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Abstract—The dependence of the temperatures of magnetic phase transformations in porous ferromagnetic
materials on the geometric characteristics (volume and shape) of pores and their distribution in a particular
material has been studied. The geometric features of nanopores have been characterized by their effective
pore radius and form factor (deviation of the pore shape from spherical). Estimations indicate that it is pos-
sible to obtain macroscopic samples of porous materials with decreased Curie temperatures, which can be
further reduced in the case of complicated shapes of pores. These results were obtained in the framework of
a cohesive model in application to pure porous nickel and cobalt.
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In recent years, nanostructured ferromagnetic
materials have drawn considerable attention from
researchers [1]. This interest is related to both the wide
spectrum of possible technological applications of fer-
romagnetic nanostructures [2] and the variety of phe-
nomena having fundamental significance (see, e.g.,
[1, 3, 4]). An important parameter characterizing the
stability of ferromagnetic material properties is the
Curie temperature corresponding to breakage of the
magnetic order of a ferromagnet and its transition to a
paramagnetic state (second-order phase transition). It
is well known that the Curie temperature (and some
other parameters [4, 5]) of ferromagnetic nanoscale
particles depend on their dimensions [5—8] and shape
[7, 8]. This is related to the increasing fraction of low-
coordinated atoms in the near-surface layer with mag-
netic characteristics (magnetic moments, exchange
integrals, magnetic anisotropy constants [5]) that dif-
fer from the bulk values. This fraction varies with
decreasing size and complicating shape of magnetic
nanoparticles. These scaling relations can be taken
into account in the framework of significantly differ-
ent model approaches [1, 5—8].

It should be noted that the formation of nanopow-
ders or nanocomposite materials comprising ferro-
magnetic nanoparticles distributed in a bulk matrix on
a substrate surface [7] is not the only possible
approach to obtaining materials with large fractions of
near-surface atoms. High values of the specific surface
(=500 m3/g [9] or even up to several thousand m3/g

[10]) can also be achieved in materials with distributed
ensembles of nanopores in macroscopic objects.
These structures can be obtained, e.g., at the initial
stage of processes based on spark plasma- or selective
laser sintering of nanopowders [11].

Let us consider the model of a porous material with
the given volume fraction o of pores. Let pores possess
a rather complicated configuration [12, 13] that can be
described by two parameters: (i) effective pore diame-
ter d. numerically equal to the diameter of a sphere
with the volume equal to that of the pore and (ii) form
factor k equal to the ratio of surface area 4 of the pore
to surface area A, of a sphere with the same volume,
k = A/A,. This approach, which has been described in
more detail previously [12—15], is not the only one
possible (see, e.g., [12, 15—17]). According to the
adopted model, the number of pores per gram of
material (N,,,) can be determined as

Npor =60 18/(7Tpde3ff),
where p is the material density and a coefficient of 1 g

provides the matching of units. The specific surface
(Ap) can then be expressed as

Asp = Npornkdesz = 60k - lg/(pdeff)~

To determine the influence of the number and
geometry of nanopores on Curie temperature 7,, we

680



VARIATION OF THE CURIE TEMPERATURE IN POROUS MATERIALS

(@)

1380

1320

10 15 20 25

Effective pore diameter, nm

40

681

(b)

620

600

10 15 20 25 30

Effective pore diameter, nm

35 40

Fig. 1. Plots of Curie temperature 7 PO of a nanoporous material vs. effective diameter degrand form factor k for (a) cobalt and

(b) nickel. The Curie temperatures of these metals in bulk nonporous macroscopic samples are 7,

tively.

used a simple relationship between 7, and cohesive
energy E,, [18] as formulated in [6—8],

por bulk po bulk
T = Egy /Eq

and experimentally verified in [6]. A 51milar approach
to the description of ferromagnet—paramagnet transi-
tion and some other phase transformations was used
by Guisbiers et al. [19, 20] and also demonstrated

. . 1k
agreement with experiment. Here, £’ and EX* are

the cohesive energies of the porous and continuous

(bulk) material, respectively, and 7*°" and 7™ are
the Curie temperatures of the materials with and with-
out nanopores.

Total number N of atoms per gram of the porous

material is N = 6w - 1g/(nd, ,p) where d,, is the diam-
eter of atom in the material and ® is the density of
atomic packing in the material crystal structure.
Number N, of atoms situated on the walls of pores is

= 6omk - 1 g(mpd.d,

cff)7

Ns = nAsp/ndjt

where 1 is the atomic packing density on the crystal
surface. Upon accomplishing transformations, we
eventually obtain the following formula:

6.1\
%5
P

Estimations of the cohesive energy of a porous
material can be obtained from the following relations
proposed in [18]:

onk

2/3deff

N, (1)

bulk
Ecoh

= —BNE-Z,,,
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= 1388 and 627 K, respec-

por _
coh -

(2)
where J3 is the first coordination number and €, is the
atomic bond energy. Using Egs. (1) and (2) and taking
into account the above considerations, we eventually
arrive at the following formula:
onk N /3} 3)
ff

1/3
TPor _ Tbulk 1_§ 6-1g
c c 4 np (')2/3de

This expression yields estimations of the Curie
temperature as functions of the volume fraction and
geometric parameters of pores.

Bsb( N, + (N - N))

Figure 1 shows plots of Curie temperature 7."°" of
nanoporous (a) cobalt and (b) nickel versus effective
pore diameter d and form factor k. These calcula-
tions have been restricted to materials with low spe-
cific surfaces (not exceeding 200 m3/g) as compared
to the objects studied in [9, 10], with oo = 0.70, p =
8900 g/cm?®, and d,, = 250 pm for Co and p =
8902 g/cm? and d,, = 248 pm for Ni. Cobalt has two
stable polymorphic modifications: hexagonal a-Co
and face-centered cubic (fcc) B-Co stable in the tem-
perature range studied (with the o—[ polymorph tran-
sition at ~427°C); in contrast, nickel has an fcc struc-
ture in the entire temperature range up to the melting
point. The density of atomic packing in the volume
structure of fcc crystals is ® = 0.74, while the surface
atomic packing density for fcc crystals was estimated at
N = 0.91 [21] (the same estimation was used in [19]).

As can be seen from the data in Fig. 1, the presence
of pores, an increase in preform factor k, and a
decrease in effective pore diameter d . (i.e., growth in
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the specific surface) lead to a significant reduction in
the Curie temperature of the porous material. Note
that the presence of, e.g., a liquid filling the pores can
lead to some correction of these estimations (the fill-
ing of pores can be taken into account in the frame-
work of an approach proposed in [7]). The proposed
relation (3) describing the decrease in the Curie tem-
perature of porous materials corresponds to the
approximation of identical isolated pores (with the
same dimensions and shapes) distributed in the matrix
material. Additional refinement of the obtained estima-
tions can be achieved by calculating specific surface 4,
using the pore size and shape distributions (analogous
to those experimentally determined in [22]) and taking
into account the possible merging of pores with the
formation of “wormlike” structures (and some
decrease in the specific surface as a result of elimi-
nated spacers). These refinements can lead to a slight

correction of calculated Curie temperature 7.,”°" due
to A, variation, but do not change the established laws
of Curie temperature variation.

It should also be noted that the broad spectrum of
technological applications of porous materials
includes, e.g., matrices of nanoreactors with pores
filled by reaction mixtures (see [12] and references
therein). Many applications involve magnetocaloric
phenomena in ferromagnetic structures—in particu-
lar, the widely used heating of ferromagnetic nanopar-
ticles as invasive agents in alternating magnetic fields
(as a result of hysteresis losses, magnetization vector
reversal, etc.) for malignant tumor treatment [5],
where the temperature of nanoparticles is controlled
by their morphology-dependent Curie point. In these
porous ferromagnetic materials, the possibility of
controlling the Curie temperature by using nanopar-
ticles with variable volume fraction and morphology
of pores allows obtaining matrices with self-limited
growth of the magnetic-field-induced heating tem-
perature. The aforementioned nanoporous ferro-
magnetic materials are also characterized by high
catalytic activity in some widely used reactions [20].
Materials with a high specific surface of pores [9, 10]
would probably provide an even more significant
reduction in the Curie temperature, up to the level
reported in [5].
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