J. PHYS. IV FRANCE 7 (1997)
Colloque CS, Supplkment au Journal de Physique 111de novembre 1997

Ab Znitio Investigations of Iron-Based Martensitic Systems
H.C. Herper, E. Hoffmann and P. Entel

Gerhard-Mercator-UniversitatDuisburg, Theoretische Tiejfemperaturphysik,Lotharstrasse I ,
47048 Duisburg, Germany

Abstract: We apply a full-potential first-principles method to investigate the electronic-structure and elastic
features of pure iron and ordered transition metal systems like Fe-Ni and Fe-Mn. The martensitic phase
transformations in these compounds mainly depend on the properties of iron. Therefore the phase diagram
of iron has been studied in detail in view of structural transformations and magnetic order. To this the total
energy and magnetic moment have been investigated as function of the atomic volume. In agreement with
experimental results, we find a ferromagnetic bcc ground-state and an antiferromagnetic fcc phase having a
higher energy of 7 mRy. The resulting pressure for the bcc -t hcp transition is about 11.5 GPa in agreement
with experiments. Besides that, total energy calculations have been done for stoichiometric Fe-Mn and Fe-Ni
compounds. The resulting alloy phase diagrams are in a good agreement with the experimental data.

1. INTRODUCTION

In many ferrous transition metal alloys there is a strong interplay of structural and magnetic phase
transitions [l].Earlier theoretical investigations suggested that the martensitic y -+ a transformation
in pure iron is driven by the onset of ferromagnetic order [2]. In this paper we try t o examine in
how far this iron feature is conserved in ferrous transition metal alloys. For a long time it was not
possible to get a satisfying theoretical description of iron. Many methods give only a partially correct
description of the sequence of energies associa.ted with the different structural a.nd magnetic ground
states [3, 41. In order t o understand better the connection between magnetic order and structural
transitions i t is useful to study aga.in iron in detail. Therefore, we made use of a full-potential
band-structure theory in the density functional formalism together with the generalized gradient
approximation (GGA) which provides a proper description of iron. The resulting zero temperature
phase diagram compares well with experimental findings. The resulting energy differences between
the different phases allow t o draw some conclusions about the transition temperatures, thereby
reproducing experimental results qualitatively well. Next we extended the calculations t o transition
metal alloys. In this pa.p.er we focus on the Fe-Mn and Fe-Ni systems with Mn and Ni having both
a close-packed ground state structure but different magnetic behavior, which allows us t o check the
influence of iron in different ma,gnetic environments. Because of the need of a large computational
effort calculations were restricted t o the fcc and bcc phases. Though manganese has a more complex
structure, we still can extract chemica.1 trends from these restricted ca.lculations and apart from that
fcc Mn is the technologically more interesting materia.1.
2. METHOD

The structural a.nd magnetic phase diagrams of the two martensitic systems, Fe-Ni and Fe-Mn, are
obtained from full-potential energy calculations for the stoichiometric compounds Fe, Fe3X, FeX, X
[X = Ni, Mn]. We have studied the ferromagnetic (FM), nonmagnetic (NM) and antiferromagnetic
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1997511

C5-72

JOURNAL DE PHYSIQUE IV

(AFM) sta.tes of these systems. In the present wcrk the AFM state is always a layered AF1 structure,
see Fig. l . This case requires only a relatively small unit cell (4 atoms per cell) compared t o other
antiferromagnetic orderings.
The lattice constants, total energies and magnetic moments have been calculated within the full

Figure 1: Representation of the tetragonal unit cell (fcc: cla = 1.0,
bcc: cja = ljfi). Black and white circles mark (different) sorts of
atoms. The spin order corresponds to a layered antiferrornagnet.

potential Iinearized augmented plane-wave (FLAPW) method employing the WIEN95 code [6]. A
deta.iled description of the method ca.n be find in Ref. [5]. All investigations were performed using the
generalized gradient approximation (GGA II) for the exchange and correlation potential esta.blished
by Perdew a.nd Wang 171. This is unavoidable for iron rich systems as well as for iron itself, otherwise
total energy calcula.tions would produce a hexagonal ground sta.te of iron [3].
Static ground state properties like equilibrium volume and bulk modulus B. were extracted from
total energy ca.lcula.tionsusing fits to the Murnaghan's equation of state [8]. For more computa.tiona1
deta.ils see [g, 101.
3. RESULTS
3.1. Ground state properties of Mn, Fe and Ni

We sta.rt by discussing the pure transition metals. The calculated equilibrium'volume h,saturation
1na.gnetiza.tionMOand bulk moduli B. for the bcc and fcc ground states are given in Table 1 together
with the experimental va.lues. The ca,lcula.ted equilibrium volumes are always sma.ller than the
experimenta.1 ones. The maximum deviation is obtained for antiferromagnetic fcc Mn (about 7%) and
fcc Fe (5.4%). This can be understood from two facts. First, we used ideal fcc and bcc 1a.tticesinstead
of tetragonal distorted lattices. Second, we did not ta,ke into account zero point lattice energies. For
manganese there is aa additional problem beca,use the experimental equilibrium volume has been
extrapola.ted from da.ta corresponding to Cu-Mn, Ni-Mn and Fe-Mn alloys.
The magnetic moments of all investiga.ted phases are in good agreement with experimental
findings. The largest discrepancy occurs for AFM y-Fe, however the value cited in Ta.ble 1 is only a
lower limit for the magnetic moment of AFM fcc Fe [15]. Summa.rizing we can say tha.t the ground
state properties of Mn, Fe and Ni a.re well reproduced.
In the following we will discuss the iron pha.se diagram in detail (see Fig.1) baring in mind
that the ma.rtensitic phase transformations of Fe-Ni and Fe-Mn occur in the iron rich region. In
agreement with experiment we found a. ferromagnetic bcc ground state. The lowest lying fcc phase
has antiferromagnetic order and is a.bout 7.1 mRy higher in energy than the FM bcc state. This
energy difference can be related to the experimental a -+ y transition temperature To. Furthermore
a nonmagnetic hcp state exists 6 mRy a.botre the bcc ground state having an equilibrium volume of
V. = 69.94 a.u. The calcula.ted transition pressure amounts t o 11.5 GPa which is comparable t o the
experimental va.lue of 13.6 GPa. The ferromagnetic fcc phase has two local minima, a low-moment
low-spin state (LS) and a high-moment high-spin (HS) state. Especially the HS state is important
for the discussion of magnetovolume insta.bilities in iron. From this the Anti-Invar effect can be
understood as a tra.nsition from AFM ?-Fe to FM HS y-Fe ca.used by thermal excita.tions. This is
connected to a volume expa.nsion of a.bout 12.5% compared to the experimentally observed value of

Tablel: Calculated atomic volume (Vo), bulk modulus (Bo) and magnetic moment (Mo) for the ground states of the
fcc and bcc structure. Additionally the hcp data of iron are presented. Experimental data are given in brackets. All
theoretical results are calcM+ted with the FLAPW method using GGA.

System
Mn
Fe

Ni
a

C

f

Strycture
bcc
FM
fcc AFM
bcc
FM
fcc AFM
NM
hcp
FM
bcc
fcc
FM

V~/atom(a.u.~)Bo(Mbar)
2.53
73.98
76.79 (82.70)b 1.51
76.95 (78.94)" 1.86 (1.68)".17
72.16 (76.24)'
1.93
69.64 (70.51)f 2.91 (2.05)f
74.23
1.88
73.43 (73.65)" 2.00 (1.86)'

M(~B)
1.00 (1.00)"
1.90 (2.40)"
(2.22)d
1.30 (0.75)"
0.00
0.52
0.60 (0.61)"

Iteference [l21
Reference [lG](Lattice constant extrapolated to T = 0 K)
Reference [l31 (Lattice constant extrapolated to T = 0 K)
Reference [l41 (Bulk modulus at TR,magnetic moment at T = 0 K)
hference [l51 (Magnetic moment below TN.)
W. Pepperhoff, unpublished

14% '0131. From the results given in Fig. 2 we can conclude that the full potential LAPW method
is correct for iron. It gives a good description of the structural and magnetic phases with the main
results being in a good agreement with the experimental findings. Similar investigations have been
done for nickel and manganese. Some of the most important results have already been mentioned
(see Table 1). Nickel can be dealt with by using any band-structure theory. The same is correct for
the structural states of manganese, but the description of the magnetic phases is improved by the
full-potential method compared t o methods without a self-interaction correction.
In the following part we will focus on the concentration dependent phase diagrams of the Fe-Mn
and Fe-Ni systems. From the total energies and magnetic moments for several stoichiometric ordered
systems we extracted the concentration dependent structural phase diagram of these systems.
3.2. Fe-Ni

The theoretical and experimental phase diagram of the Fe-Ni alloy is given in Fig. 3. The most
important result is connected with the energy difference AEf,,.+,, between the fcc and bcc ground
state, which can be related to the martensitic transition temperature. For X 5 70 at% Fe the closepacked phase is always stable. Systems with larger iron concentrations prefer a bcc ground state.
This is in excelleg agreement with the experimental results, see left panel in Fig. 3. The absolute
values of the transition temperatures c'an not be determined from our theoretical work. The behavior
of the magnetic moments is comparable with experiment. M, increases from 0.5 p~ for Ni to 2 p~
for 70 at% Fe. For larger iron concentrations the magnetic moment of the y phase shrinks. That is
connected with the onset of the martensitic phase transformation. In contrast to experiments we can
simulate each phase over the whole concentration range and calculate M, for fcc iron. But as can be
seen in Fig. 2, this fcc phase is then higher in energy than bcc iron. On the Ni-rich side the magnetic
moment compares qualitatively well with experiment. For iron it is known that bcc iron is stabilized
by the ferromagnetic order (see section 3.1). The nonmagnetic and antiferromagnetic solutions have
much higher energy. Without magnetism fcc would be always stable. We can conclude that there
would be no martensitic a -t y transformation without the magnetic order of iron.
Furthermore we have calculated the energy differences between ferromagnetic, antiferromagnetic
and nonmagnetic fcc phases of Fe-Ni. AE$&-NMis a rough measure for the Curie temperature Tz.
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Figure 2: Total energies EtOt(lower panel)
and magnetic moments M (upper panel) of iron
obtained from FLAPW calculations within the
GGAIL. Results are shown for the fcc and bcc
crystal structure and different magnetic ordering.
Additionally the nonmagnetic hcp curve is p r e
sented (dashed line with diamonds). The solid
curves corresponds to the fcc phase, and the dotted to the bcc phase. The diamonds indicate
the nonmagnetic, the squares ferromagnetic and
circles the antiferromagnetic order. For the ferromagnetic fcc phase exists a high-spin solution
at hHS
= 81.15 a.u. and a low-spin state at
VtS = 71.69 a.u. The sequence of the magnetic
states of the fcc phase is important for the discussion of the Anti-Invar effect. This magnetovolume effect can be explained by thermal excitations from the AFM ground state to the highvolume HS FM state. The volume expansion is
about 12.5% being close to the experimentally observed one.

The shape of the theoretical and experimental curves are identical as long as the fcc phase is the
ground state. For larger iron concentrations it is not possible to measure TG. The Ne61 temperature,
shows also a qualitatively correct beha.vior. But in this case
which can be described by AE&-,,,,
the calculated stability range is smaller. Only for iron concentrations larger than 87 at% Fe the AFM
state is stable, whereas in nature AFM ordering is possible a t lower iron concentration. The last point
to discuss is the concentration dependence of the Wigner-Seitz Radius rws. The maximum of the
rws is found in the ma.rtensitic region about.80 at% Fe, whereas the maximum of the experimental
curve occurs a.t 61 at% Fe (Invar region). The shift to larger rws may be caused by the stoichiometric
order used in our calculations.
3.3. Fe-Mn
For the Fe-Mn system similar calcula.tions have been done. The results are given in Fig. 4. In
contrast t o the Fe-Ni compound, antiferromagnetism in Fe-Mn is more important, because both Fe
and Mn, have an AFM fcc ground state. Again Mr follows the right chemical trend, but the absolute
values obtained are slightly too large.
We found that for systems containing less than 80 at% Fe the fcc phase is sta.ble, larger iron
concentrations leads to a bcc-like ground state. In nature only systems with more tha.n 90 at% Fe
ha.ve a. bcc ground state. For systems with Fe concentrations between 80 and 90 at% a. hcp-fcc
transformation plays an important role in the Fe-Mn system.

Figure 3: Experimental (left) and theoretical (right) phase diagram of Fe-Ni. The labels y, a refer to the fcc, bcc
structures. Temperatures in the left figure are Curie (Tc) and Nebl (TN) temperatures. Austenitelmartensite start
and final temperatures are Iabeled by AF, As, MS, MF. M7 (Ma) denotes the saturation magnetization of the fcc
(bcc) phase. The theoretical energy differences can be compared with the temperatures in the left panel. AEEheFM
is correlated to Tz and AEp&-AFMsimulates T$. AEfcc-bcc determines the stability range of an fcc ground state.
The inset scale in the right panel belongs to the Wigner-Seitz radius r w s (dashed line with open circles). For details
see text.

Figure 4: Experimental (left) and theoretical (right) phase diagram of Fe-Mn. The labels y,a refer t o the fcc, bcc
structures. The temperatures on the left figure are Curie (Tc) and Ne8 (TN) temperatures. Austenitelmartensite
start and final temperatures are labeled by A F , AS, MS, M F M7 denotes the saturation magnetization of fcc Mn
and fcc Fe. The theoretical energy differences can be compared t o the temperatures in the left panel. AEE&-AFMis
correlated to T z , AEfi,-b,, determines the stability range of an fcc ground state. For more information see text.
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This ca.n not be seen in the theoretical phase diagram, where hcp.or mixed phases have not been
considered. Additiona.11~we have examined total energy differences of the magnetic phases. We
found a wea.lt c ~ n c e n t ~ r ~ t dependence
ion
of the NeCl temperature being correlated to nEg&-APw
This agrees with the experimental observations (see Fig. 4).
4. CONCLUSIONS

In this paper we have presented theoretical phase diagrams for two transition metal a.1loys. Though
only four stoichiornetric ordered systems have been calculated, we can draw some interesting conclusioris from t,he results mentioned above. Characteristic features of iron still exist in Fe-Ni alloys in
the martensitic region. In systems containing more than 70 a.t% iron the structural as well as the
magnetic properties are clominated by FM bcc iron. However, the Fe-Mn system behaves differently.
First, t,his system is nea.rly AFM for all concentrations, because antiferromagnetism is favored by
Mn. On the other ha.nd antiferromagnetism prefers close packed structures. From our calculations
we may conchide tha.t the bcc phase of Fe-Mn is already destabilized for Fe concentrations less than
90 at%,, which doc:s yua.litative1y agree with experiments. The reason that bcc Fe-Mn exist only in a.
small concentration region, is the AFM character of Mn, because bcc is only stabilized through F M
(see section 3.2.).
At least one sho1:ld keep in mind that only cubic phases are discussed though these alloys show also
cu -+ E t,ransit,ions. This will be discussed in a. forthcoming paper.

Onc of 11s (H.C. H.) would like t,o thank M. Acet and W. Pepperhoff' for fruitful discussions.
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