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Fe3Pd ferromagnetic shape memory alloys
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Department of Physics, Tulane University, New Orleans, Louisiana 70118

J. Cui, Q. Pan, and R. D. James
Department of Aerospace Engineering and Mechanics, University of Minnesota,
Minneapolis, Minnesota 55455

~Presented on 15 November 2002!

Fe3Pd alloys are potentially useful ferromagnetic shape memory materials with a maximum
predicted strain of up to 6.8%. Currently, however, there are difficulties with fabrication of the
desired fct-ordered martensitic phase. The experimentally observed ground state of Fe3Pd is a
nonreversible bct phase, and a rapid quench is required to form the martensitic. This quench freezes
substitutional disorder into the crystal, reducing the maximum obtainable strain to about 1%. Thus,
discovering how to stabilize an ordered fct phase of Fe3Pd is of paramount importance if this is to
become a usable shape memory material. Electronic structure calculations indicate the ordered fct
phase can be energetically stabilized by decreasing thec/a ratio below the equilibrium value. This
might be achieved by doping with materials containing a lone valencep-electron, such as B or Al.
Furthermore, a rigid band analysis suggests that addition of electrons to the system through alloying
slightly favors the ordered phase. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1543872#
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INTRODUCTION

Shape memory materials have found widespread ap
cation in engineering and medicine, and recently there
been a great deal of interest in the search for ferromagn
shape memory~FSM! alloys capable of large reversibl
strains under an applied magnetic field. Fe70Pd30 is a rela-
tively new FSM material that has exhibited strains of 1
although an analysis of the various crystal structures s
gests a maximum strain of 6.8% is theoretically possib1

The fct phase of these alloys has a fairly large satura
magnetization~1200–1500 emu/cm3! and magnetocrystalline
anisotropy ~MCA! ~0.30 MJ/m3!. We have previously re-
ported that small additions of Pt can more than triple
MCA of the martensite.2 Large saturation magnetizations an
MCA allow the growth of a single magnetic domain by e
suring a large driving force can be applied to the twin bou
aries with an external magnetic field. Fe3Pd-based FSM al-
loys thus have significant potential for eventual industr
applications.

However, there are fabrication difficulties associat
with this material. Although the desired phase is fct mart
site, the ground state of Fe3Pd is experimentally found to b
a nonreversible bct phase. A fairly rapid quench is requi
to obtain the metastable fct phase. The quench must be
enough to prevent formation of the bct phase and precip
tion, and yet slow enough to allow atomic diffusion over
least a unit cell. This quench produces a disordered cry
consistent with laboratory samples that have a substa
degree of substitutional disorder, x-ray diffraction data ha
shown no superlattice peaks. A direct consequence of d
dering is that experimentally measured MCA values

a!Electronic mail: astern@tulane.edu
8640021-8979/2003/93(10)/8644/3/$20.00
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found to be an order of magnitude smaller than calcula
bulk values. Although it is the ordered, high-MCA phase th
is desired for FSM applications, the substitutionally dis
dered fct phase has a lower energy than the ordered ph
the material is naturally disordered. Finding a method
lowering the energy of the ordered phase below that of
disordered phase is thus imperative if the quench is to p
duce a well-ordered, high anisotropy phase. This article
report upon our efforts aimed at achieving this goal. We ha
focused on alloying as a possible route, exploring the re
tion between the electronic structure and ordering energ

First-principles calculations reveal a sensitive dep
dence of the energy difference between the ordered and
ordered phases,D5Eord2Edis, on the tetragonality of the
cell. We found computationally that the ordered phase is
ergetically favored whenc/a is less than about 0.936,
value 3.6% smaller than the calculated equilibrium val
One possible way to induce a decrease inc/a might be to
alloy with small amounts of B or Al, as the highly direction
nature of a singlep-bond may contribute to unidirectiona
cohesive enhancement between the Fe–Fe and Fe–Pd la
An alternative strategy is to alloy with elements that add
remove electrons within a rigid band picture and to use
density of states~DOS! as a guide. We found that additiona
valence electrons added to the system seem to decreas
energy difference between the phases.

CALCULATIONS

First-principles calculations were performed on both
dered and disordered fct Fe3Pd. The ordered material has
L12 structure with Fe atoms at the face centers and Pt at
at cube corners. The disordered phase was treated within
coherent potential approximation,3 with 75% Fe and 25% Co
4 © 2003 American Institute of Physics
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evenly distributed on each site. Experimental as well as
culated lattice constants and magnetic properties are give
Ref. 2.

Total energies, MCA, and DOS were calculated with t
layered-Koringa–Kohn–Rostoker~LKKR ! density func-
tional formalism.4 This approach is based upon Green fun
tions, and, by use of the coherent potential approximat
can treat both ordered and disordered alloys within the s
set of approximations. Since this formalism uses the ato
sphere approximation, however, structures cannot reason
be optimized, although total energies of different phase
the same lattice constants can be compared to each
with reasonable confidence. Therefore, in order to determ
equilibrium structures for the ordered compound, structu
were optimized with the density functional programVASP.5

VASP uses all-electron frozen core projector augmented w
potentials6 and the generalized gradient approximation to
exchange-correlation energy.7 Apart from supercell computa
tions,VASP cannot readily treat substitutional alloys. Accor
ingly these two programs provide complementary yet disti
information. The lattice constants andc/a ratios obtained
from experiment2 and fromVASP were used as input to th
LKKR calculations. TheVASP calculations predict lattice
constants ofa53.791 Å andc53.681 Å, corresponding to a
c/a of 0.971. Lattice constants of experimental samples w
significant substitutional disorder have values ofa
53.8375 Å andc53.5938 Å (c/a50.937). Consistent with
Vegard’s law, both experiment and theory have similar c
volumes. To date, only the disordered fct phase has b
observed.

The energy differenceD between the ordered and diso
dered phases is found to depend strongly on the tetragon
of the unit cell. Figure 1 showsD as a function ofc/a. In the
LKKR calculations presented, the cell volume was fixed
that obtained from theVASP calculations, so that increasin
~decreasing! c/a causes the basal lattice constanta to de-
crease~increase!. The results of LKKR total energy calcula
tions predict the ordered phase is energetically favored
c/a less than about 0.936. Note that at the calculated lat
constants for the ordered structure, the LKKR method p
dicts the disordered phase is energetically favored relativ

FIG. 1. Energy difference in eV between ordered and disordered phas
Fe3Pd, vs.c/a, for fixed cell volume. The ordered phase is stable forc/a
less than about 0.936, and the disordered phase is energetically favore
c/a greater than 0.936.
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the ordered phase~i.e., D,0). An estimate of the~positive!
contribution that the entropy of mixingEmix adds toD can be
found from the classical formula for a binary alloy with co
centration c: Emix52kBT@c ln(c)1(12c)ln(12c)#, evalu-
ated atc50.25. This gives roughly 0.01 eV at room temper
ture, which is about a 10% correction to Fig. 1.

To see intuitively that ordering is induced by decreas
c/a, note that, along the@001# direction, the Fe3Pd fct struc-
ture is composed of pure Fe layers separated by 50:50 m
Fe/Pd layers. Asc/a decreases below unity in an isovolum

FIG. 2. Integrated minority Fe d-bands of Fe3Pd vs.c/a. Decreasingc/a
populates the mixed-layer Fe orbitals at the expense of the pure-laye
orbitals. Note the populations are equal when full rotational symmetry
restored atc/a51.

FIG. 3. Density of states of Fe3Pd with c/a51.00 ~above! and c/a50.92
~below!. Note the splitting in the minority bands atEf when the cubic
symmetry is broken. This effect is almost entirely confined to the
d-bands. In each figure, the majority states are on top, and the min
states are on the bottom.
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distortion, a increases, and the overlap of the pure-F
pure-Fed-orbitals decreases relative to that of the pure-Fe
d-orbitals. In terms of a pairwise bonding picture, this wou
increase the Fe–Pd interactions relative to the pure-la
Fe–Fe interactions. Increased Fe–Pd interactions clearly
vor ordering. Evidence thatd-orbital populations are chang
ing with c/a is given in Fig. 2, which shows as a function
c/a the integrated minorityd-bands for the pure-and mixed
iron atoms obtained from the DOS.

Driving the repopulation of variousd-orbitals is a
pseudo-Jahn–Teller instability, whereby energy levels t
are degenerate whenc/a51 are split whenc/a falls below
1, breaking the rotational symmetry of the cubic structu
This can be seen in the ordered-phase minority DOS a
splitting in the peak at the Fermi energyEf as c/a varies
from unity. This behavior is confined almost entirely to t
Fed-bands; the Pdd-bands atEf are quite insensitive toc/a.
DOS for fct Fe3Pd with c/a50.92 andc/a51.00 are given
in Fig. 3.

In an effort to induce a smallerc/a, which also has the
beneficial effect of increasing the maximum shape mem
effect, we have suggested various ternary additions that
provide directional cohesive enhancement. B and Al are
sonable candidates as impurity atoms since they each ha
lone valencep-orbital that could naturally form bonds be
tween the mixed and pure layers. Samples of (Fe3Pd)0.95B0.05

have recently been prepared and show an FSM effect,
are, as yet, not fully characterized. Another approach is
add elements that change the valence electron count and
pact the bonding through orbital hybridization changes. U
ing a rigid band model, we have found through integration
the DOS that additions of ternary atoms that increase
overall valence electron count favor the ordered structu
Calculations on Fe3Pd12xAgx for x50.0– 0.6 indeed show
that additions of Ag help stabilize the ordered phase w
Downloaded 08 Oct 2013 to 131.212.231.159. This article is copyrighted as indicated in the abstract
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respect to the disordered phase. The effect is minimal, h
ever, asx50.05 lowers the relative energy of the order
phase by only about 8 K.

CONCLUSION

Fe3Pd-based FSM alloys are potentially excellent ma
netomechanical materials. Large predicted strains will be
alized, however, only if an as yet unseen ordered phase
be fabricated. Ordering in these systems can be unders
in a straightforward way in terms of interactions between
pure Fe and mixed Fe–Pd layers. Consistent with this p
ture, our calculations suggest that decreasing thec/a ratio
and adding electrons through alloying can energetically
bilize the ordered phase. Samples with small amounts of
ron have been made and appear promising.
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