 A similar type of ordering can be presented sche-
matically as a fan-shaped arrangement of magnetic mo-
ments of individual atoms directed from the cluster center
to its periphery with a uniform change in the magnetic
moment direction from 0 to 180° relatively to any distin-
guished direction. The total magnetic moment corre-
sponds to the incomplete compensation of particular mag-
netic moments of atoms for this type of magnetic ordering
in the cluster.

Quite different magnetic ordering and magnetic struc-
tures are characteristic of nanosystems with the strong
intercluster interaction, which results in the temperature
dependences of the magnetization (see Fig. 12, curves 2, 2”
and 3, 37). These data correspond to a magnetically or-
dered nanostructure without superparamagnetism prop-
erties. The high-temperature (200—300 K) and low-tem-
perature (4.2—200 K) intervals of magnetization mea-
surements can be considered.

The high-temperature interval is characterized by the
almost complete absence of both temperature and dimen-
sional effects. The external magnetic field effect, which is
used to change the state of the sample during its cooling,
is virtually absent. When comparing these results with the
data of Mossbauer spectroscopy (see Fig. 9) according to
which the non-magnetic (paramagnetic) component is
observed in the spectrum down to 100 K, it becomes
evident that this spectrum does not correspond to the
appearance of superparamagnetism in the nanostructures
30—50 nm in size (see Fig. 12, curves 2 and 2”) and, the
more so, in larger clusters (see Fig. 12, curves 3 and 3°).
The appearance of the quadrupole paramagnetic doublet
in the Mossbauer spectra is due to the first-order phase
transition in this system, when the magnetization of the
nanocluster disappears jumpwise after some critical tem-
perature (analog of the Curie or Neel temperature for a
bulk solid) or a critical size (at a smaller size the cluster
looses magnetization jumpwise and is transformed into
the paramagnetic state omitting the superparamagnetic
stage) is achieved.23—25 The appearance of such a transi-
tion in the relatively large iron oxide nanoclusters with
sizes of several tens of nanometers is due to the influence
of defects in the nanostructure. The optimal range of
cluster sizes corresponds to the appearance of the greatest
defect concentration, because for the large nanoclusters
the defect density is low due to a low specific surface,

whereas for small nanoclusters the surface tension of the
cluster "pull out" all intracluster defects onto the surface,
and the concentration of defects passes through the maxi-
mum and begins to decrease with a decrease in the cluster
size.26 No substantial changes in the magnetization of the
samples were observed in the high-temperature interval,
evidently, due to their magnetic saturation in the mag-
netic field of the magnetometer during temperature mea-
surements.

There is one more important characteristic of the
o-Fe,03—7v-Fe,03 nanoclusters: the formation of a
twinned structure. According to the data of Mdssbauer
spectroscopy (see Fig. 9), above T = 120 K their nano-
structure is characterized by averaged parameters of the
magnetic HFS corresponding to twin formation, which is
initiated by the Morin phase transition in the o-Fe,03
nanoclusters.2” This transition is a jumpwise change in
the directions of magnetic moments by 90° and the trans-
formation of the high-temperature non-compensated an-
tiferromagnetic (weak ferromagnetic) into the low-tem-
perature compensated antiferromagnetic. Twinned struc-
tures are also known for a series of the nanoclusters with
two crystalline modifications for the bulk material, for
instance, Zr,05.28 The bulk o-Fe,05 sample is known to
possess the Morin transition at 7= 250 K, when the high-
temperature crystalline modification providing weak fer-
romagnetism is transformed into the low-temperature
modification corresponding to compensated antiferromag-
netism.

The low-temperature region of magnetization of the
o-Fe,03—y-Fe, 05 nanostructure below 7= 200 K is char-
acterized by a considerable decrease in the magnetization
with the temperature decrease and the presence of a de-
pendence of the nanocluster size and the method of sample
cooling (in the magnetic field or without a field) (see
Fig. 12, curves 2, 2” and 3, 3"). The decrease in the
magnetization of the o-Fe,0;—y-Fe,05 nanostructure is
attributed to the transformation of the twinned structure
into the o-Fe,0;3—vy-Fe,03 nanostructure to form the
antiferromagnetic compound o-Fe,05. In this case, the
magnetization value of 0.2 A m? kg~! corresponds to the
v-Fe,03 nanoclusters. The distributed transition to the
state corresponding to compensated antiferromagnetism
at 7< 200 K is related to the size distribution of clusters.
In fact, above the Morin point bulk o-Fe,O; possesses
non-compensated antiferromagnetism, and the deviation
of the magnetic moment directions of adjacent iron atoms
in the crystal cell corresponds to

o= Ey/Egy, (24)

where E), is the magnetic dipole energy, and Ef, is the
exchange energy.

This ratio and, correspondingly, the angle of turn (non-
compensation of the magnetic moments) is 10~2—10-5,
and for bulk - Fe,O5 this value is ~1073 (see Ref. 29). For
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the nanoclusters, the o value should increase with an
increase in the specific surface and a decrease in the ex-
change energy, which results in a decrease in Ty with a
decrease in the cluster size. For nanocluster sizes of sev-
eral nanometers, the Morin transition is absent and the
nanostructure is not transformed into the state of com-
pensated antiferromagnetism.

Cooling of the samples in the magnetic field H =
10 Oe should result in the enlargement of the temperature
region where weak antiferromagnetism exists according
to the expression

o= Eyy + mH/Eg, (25)

(m is the magnetic moment of the cluster), which leads
to a considerable increase in the magnetization to
IAm?kg~'at T=4.2K.

The larger o-Fe,0;—y-Fe,05; nanoclusters (corre-
sponding to the higher decomposition temperature of the
primary iron salt) (see Fig. 12, curves 3 and 3) demon-
strate a similar effect with the great contribution of mag-
netization of the y-Fe,05 nanoclusters with the ferrimag-
netic spinel structure. Thus, at low temperatures the mag-
netization of the a-Fe,O;—y-Fe 03 nanostructure on
cooling in the absence of a magnetic field is determined
by the magnetization of the ferrimagnetic y-Fe,03 nano-
clusters. Cooling in the magnetic field results in magnetic
saturation of the samples and a weak temperature depen-
dence in both the high- and low-temperature regions.

Thus, different types of the nanostructures were syn-
thesized in the present work on the basis of the iron oxide
clusters with sizes from ~1 to ~300 nm, including the
nanosystems with weak and strong intercluster interac-
tions. The nanostructures with the weak intercluster in-
teractions consist of cluster aggregates 70—80 nm in size
that are incorporated into larger superaggregates with a
size of ~300 nm and including, in turn, primary atomic
clusters of iron oxide 2—3 nm in size. The nanoclusters
with the strong intercluster interaction have no hierarchic
structure and represent a nanosystem of agglomerating
clusters with the sizes from 30 to 300 nm. The heat capac-
ity of the iron oxide nanoclusters 2—3 nm in size is by
2 times higher than that for the bulk material. This is
caused by a change in the phonon spectrum (increase in
the specific surface) and a possible transition of these
nanoclusters to a special solid—liquid state. The magnetic
properties of these o.- Fe,03;—y-Fe,05 nanostructures vary
from superparamagnetic to magnetically ordered with an
increase in the nanocluster size from 2—3 to 30—50 nm.
For the aggregate nanostructure, the phase transition to
the magnetically ordered state was found near 7= 50 K
when the cluster aggregate acts as some molecular mag-
net, where the primary clusters 2—3 nm in size play the
role of molecules. A twinned structure is observed for the
magnetically ordered a-Fe,O;—y-Fe,03 nanostructures

at temperatures above 120 K, and magnetic phase transi-
tions of the first order are observed at temperatures above
100 K, when magnetic ordering in the nanosystem disap-
pears jumpwise at some temperature lower than 7 or Ty
for the bulk material or with the particle decrease after
some critical size of 30—40 nm when the nanosystem is
transformed into the superparamagnetic state.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 06-03-32006
and 06-03-33052).
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