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Martensitic phase transformations and magnetovolume effects in iron—nickel alloys are intimately related.
The term Invar is widely used to characterize the unusual physical properties accompanying structural and
magnetic instabilities such as those observed in the vicinity of the critical composition FegsNiszs. We discuss
the crossover from bulk iron—nickel alloys to nanoparticles with respect to structural and magnetic behavior.
By employing molecular-dynamics and Monte Carlo methods, we find the absence of structural instabilities in
defect-free particles, a linear scaling of the austenitic transformation temperature with the reciprocal cluster
radius, as well as a decrease of the magnetic transition temperature with decreasing particle size.

Keywords: Martensitic and magnetic phase transitions; Iron—nickel nanoparticles; Molecular-dynamics;
Monte Carlo simulations

1. INTRODUCTION

Martensitic instabilities, shape memory, and magnetovolume effects in iron-based
alloys are of particular scientific and technological interest. In spite of the large
amount of experimental data and numerous theoretical investigations there are basic-
ally unsolved problems — for a review and further discussion see Wassermann (1990).
Although ab initio and model calculations have helped to understand basic
features of the instabilities, further, in particular finite-temperature calculations of
correlation functions are required to elucidate the interplay of electronic, magnetic,
and lattice dynamics (for a recent discussion of dynamical aspects of phase transforma-
tion in solid iron using multimillion-atom molecular-dynamics simulations see Kadau
et al. (2002); a recent review on the magnetochemical origin of Invar anomalies in
iron—nickel alloys is given by Crisan et al. (2002). Figure 1 shows the instabilities of
Fe—Ni bulk systems as a function of composition (Schréeter et al., 1995; Entel et al.,
1998; Kadau, 2001; Crisan et al., 2002). In this work we extend the investigations to
iron—nickel nanoparticles by using molecular-dynamics and Monte Carlo methods.
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FIGURE | The experimental phase diagram (left panel) shows the variation of the Curie temperature 7.
and the magnetization Mgcc with composition of the iron—nickel alloys with fcc structure. On the iron-rich
side Asr and Mgy denote the austenite and martensite start and final temperatures, respectively. The filled
circles are results of molecular-dynamics simulations employing model potentials (upper dots: & — y transi-
tion with increasing temperatures; lower dots: y — « transition with decreasing temperatures (Entel et al.,
1998; Kadau, 2001). The “theoretical phase diagram” (right panel) shows the energy differences between
the nonmagnetic (NM) and ferromagnetic (HS: high spin) ground states, Exym— Ens, of the alloys with fecc
structure and the energy differences between the fcc and bee structures on the iron-rich side: open squares
mark single-site KKR CPA calculations by Schroter ez al. (1995) and filled squares are results of multisite
KKR CPA calculations by Crisan et al. (2002). The filled circles are the ab initio results for the magnetic
moments.

Molecular-dynamics simulations were performed by using embedded-atom method
(EAM) potentials specially designed to model the iron—nickel system (Meyer
and Entel, 1998). We show that the austenitic transformation temperature of the
iron—nickel particles depends on the particle size and scales with the inverse particle
diameter d (see Fig. 2).

Of further interest is the consolidation process (sintering) of nanoparticles leading to
nanocrystalline metals having interesting properties which differ from those of usual
polycrystalline samples or single crystals (Liu et al., 1994). Examples are the unusual
low-frequency vibrational properties of nanocrystalline nickel or copper (Derlet et al.,
2001) and the increasing hardness with decreasing grain size due to dislocation immo-
bilization at the grain boundaries known as Hall-Petch effect (Hall, 1951; Petch, 1953).
Figure 3 shows the latter effect for a variety of nanophase metals (Siegel and Fougere,
1990). If, however, the average grain size is below a critical value, sliding in the grain
boundaries due to the enormous amount of grain boundary atoms as compared to
the atoms in the grains, becomes important. This leads to a softening at the smallest
grain sizes which is called the reverse Hall-Petch effect (Chockshi et al., 1989; Hahn
et al., 1997; Schigtz et al., 1998). All these effects obey scaling laws (e.g. hardness
scales linear with the inverse square root of the grain sizes) similar to those that we
observe in single nanoparticles.
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Since the EAM model does not include magnetic degrees of freedom, we use, in order
to treat magnetism of nanoparticles explicitly, an extended Ising model for coupled
magnetic and spatial degrees of freedom, whereby the exchange integrals are taken
from first-principles calculations. We show that for iron particles in the fcc structure
the Néel temperature varies strongly with particle size. Ab initio calculations for smaller
iron clusters show that the magnetic moments are not homogeneous over the cluster but
increase considerably toward the surface of the cluster. This may explain the experi-
mental observation that the average magnetic moment of the clusters increases with
decreasing cluster size (Billas er al., 1993, 1994, 1997; Apsel et al., 1996) due to the
increasing ratio of the number of atoms in the surface to the number of atoms in the
volume. Recent first-principles calculations of iron clusters up to 62 atoms show that
the magnetic moments of surface-layer atoms are much larger than bulk magnetic
moment (Postnikov, 2002).

2. STRUCTURAL INSTABILITY OF IRON-NICKEL CLUSTERS

Figure 1 shows the details of the Fe—Ni phase diagram; experimental data have been
taken from Wijn (1991) and Swartzendruber et al. (1993). One should point out the
anomalously large hysteresis associated with the structural transformation for alloys
on the Fe-rich side of the phase diagram and the break-down of magnetic order in
the Invar region (Wassermann, 1990). In contrast to Fe-Ni alloys, the corresponding
width of the structural hysteresis in nonmagnetic Hume—Rothery alloys is of the
order of a few Kelvin (Ahlers, 1986). If one plots the variation of energy differences,
obtained from zero-temperature ab initio calculations, with alloy composition experi-
mental trends of transition temperatures are reproduced (Schroter et al., 1995).
Molecular-dynamics simulations relying on EAM potentials (Daw and Baskes, 1983,
1984; Daw et al., 1993) show that the austenitic transformation (achieved with increas-
ing temperature) is an entropy driven phase transition, whereas details of the
martensitic transformation (obtained by decreasing the temperature from the high-
temperature phase) depend crucially on the lattice defect which is responsible for initi-
ating the nucleation process (Entel ez al., 1998; Kadau, 2001; Kadau er al., 2001). In
this contribution we examine the change of structural and magnetic instabilities of
Fe—Ni clusters with respect to the corresponding bulk behavior. Of particular interest
is the variation of the critical temperature with cluster size. The simulations are based
on molecular-dynamics and Monte Carlo methods by using EAM model potentials and
exchange constants fitted to experimental and ab initio data (Meyer and Entel, 1998;
Entel et al., 1998, 2000; Gruner et al., 1998, 2000; Herper, 2000; Kadau, 2001;
Kadau et al., 2001, 2002).

Here we give a brief review of the results; for details we refer to the publications cited
above and to unpublished work of Kadau (2001). The molecular-dynamics simulations
show that structural changes occur on a time scale of picosecond although the dynamics
of the dominant phonon-assisted shear deformation has so far not been resolved
in the simulations. Orientational relationships between austenitic and martensitic
structures are fairly well reproduced and agree with experiment (Entel et al., 1998;
Kadau, 2001). Furthermore we observe two new effects. First, the austenitic transfor-
mation temperature varies strongly with the cluster size and shows a linear scaling as
function of the reverse cluster diameter. This can be explained by relating the transition
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temperature to the difference in surface energies of the clusters with fcc and bece struc-
tures, respectively,

AESTPC/AE S o 1/d, (1)

where S stands for surface and B for bulk. Corresponding results for Fe-Ni clusters
with different composition and size are shown in Fig. 2. Such a scaling behavior of
critical temperatures for clusters with the inverse of the cluster diameter is not com-
pletely new. For instance, the melting temperature of clusters is predicted to scale as

1= Ty(d)/Tp o 1/d, )

which is based on a model known as “thermodynamic size effect” (Pavlow, 1909a,b)
Ty(d) and Tp are the melting temperatures for a cluster of diameter d and the corre-
sponding bulk system, respectively (Buffat and Borel, 1976; David et al., 1995;
Lereah et al., 2001). In the original work by Pavlow (1909a,b) a liquid or solid spherical
particle with radius r, surface tension yg, vapor tension yy, density p of the solid or
liquid, and specific volumes v was expressed as ¢y = ys/(RTrvp), where c¢ is a constant,
R the gas constant and T the temperature. Differentiating this equation and combining
with the Clausius—Clapeyron equation yields a relation for the variation of melting
temperature with the cluster size.

The scaling of T, with 1/d seems not to be too much influenced by correlated orien-
tations of nanocrystalline fluctuations, which are observed in experiments (Ben-David
et al., 1997) and also by molecular-dynamics simulations (Kreth, 2002) of melting of
nanoparticles. Also surface-melting induced preroughening (Jaga et al., 1999) does
not change the scaling behavior. However, in larger nanoparticles above a few nan-
ometers, when melting below T, a liquid layer much thicker than the corresponding
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FIGURE 2 Variation of the austenitic transformation temperature 75 of Fe—Ni clusters as a function of the
inverse cluster diameter d. The extrapolation of d — oo yields transformation temperatures which lie within
the range of experimentally observed austenitic start and final temperatures, see the phase diagram in Fig. 1.
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layer on the bulk (with zero curvature) is formed (Kofman ef al., 1994). In this case
the melting and freezing temperatures are different (Vanfleet and Mochel, 1995) and
a nonlinear relationship between the melting point and the reciprocal of the radius
can be expected (Sakai, 1996). For a recent review of melting and freezing we refer
to Lowen (1994).

The scaling behavior defined in Eq. (2) has been confirmed by molecular-dynamics
simulations of Al clusters with diameters up to d=>5nm (Kreth, 2002). There is prac-
tically no departure from the 7, o< 1/d behavior. In the simulations we have used an
EAM potential which was constructed with the help of experimental and ab initio
data (Grabowski et al., 2002). Corresponding simulations with Fe—Ni clusters yield
too high melting temperatures, a short-coming of the used EAM potentials which are
too repulsive upon compression (Kadau et al., 2002). With respect to the freezing of
clusters we expect a similar crucial dependence on size and on nucleation centers as
in the case of martensitic transformations (Kadau, 2001; Kadau et al., 2001).

Scaling behavior of different nature has been observed in nanocrystalline materials
with respect to the change of plasticity, for a brief review see Schigtz et al. (1998). In
conventional metallic materials the hardness varies with the grain size through the
empirical Hall-Petch relation (Hall, 1951; Petch, 1953; Nieh and Wadsworth, 1991) as

Hy =0, +k,d ™", 3)

where Hy is the hardness, o), is the intrinsic stress resisting dislocation motion, d is the
diameter of the grains and k,, is a constant. The effect is caused by the grain boundaries,
impeding the generation and (or) motion of dislocations as the grains get smaller. This
behavior extends into the nanocrystalline regime. For example, nanophase Fe hardens
by a factor of 2.5 to 7 depending on how the nanophase material has been formed.
A plot of the scaling behavior of experimental data, obeying the above law, can be
found in Siegel and Fougere (1990) and is reproduced in Fig. 3.

But in very small nanoparticles the effect is often seen to cease or even to reverse
because of increase of porosity, suppression of dislocation pile ups, diffusional creep
in the grain boundaries and above all, because of sliding in the grain boundaries
(Chockshi et al., 1989; Hahn et al., 1997; Schietz et al., 1998). However, a satisfying
theoretical description of the change of scaling behavior in Eq. (3), when going to ultra-
fine nanoparticles, is not at hand. We observe in all molecular-dynamics simulations
of ultrafine Fe—Ni nanoparticles after sintering the reverse Hall-Petch effect.

3. MAGNETIC INSTABILITY OF IRON CLUSTERS

Besides structural transformations of Fe—Ni clusters magnetic phase transitions are of
interest. From the corresponding bulk materials we know that both kind of instabilities
occur simultaneously for the Fe—Ni alloys with compositions close to Invar, FegsNiss.
In order to limit the discussion, we give a brief account of results for elemental fcc iron
alone; for a discussion of Fe—Ni alloys we refer to Gruner et al. (1998).

In contrast to the Fe—Ni alloys with Invar behavior (reduced thermal expansion
below the Curie temperature) fcc iron is known for its anti-Invar behavior, i.e., an
enhanced thermal expansion at elevated temperatures. This effect is (like in Invar)
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FIGURE 3 Variation of the hardness with "2, where d is the grain size, for a selected class of nanophase
metals synthesized from gas-condensed clusters compared with their coarse-grained counterparts (values at
d~"2-0). Values have been taken from Siegal and Fougere (1990) which also gives the references of the
original works.

due to the strong mutual interaction of magnetic and elastic degrees of freedom. Fcc
iron, however, is only stable at temperatures above 1183 K. The ground state properties
of magnetism in fcc iron are well examined by means of Density Functional Theory
(Herper et al., 1999), showing that within the energy vs volume plane several magnetic
solutions (ferromagnetic and antiferromagnetic) with different elastic properties exist,
separated by only a few mRy in energy. It is possible to describe the relationship
between the different magnetic solutions in terms of a localized spin model with dis-
tance dependent exchange interactions. For a given volume the interaction parameters
Jiu(ry) are calculated, so that differences between ab initio E(V) curves for the diverse
magnetic structures (Herper et al., 1999; Herper, 2000) are reproduced. The interaction
parameters obtained by Herper (2000) are shown in Fig. 4. These data are used as
input in the Monte Carlo simulations (Allen and Tildesley, 1987) of an effective spin
model consisting of nearest and next-nearest neighbor exchange interactions and a
simple Lennard—Jones pair-potential to account for magnetovolume effects. The corre-
sponding Hamiltonian is given by

He Y twsserde > () (), @

(NN, NNN) (NN)

where the summations cover nearest (NN) and next-nearest (NINN) neighbors, respect-
ively. The parameters ¢ =43.4mRy and 0=2227A of the Lennard-Jones model
account for the basic elastic properties of fcc iron. Computational details are similar
to previous works described in Gruner et al. (1998, 2000). The choice of an Ising
model, thus neglecting spin-wave excitations, is a crude simplification but a
straightforward extension of the ab initio calculations in which only collinear magnetic
structures were considered (Herper et al., 1999).
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FIGURE 4 The nearest neighbor and next-nearest neighbor exchange parameters as obtained by ab initio
calculations and the polynomial fit used in the simulations.
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FIGURE 5 The Néel temperature of fcc Fe clusters as a function of the cluster size. Note that the Néel
temperature scales approximately with the inverse of the cluster diameter.

In the bulk system the ground state is given by an antiferromagnetic structure of
Type 11, which is characterized by four interpenetrating perfectly antiferromagnetically
ordered simple cubic sublattices. This structure is favored because of the strong
antiferromagnetic exchange between next-nearest neighbors around the equilibrium
volume. The antiferromagnetic order vanishes above the Neéel temperature of
Tn=244K. For small particles the transition temperature decreases sharply with
decreasing cluster size, see Fig. 5. Clusters of 500 atoms and less do not show magnetic
order above T=170K. However, a simple functional dependence between Ty and
cluster size cannot be established on the basis of these data. The transition temperatures
were determined by the inflexion points of the temperature dependence of the order
parameter, which becomes increasingly smeared out with decreasing system size, see
Fig. 6. Therefore, the values for Ty for small cluster have to be taken with some
caution.

The thermal expansion behavior for various cluster sizes is shown in Fig. 7. Since the
notion of the volume of the particle is subject to interpretation, we instead show the
evolution of the mean nearest neighbor distance with temperature. As Fig. 7 shows,
all clusters undergo a considerable contraction around the Néel temperature. This
suggests that fcc iron, if it were stable around 7T, would show Invar behavior before
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FIGURE 7 The averaged nearest neighbor distance vs temperature for various cluster sizes. Note the
appearance of low thermal expansion around the Néel temperature.

becoming an anti-Invar material at higher temperatures. In this context we refer to
particular Fe-Mn—Ni alloys which exhibit, for example, the Invar effect below the
Curie temperature and the anti-Invar effect above it (Acet et al., 1994); for elemental
fcc Fe this kind of anomaly, where the Néel temperature would separate the low-
temperature Invar from the high-temperature anti-Invar, has so far not been found
experimentally. The contraction in Fig. 7 is shifted to lower temperatures with decreas-
ing cluster sizes and becomes gradually flattened as the breakdown of the order
parameter smears out due to finite size effects. Above Ty thermal expansion increases
with decreasing cluster size, since the fraction of atoms on the surface with smaller
coordination and thus weaker binding becomes larger.

The extrapolation of the Néel temperature to its bulk value yields a transition tem-
perature of ~240K which is too large compared to the experimental value which is
of the order of 67K (Onodera et al., 1994). We attribute this to the fact that an
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Ising model has been used in the simulations. We expect that comparable simulations
with a Heisenberg model will lower the Néel temperature considerably.

4. CONCLUDING REMARKS

In this brief review of structural and magnetic phase transitions in Fe—Ni nanoparticles
we have addressed some new features like the scaling behavior of structural and
magnetic transition temperatures with the inverse of the particle diameter. We could
relate the scaling behavior to different surface effects in the two different phases.
There are other properties of nanoparticles and agglomeration of nanoparticles with
respect to which one is tempted to formulate a universal description. This includes,
for example, the inverse Hall-Petch effect and the vibrational density of states of
different kinds of metallic particles, see Derlet ef al. (2001). Further scaling relations
are known to exist with respect to the sintering of particles, which are based on
phenomenological formulations for ideal situations like, for example, the time required
for the coalescence of two perfectly spherical nanoparticles. The scaling of time for the
sintering process in terms of the diameter of the particles has not been addressed in this
contribution. The reason is that this type of scaling is usually not observed in the
simulations because of the formation of crystalline surfaces with time of the initially
spherical particles.
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