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Ordering and Magnetism in Fe-Co: Dense Sequence of Ground-State Structures
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We discover that Fe-Co alloys develop a series of ordered ground-state structures in addition to the
known CsCl-type structure. This new set of structures is found from a combinatorial ground-state
search of 1:5� 1010 bcc-based structures. The energies of the searched bcc structures are constructed
with the cluster expansion method from few first-principles calculations of ordered Fe-Co structures.
The set of new ground-state structures is explained from the decay behavior of the cluster expansion
coefficients which allows us to identify a simple geometric motif common to all structures. The
appearance of these FeCo superstructures offers a broader view of the ordering reactions in bipartite-
lattice based binary alloys.
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FIG. 1 (color). Schematic representation of EPI distributions
as a function of the neighbor shell (left column) and the
corresponding GS phase diagram (right column) for
bipartite-lattice based A-B alloy systems. Note that a positive
EPI describes an attractive interaction between unlike atoms.
In this Letter we predict and explain the existence of a
dense sequence of ground states for Fe-rich Fe-Co alloys.
The new ground states appear at a composition spacing
of �x � 1=16, as originating from a quasicontinuous
sequence of ground states for FexCo1�x alloys with
x � 0:5. Quasicontinuous sequences of ground states in
binary-alloy phase diagrams have been discussed in the
literature within the context of infinitely adaptive crystal
structures [1]. Variation of the alignment of structural
units exhibiting different compositions allows such sys-
tems to attain a continuous sequence of ground-state
structures when the overall composition is changed.
Long-range elastic interactions between the interfaces
of structural units have been suggested [2] as the driving
force behind infinitely adaptive crystal structures.
Recently, this suggestion has been confirmed by an
ab initio analysis [3] of Cu-Au and Ni-Pt. In this Letter,
however, we show that alloys of Fe and Co do not require
the presence of such repetitive structural units to display a
dense succession of ordered ground states.

Consider the hypothetical case of a body-centered cu-
bic (bcc) binary-alloy system with only one attractive
nearest-neighbor pair interaction between the A and B
atoms [see Fig. 1(a)]. A ground-state (GS) analysis shows
three stable states, namely, two pure states and a CsCl-
type (B2) ordered state. Structures with energies on or
above the tieline joining the AB compound with any of
the pure phases are unstable against the two-phase mix-
ture B� AB (or AB� A) [4]. Consider now that the
system in question is characterized by a set of effective
pair interactions (EPIs) of different lengths. What kind of
GS phase diagram should be expected from this condi-
tion? Aside from the fact that the GS phase diagram
should be symmetric with respect to equiatomic compo-
sition, a general answer to this question is difficult to
obtain [5].

However, if the decay of the EPIs shows a character-
istic behavior, general conclusions for the expected GSs
can be drawn. Consider a pure-B material with some
0031-9007=04=93(6)=067202(4)$22.50 
atoms replaced by A atoms. Assume an EPI distribution
that decreases monotonically with distance, where all
EPIs remain positive as shown in Fig. 1(b). The material’s
energy will then be minimized when the different atomic
species are arranged in such a way that the distances
between A atoms are maximized. If several configura-
tions with identical nearest-neighbor distances between A
atoms exist, then the one with the largest second-nearest
neighbor distances will have the lowest energy, and so on.
If for such a situation the number of A atoms is increased,
every additional A atom changes the configuration of all
other A atoms, and therefore a continuous sequence of
GS’s is generated. Deviations from the above-described
ideal decay behavior of the EPIs with respect to their
lengths will break, in general, the quasicontinuous pro-
gression of GSs. The system will then display a discrete
2004 The American Physical Society 067202-1
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number of GSs [see Fig. 1(c)]. A more complicated EPI
behavior, for example, oscillating chemical and weak yet
long-ranged elastic interactions, can induce a continuous
succession of adaptive crystal structures [3] in some part
of the phase diagram, while other composition ranges
still show a discrete sequence of GSs.

We have found that Fe-Co exhibit a behavior as
sketched in Fig. 1(c), i.e., a dense sequence of GSs for
Fe-rich alloys. The technological importance of Fe-based
alloys is widely recognized in many fields such as super-
alloys for high-temperature applications [8], soft mag-
netic materials for magnetic cores in electrical devices
[9], permanent magnets for high-performance applica-
tions [10], and possible applications in modern spintronic
materials [11]. Besides, alloys of Fe and Co possess some
additional characteristics, which make them amenable as
a prototype system to test our hypothesis of a dense
sequence of GSs: The ordered �0-FeCo phase (B2) exists
over a considerable range on either side of the stoichio-
metric composition (30–70 at.% Co) [12]. Moreover,
there is the controversial suggestion on the existence of
a Fe3Co superlattice [13]. Quantum mechanical effects,
reflected in the form of magnetism, are of central impor-
tance in treating Fe-Co alloys, since the ordering tenden-
cies and energies in these systems are governed by
magnetic interactions [19,20]. Neglecting the contribu-
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FIG. 2 (color). (a) GS phase diagram for Fe-Co alloys. The ab ini
The corresponding formation energy for FexCo1�x random alloy
enumeration GS search are indicated by squares. (b) Effective c
according to their average bond length. (c) Corresponding reduced
shown in (b), sorted according to the bcc (original) neighbor shell.
sublattice in the FeCo-B2 (CsCl-type) has been removed from all b
in the remaining sc sublattice. The other three GS structures Fe13C
atoms on the Co-scII sublattice.
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tion of magnetism to the energy leads to a postive heat of
formation of the B2 structure. Accordingly, a detailed
analysis of the energetics and magnetism of FenCom
(with 1 � n;m � 7) ordered compounds was carried out
using first-principles density-functional electron theory
in the generalized-gradient approximation (GGA) for
the exchange and correlation energy [21]. For these cal-
culations, we used a spin-polarized mixed-basis plane
wave pseudopotential scheme [22], where the wave func-
tions are expanded into plane waves and localized d
orbitals for the Fe and Co atoms. In all calculations, we
fully relaxed all atomic degrees of freedom, i.e., the
unit-cell axis, as well as the positions of the atoms,
were varied to find the lowest energy of a given struc-
ture. Systematic errors in the computation of the energy
of formation �E��	 � E��	 � xE�Fe	 � �1� x	E�Co	
(with x the atomic concentration of Fe) were minimized
by using equivalent k-point sampling and integration
meshes [23].

The calculated energies of formation for 46 bcc-based
Fe-Co ordered structures are shown in Fig. 2(a). It is an
interesting observation that the energies of many Fe-rich
compounds are well below the tieline joining the FeCo-
B2 (CsCl-type) and the pure Fe; i.e., they are candidates
for GS structures. In particular, our first-principles total-
energy calculations show small energy differences
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( 
 0:2 mRy=atom) between the D03 (Bi3F-type), a (001)
layered Fe3=Co structure, and the GS L60 (Ti3Cu-type)
structure for Fe3Co. Although these energy differences
are within our computational error, this illustrates the
difficulties in determining the possible existence of
Fe3Co superlattices [13]. The situation for Co-rich com-
pounds is different, since only very few structures have
formation energies below the tieline between the FeCo-
B2 and pure Co. Also, from the energies of formation of
random FexCo1�x [solid line in Fig. 2(a)], it is evident that
the GS properties of Fe-Co are not appropriately de-
scribed by assuming a random occupation of the bcc
lattice with Fe and Co.

We mapped the ab initio calculated energies of the
various Fe-Co structures into a cluster expansion [24].
The cluster expansion (CE) describes the energy of for-
mation

�E��	 �
X

�

D�J�����	 (1)

of an alloy with configuration � � f�1; �2; . . . ; �Ng, via
pair and multibody ECIs J�. Here, the multiplicity of the
geometrical different clusters � is denoted by D�, while
the cluster functions ����	 are calculated from the set of
occupation variables �i for all lattice sites i (�i � 
1 for
an Fe or a Co atom, respectively). The ECIs were con-
structed by defining a set of geometrical cluster figures,
which was then optimized to best reproduce and predict
the ab initio calculated energies using Eq. (1). The ability
of the numerical values obtained for the expansion co-
efficients J� to predict the energies of structures not
contained in the set of ab initio calculated structures,
was ascertained by systematic direct comparison of the
predicted cluster-expanded energy for an ordered com-
pound, not initially included in the expansion, with the
corresponding GGA total-energy calculation. We have
obtained a very robust and accurate CE for the energy
of formation (average fit error: 
0:15 mRy=atom, average
predictive error: 
0:29 mRy=atom) using 46 fully re-
laxed input structures requiring 15 pairs, 5 three-body,
and 1 four-body interactions. It is clear from Fig. 2(b) that
the energetics in Fe-Co are dominated by a strong attrac-
tive nearest-neighbor pair interaction. The remaining pair
interactions are considerably smaller. Three-body inter-
actions are small yet significant for the phase equilibria
in Fe-Co, since they are responsible for the asymmetry
shown by the GS phase diagram—tilted toward Fe-rich
alloys, as seen in Fig. 2(a).

We applied the expansion of Eq. (1) to a direct enu-
meration GS search. In this combinatorial approach, the
formation energy of bcc supercells was evaluated for cells
of different shape and containing up to 32 atoms. Our
exhaustive search resulted in 13 ordered structures, out of
the 
1:5� 1010 scanned configurations, as bcc-based
GSs in the Fe-Co system. These GSs, depicted in
Fig. 2(a) with red squares, proved to be stable against
phase separation into structures of neighboring composi-
tions. For Co-rich alloys, the GSs occur at non-Daltonian
067202-3
compositions. A different and unexpected situation is
revealed for Fe-rich Fe-Co alloys, where the GSs occur
in a regular fashion and at well-defined stoichiometries.
As a matter of fact, a new ordered structure appears every
1=16 in Fe concentration from the equiatomic alloy. This
is a surprising result that has an even more surprising, in
its simplicity, explanation. We advanced at the beginning
of this Letter that the particular distribution of the ECIs is
solely responsible for the number and structure of the
GSs. From Fig. 2(b) we see that the ECIs distribution is
dominated by a strong, attractive nearest-neighbor pair
interaction that is almost an order of magnitude larger
than the rest of the ECIs. This dominant nearest-neighbor
interaction ‘‘locks’’ the Fe atoms to one of the simple-
cubic sublattices scI of the bcc lattice, hence stabilizing a
CsCl-type motif. Thus, an increment of the Fe concen-
tration in FeCo-B2 leads to an increment of Fe atoms in
the second simple-cubic scII sublattice. For this reason,
we assume for the moment that the Fe-scI sublattice does
not change for all GSs with x � 0:5 [20]—this assump-
tion will be justified later. Hence, the occupation of all
sites contained in scI is ��I	

i � 1. This allows to consid-
erably simplify the cluster functions in Eq. (1). For ex-
ample, a three-body cluster formed by one scI site and
two scII sites is effectively broken down into a pair cluster
formed by the two scII sites. The expansion coefficient of
the original three-body cluster is subsumed (multiplicities
have to be taken into account) with the original expansion
coefficient of the pair cluster formed by the two scII sites.

Our initial choice of cluster figures [Fig. 2(b)] results in
reduced effective cluster interactions (RECIs) that con-
tain only pairs [25]. The RECIs acting on the scII lattice
are presented in Fig. 2(c). A strong, attractive reduced
nearest-neighbor pair interaction (second nearest-
neighbor with respect to the original bcc lattice) domi-
nates the ordering tendencies. Inspection of the RECIs in
Fig. 2(c) unveiled an important feature: A characteristic
minimum of the RECIs is observed for the sixth pair
interaction (P6) in the original bcc lattice. The range of
this interaction is such that it stabilizes Fe-Fe pairs of
length 2a in the Co-scII sublattice, thereby forming a sc
lattice with lattice constant 2a. This completes the
mechanism underlying the GS sequence of Fig. 2(a):
The strong nearest-neighbor pair interaction favors the
FeCo-CsCl structure and locks the Fe atoms to one of the
sc sublattices (first motif). Increasing the Fe concentra-
tion from 50% leads to the replacement of Co atoms on
the Co-scII sublattice by Fe atoms. The distances of the
extra Fe atoms that are built into the scII sublattice are
determined by the distance of the RECI P6. Accordingly,
upon increasing the Fe concentration from 50%, the Fe
atoms form a sc Fe sublattice with lattice constant dis-
tance 2a on the Co-scII (hereafter, the second-motif sub-
lattice). When all sites of the second-motif sublattice are
occupied at a concentration of x � 9=16, further Fe atoms
are placed on the bcc positions of the second motif,
thereby forming an interpenetrating second second-motif
067202-3



VOLUME 93, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S week ending
6 AUGUST 2004
sublattice in addition to the first second-motif sublattice.
In this way, all GSs in the concentration range 1

2 � x � 1
can be found from arrangements of interpenetrating
second-motif sublattices [Fig. 2(a)] at concentrations x �
n=16, n � 8; 9; . . . ; 16. All Co atoms in all GSs are sur-
rounded by eight Fe atoms on nearest-neighbor sites.
Also, the Co atoms are located on the Co-scII sublattice.
This justifies the assumption of a perfect Fe-scI sublattice.

The numerical values of the RECIs suggest that the
ordering transitions of the new GSs appear at such low
temperatures that ordering will be nearly impossible to
observe experimentally due to very low diffusion rates.
However, the second motif as the common characteristic
of all GSs favors an arrangement of the Co and Fe atoms
on the Co sublattice in such a way that predominantly
second nearest-neighbor bonds between unlike atoms are
formed. This should be reflected in the short-range order
coefficient for the second nearest-neighbor shell in the
B2-ordered region of the phase diagram (above the order-
ing temperature of the predicted GSs). Experimentally,
this can be checked in diffuse scattering experiments.
Moreover, we speculate that the ‘‘550 �C anomaly’’ [13]
which recently also has been found at lower temperatures
in small FeCo clusters [26] is related to a transition into
the newly found GSs.

To conclude, we have shown that a dense sequence of
ground-state structures may occur in a (nonfrustrated)
bipartite binary alloy for a rather general class of decay
behavior of the effective pair interactions. The new struc-
tures found for Fe-rich Fe-Co alloys shed new light onto
the ordering reactions occurring in bcc alloys, and more
general, in bipartite-lattice based systems. These new
ground-state structures may affect the low-temperature
mechanical and electronic properties of Fe-Co alloys and
may be relevant in nanoscale applications that exploit the
magnetic properties of FeCo clusters. We expect that Fe-
Co is not the exception, but just one example of a probably
large class of alloys which exhibit such a dense sequence.
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