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First-principles augmented-spherical-wave fixed-spin-moment solutions of the Kohn-Sham band equa-
tions are used to study the volume dependence of the total energy and the local moments in ordered
FeAl and FeV. The solutions yield volume ranges with stable ferromagnetic and metastable type-I anti-
ferromagnetic states for both FeAl and FeV, with energy differences less than ~0.5 mRy over a wide
range of volumes around equilibrium. For FeV, an unstable mixed antiferromagnetic state with equal
and opposite iron and vanadium local moments is also found. Solutions corresponding to type-II antifer-
romagnetism were not found. Near equilibrium iron local moments are ~0.5up for the antiferromag-
netic state, and ~0.7up for the ferromagnetic state for FeAl, and ~0.7uj for both the ferromagnetic
and antiferromagnetic states in FeV. The calculated lattice constant at equilibrium is within 1.8% of the
experimental value for FeAl, and within 1.4% for FeV.

I. INTRODUCTION

Binary metallic compounds with the ordered B2-type
(CsCl) structure are interesting because the basic unit cell
contains only two atoms. As a consequence, electronic-
structure calculations of the ground state are generally
reliable and can be used as a theoretical tool to provide
an understanding of their experimental properties. In or-
der to understand the properties of such compounds con-
taining magnetically active constituents, it is necessary to
consider magnetic unit cells large enough to allow for an-
tiferromagnetism (AF). In this paper we give results for
magnetic ground-state properties of FeAl and extend our
previous work on FeV to include AF states. The present
study is motivated by the observation that experiment
implies that FeAl is nonmagnetic (NM), while FeV has a
ferromagnetic (FM) ground state.

Although ordered B2-type systems have no near-
neighbor atoms of the same kind, compositions that are
off stoichiometry will be chemically disordered and will
contain some clusters with the same atoms as near neigh-
bors. Experimentally, even the 50%-50% compounds
can be chemically disordered so that a theoretical calcu-
lation for a perfectly ordered system may not reproduce
experiment. For example, although ordered FeAl has no
Fe-Fe or Al-Al near neighbors, iron-rich alloys will have
some Fe-Fe neighbors, which can strongly affect the mag-
netic properties. Neutron-scattering studies! show that
in Fe, ;Al ;, Fe atoms with only Fe near neighbors have
magnetic moments of =2.18uy, while Fe atoms with Al
near neighbors have moments of =~1.50uz. However,
before attempting to understand the complex effects of
disorder, it is important to know the behavior of the or-
dered systems.

The phase diagram for the Fe-Al alloys with between
25% and 50% aluminum shows several unusual magnetic
features. These alloys are paramagnetic (implying finite
but disordered local moments) at high temperatures, are
FM in the iron-rich range at intermediate temperatures,
and exist in a so-called cluster-glass state with no net mo-
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ment at low temperatures. Magnetic measurements
show?? that Fe,,Al, ; is paramagnetic above ~400 K,
exhibits FM order between ~400 and ~170 K, becomes
paramagnetic again between =170 and =92 K, and ex-
hibits complicated spin-glass-like behavior usually de-
scribed as the formation of magnetic clusters (cluster
glass) below ~92 K.

The Fe-Al magnetic phase diagram shows>* that this
cluster-glass region extends from Fe;Al almost to the
equiatomic composition. The behavior for the equiatom-
ic composition is generally classified® as a Curie-Weiss
type paramagnetism, which implies the existence of
disordered finite local moments. In addition, some stud-
ies® conclude that the equiatomic composition is AF and
therefore offers the possibility of a temperature-induced
transition from AF to FM spin order as is observed’ in
FeRh.

Chemical disorder makes interpretation of the experi-
mental properties of iron-rich Fe-Al alloys somewhat
difficult. For example, increasing the chemical disorder
by cold-working the equiatomic composition produces
FM behavior,® possibly caused by the creation of Fe-Fe
near neighbors. However, the consensus is that
structurally-ordered FeAl exhibits no magnetic order,
even at zero temperature. In contrast, FeV is found?® to
be FM with a moment of ~0.7uy per formula unit. We
maintain that the experimental ground state of FeAl is
still an open question, and will present an argument sup-
porting a magnetic ground state based on the observation
that the experimental bulk modulus is much closer to
that expected from the FM rather than the NM theoreti-
cal bulk modulus.

Conventional spin-polarized band calculations (based
on a two-atom magnetic unit cell, which excludes the
possibility of AF iron coupling) find°~!! that ordered
FeAl is FM. Since experiment does not find a FM state,
it is useful to verify this theoretical result before attempt-
ing to explain the experimental result in terms of a
cluster-glass model. Our recent success’!? in understand-
ing the magnetic structures of FeRh and FeV, both of
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which have the same B2 structure as FeAl gives us
confidence in the reliability of our first-principles
methods and motivated the present study of ordered
FeAl and FeV. In view of the suggestion®'® that FeAl
might be AF and that our previous work on FeV only
considered two-atom magnetic cells, we extend the calcu-
lations to larger magnetic cells to permit AF spin
configurations.

Our present work on FeAl and FeV is similar to our
work on FeRh, i.e., we use band calculations based on the
augmented-spherical-wave method to compute total ener-
gies of different magnetic cells as functions of the total
magnetic moment of the cell using a fixed-spin-moment
procedure. This procedure allows us to find and separate
the different solutions to the Kohn-Sham band equations
which correspond to NM, FM, and AF spin
configurations and to determine the relative stability of
these different magnetic states.

II. PROCEDURE

Our total-energy band calculations utilize the atomic
sphere approximation, which assumes sphericalized po-
tentials within Wigner-Seitz spheres. This approximation
requires the volume ¥V of the unit cell to be divided into
constituent Wigner-Seitz atomic spheres with radii rg,
and r,; for FeAl, such that the sum of the sphere
volumes is V. Thus, for the CsCl unit cell,
V =(4mw/3)(r3. +r3)=a’ where a is the lattice con-
stant. This division can be made in several ways. One
can fix the ratio R =r,;/rg, to be unity (equal radii) or
can use the ratio of the radii found in the constituent ele-
mental forms. Another method, used by Okochi* in
augmented-plane-wave calculations on FeAl (non-spin-
polarized and only at the experimental lattice constant),
matched the potentials at the contact point of the constit-
uent spheres and found R =1.01. Ziesche et al.'® used
R =1.06 (non-spin-polarized and at the experimental lat-
tice constant).

In our calculations we required that the total energy be
a minimum with respect to R. Near the equilibrium
volume this minimum corresponds to a FM state and to
R =0.95 for FeAl. All of the FeAl results presented here
correspond to this ratio of aluminum to iron sphere radii,
although selected calculations using equal radii spheres
yielded no significant changes in the calculated results.
These results will be presented in terms of an effective ra-
dius, 7., defined by rig=(r3; +r}.)/2. Our FeV calcu-
lations were all done for equal iron and vanadium radii,
and will be presented in terms of the common Wigner-
Seitz radius, rwg. We note that although elemental
aluminum has a larger Wigner-Seitz radius than elemen-
tal iron, suggesting that the ratio R for FeAl is larger
than unity, we find the surprising result that a ratio less
than unity yields lower energies. Our FeAl ratio may be
compared with the ratio for Ni;Al, where we found!® that
the aluminum radius was 8% larger than the nickel ra-
dius, but reduced from the 15% larger value of elemental
aluminum compared to elemental nickel. The Wigner-
Seitz radii appropriate to binary compounds are expected
to depend on the details of the bonding and on the values
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of the elemental bulk moduli of the constituents. Thus,
one can expect the aluminum radius to be more easily
changed than the iron radius because elemental alumi-
num has a lower bulk modulus than elemental iron.

III. RESULTS

Four-atom cell calculations yield magnetic structures
for FeAl and FeV that are remarkably similar. We find
metastable type-I AF solutions a few mRy above stable
FM solutions for both systems for volumes near the
respective equilibrium volumes. In addition, for FeV we
find an unstable AF state with iron and vanadium lattices
having equal and opposite moments.

A. FeAl

Ordered FeAl has the CsCl structure with an experi-
mental lattice constant!” of 5.496 a.u. corresponding to
Feg=2.707 a.u. Our calculations span the volume range
corresponding to lattice constants within ~=+5% of equi-
librium. Calculations using two-, four-, and eight-atom
magnetic cells are used to search for NM, FM, and type-I
and type-II AF solutions. The details of the magnetic
cells used in the present study are discussed in previous
work.”

Two-atom magnetic cell calculations constrain binary
systems to have either NM or FM spin configurations
(the local moments on the constituents can be different,
and either parallel or antiparallel). Our calculations yield
only stable NM solutions below, and only stable FM solu-
tions above a transition volume corresponding to
Fy =re5~2.546 a.u. for two-atom cells. For the FM
state, a weak local moment (<0.05ug) is found on the
aluminum sites. The magnetovolume transition from
NM to FM behavior at r,, is second order (the magnetic
moment is continuous).

Four-atom magnetic cell calculations remove the con-
straint mentioned above, and allow the more complex
type-I (and type-II) AF, in addition to the NM and FM
spin configurations. As in our previous work,” we con-
strain the chosen magnetic cell to have fixed values of to-
tal magnetic moment M, and compute the total energy
and local moments as M is increased or decreased in
small steps. From previous experience, we have found
that the system can remain in a metastable state if the
steps are small enough. We call this procedure adiabatic
tracking. Plots of the calculated total energy E and local
magnetic moments mg, vs total moment M for several 74
values are shown in Figs. 1 and 2. The E (M) curves re-
sulting from our fixed-spin-moment constraint procedure
describe the behavior of the chosen magnetic cell in an
effective applied magnetic field H, defined by
H=dE /dM. Therefore, solutions at dE /dM =0 are spe-
cial solutions corresponding to states of the system in
zero applied magnetic field. Such states can be stable or
metastable (positive curvature) or unstable (negative cur-
vature). The NM, FM, and AF zero-field spin
configurations, determined by the details of the calculat-
ed local moments, are labeled. In all cases, we show two
E (M) curves. The solid curves correspond to positive
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adiabatic tracking (increasing M) while the dashed curves
correspond to negative adiabatic tracking (decreasing M).
As the figures show, the lowest minima in the E (M)
curves for volumes V corresponding to r.=2.6733 and
2.7318 a.u. belong to FM solutions. This is shown by the
corresponding local iron moments in the top panels of the
figures. The local aluminum moments, which are anti-
parallel and very weak, are not shown. This FM solution
is the minimume-energy solution for all rg>r, =2.546
a.u. The resulting zero-field E (V) curves for these FM
solutions and the low-volume NM solutions are shown in
Fig. 3, where we see that the equilibrium volume is at
res==2.658 a.u. (corresponding to a lattice constant of
5.398 a.u.) and that the theoretical bulk modulus is 1900
kbar. This calculated bulk modulus is larger than the ex-
perimental value of 1500 kbar determined!® from mea-
surements of elastic constants on iron-rich Fe-Al alloys
and by extrapolation to the 50%-50% ordered system.
Our theoretical bulk modulus of 1900 kbar, derived
from the FM solutions, is =~27% larger than experiment.
This discrepancy can be compared with our value'? for
bee Fe where the theoretical bulk modulus is 19% larger
than experiment. However, the bulk modulus calculated
from our (unstable) zero-field NM solutions is 2015 kbar,
which is 34% larger than experiment. Thus we find that
our theoretical FM bulk modulus agrees better with the
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FIG. 1. Total energy (lower panel) and local iron moments
(upper panel) vs constrained magnetic moment for FeAl at
Fer=2.6733 a.u. showing stable FM, metastable AF, and unsta-
ble NM zero-field solutions. E; is the minimum energy for this
r.r value. The upper panel shows the AF local iron moments.
With increasing M value, the two local iron moments merge and
assume a FM (parallel spin) configuration. The dashed curves
correspond to inverse adiabatic tracking (see text) and reveal the
unstable NM zero-field solution at M =0.
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FIG. 2. Total energy (lower panel) and local iron moments
(upper panel) vs constrained magnetic moment for FeAl at
7. =2.7708 a.u. showing stable AF and FM zero-field solutions
and the unstable NM zero-field solution.

value expected from experiment than does our NM bulk
modulus. This result suggests that experimentally, FeAl
may have finite local moments. Both FM and AF states
have similar expanded lattice constants and reduced bulk
moduli at equilibrium compared to the NM state.

As shown in Figs. 1 and 2, the AF solutions (the solu-
tions at M =0) are metastable relative to the lower-
energy FM solutions, with differences in total energies of
only a few tenths of a mRy. With decreasing volume, the
mg.(M) curves collapse and finally merge into the dashed
NM branch at r.;~2.64 a.u. Also at r5==2.64 a.u., the
AF minimum in the E (M) curves merges with a NM
maximum. The spin polarization energy per atom, or the
energy gained by allowing the system to be FM (two-
atom magnetic cells) or to be AF (four-atom magnetic
cells), is shown in Fig. 4. As indicated, the FM total en-
ergy at equilibrium (ry) is almost 0.5 mRy lower than the
NM total energy. At the same volume, the AF total en-
ergy is =0.1 mRy lower than the NM total energy.

The FM and AF local moments are shown in Fig. 5,
where we again see that the magnetovolume transition
from NM to FM behavior occurs at 7, ~2.546 a.u., and
that AF solutions occur for r.z>2.64 a.u. Note that in
the case of the NM to FM transition at 2.546 a.u., the
transition is from a stable NM state to a stable FM state.
In the case of the NM to AF transition at 2.64 a.u., the
transition is from an unstable NM state to a metastable
AF state, hence this is not an observable transition.

We note that the calculations yield small residual AF
local moments for 7.4 <2.64 a.u. leading to a tailing-off of
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the AF myg, curve in Fig. 5. Past experiences with
simpler systems suggest that this tailing-off is not physi-
cally correct and results from computational errors
caused by the lack of k-space convergence, and that the
correct behavior should exhibit the singular behavior!®
shown by the dashed curve.

Repeated attempts to find type-II AF solutions in the
volume range covered in Fig. 3 were unsuccessful. Con-
straining the system to type-II AF by forcing nearest-
neighbor iron atoms in (100) planes to be antiparallel ini-
tially, always resulted in zero local iron moments for the
M =0 case, and equal and parallel local moments for
M0.

B. FeV

As we have already shown,'? FeV at equilibrium
(rws=2.661 a.u.) is FM, but with a local iron moment
much reduced from that of elemental bcc Fe. The local
vanadium moment is small and parallel to the iron at low
volumes, is nearly zero at equilibrium, and becomes large
and antiparallel to the iron at large volumes. At equilib-
rium, the local iron moment is 0.66up. Our calculated
lattice constant is within 1.4% of the experimental value.
The present work uses larger magnetic cells and thereby
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FIG. 3. Zero-field total energy vs 7.4 for the minimum energy
FM solutions (points) and NM solutions (dashed line) for FeAl.
Metastable AF solutions are not shown here. Analysis of the
E(r.z) FM curve yields the zero-pressure equilibrium point at
ro=2.658 a.u., and a bulk modulus of 1900 kbar. Analysis of
the E(r.z) NM curve yields approximately the same zero-
pressure equilibrium point, and a bulk modulus of 2015 kbar.
The magnetovolume transition from NM to FM behavior
occurs at r,, =2.546 a.u.
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FIG. 4. Spin-polarization energies for the FM (two-atom
magnetic cell, open points) and AF (four-atom magnetic cell,
solid »oints) zero-field solutions for FeAl. The magnetovolume
transition from NM to FM behavior occurs at r,=2.546 a.u.
The zero-pressure solution at r,=2.658 is FM.

focuses on the possibility of various kinds of AF solu-
tions, which were excluded in our previous work.

In Fig. 6 we show the total energy and local iron and
vanadium moments vs the constrained total moment for
FeV at a volume corresponding to rywg=2.70 a.u. (with
equal iron and vanadium radii). This ryg corresponds to
a lattice constant ~1.5% greater than the calculated
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FIG. 5. Local moments for the FM (open points) and the AF
(solid points) zero-field solutions for FeAl. The zero-pressure
volume corresponds to r,. The AF solutions yield no local mo-
ments on the aluminum sites. The magnetovolume transition
from NM to FM behavior occurs at r, =2.546 a.u.



7882

equilibrium lattice constant. This result was obtained by
assuming that the two iron atoms had independently
variable moments, but that the two vanadium atoms al-
ways had identical moments. Calculations which re-
moved the constraint on the vanadium atoms and al-
lowed them to be different failed to converge to self-
consistency.

As shown in Fig. 6, we find a stable FM state for the
M =~0.68up/unit cell with most of the moment on the
iron sites. For this state and at this volume, we find a
small =~0.15u5 local moment on the vanadium atoms.
At M =0, we find a well-defined local minimum where
the local iron moments at +0.72ug, corresponding to a
metastable AF state, which we call AF,. In this case, the
vanadium local moment is = zero. Positive adiabatic
tracking leads to a merging of the two local iron mo-
ments at =0.6u/unit cell accompanied by a slight nega-
tive local moment on the vanadium. Above 0.6up, the
vanadium local moment increases, following the local
iron moments. For negative adiabatic tracking, we re-
turn to another (unstable) AF mixed state at M =0,
which corresponds to local iron moments of +0.42up
and local vanadium moments of —0.42ug. That is, we
find an unusual unstable AF state consisting of equal but
antiparallel iron and vanadium moments, which we call

LOCAL MOMENT (ug/atom)

E-Eq (mRy/atom)

‘0.0 0.5 1.0
TOTAL MOMENT (ug/cell)

FIG. 6. Total energy (lower panel) and local iron and vanadi-
um moments (upper panel) vs constrained magnetic moment for
FeV at rys=2.70 a.u. showing stable FM, metastable AF,, and
unstable AF, zero-field solutions. Ej is the minimum energy for
this rws value. The upper panel shows the AF, local iron mo-
ments for low M values. With increasing M value, the two local
iron moments merge and assume a FM (parallel spin)
configuration. The dashed curves correspond to inverse adia-
batic tracking (see text) and reveal an unstable AF, zero-field
solution at M =0.
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FIG. 7. Local moments corresponding to zero-field solutions
for FeV. The solid lines are for the FM solutions from Ref. 12.
The solid points are the local iron moments for AF, solutions
with vanishingly small local vanadium moments, and the open
points are the iron and vanadium moments for AF, solutions
with equal and opposite iron and vanadium moments. The
zero-pressure volume corresponds to ro=2.658 a.u. The mag-
netovolume transition from NM to FM behavior occurs at
r:=2.494 a.u.

AF,. This unstable AF, state is analogous to the unstable
AF state found for elemental bee iron.

The volume dependence of the local iron and vanadium
moments for the FM, AF,, and AF, states for FeV are
shown in Fig. 7. The FM local moments are from Ref.
12. The AF, and AF, solutions both begin at ~2.62 a.u.,
just below the zero pressure volume at r,=2.658 a.u.
The details of the termination of the AF solutions at 2.62
a.u. is not clear. In this region the FM solutions are
more stable.

The relative stability of the three types of solutions for
FeV is implied in Fig. 8 where we show the spin-
polarization energy, or the energy difference between the
nonmagnetic solutions and the various magnetic solu-
tions. The FM results are similar to our earlier results'?
for all but the largest volumes, but are plotted as negative
quantities. In general, the FM solutions are more favored
(have a lower energy) than the AF, solutions, which are
more favored than the AF, solutions (which are unsta-
ble). Thus the FM solution is favored at r,. The large-
volume behavior of the AF, solutions is uncertain. We
note that, although Fig. 7 shows both AF, and AF, solu-
tions terminating near 2.62 a.u., Fig. 8 shows that the en-
ergy difference between the NM and the AF, solutions in
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FIG. 8. Spin-polarization energies for the FM (two-atom
magnetic cell, x points), the AF, (four-atom magnetic cell, solid
points), and the AF, (four-atom magnetic cell, open points)
zero-field solutions for FeV. The magnetovolume transition
from NM to FM behavior occurs at 7, =2.494 a.u. The zero-
pressure solution at r,=2.658 is FM.

the region from 2.62 to 2.70 a.u. is less than the resolu-
tion of the present calculations.

IV. DISCUSSION

The ordered FeAl and FeV results presented above are
similar to results obtained for ordered FeRh. In both
cases, we find FM and AF stable or metastable states.
Near equilibrium, we find the AF state more stable than
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the FM state for FeRh, but the FM state more stable
than the AF state for FeAl and FeV. The energy
differences between the two states are a few mRy for
FeRh, but only a few tenths of a mRy for FeAl and FeV.
But we have shown that zero-point energy corrections are
important for FeRh, and reduce the energy difference be-
tween the two competing states to 0.3 mRy. Hence the
formation of magnetic clusters in these systems seems
plausible.

In Table I we compare the equilibrium properties of
four B2 systems for which first-principles total-energy
calculations have been made, i.e., FeAl, FeV, FeFe (bcc
Fe), and FeRh. The entries are in order of increasing
magnetic activity. Both FeAl and FeV have small FM
and AF moments, but FeV also has a mixed AF, state in
which the vanadium acquires a moment antiparallel to
the iron moments. Apparently, the ability of vanadium
to acquire a moment (in contrast to aluminum) allows a
greater variety of magnetic structures. Note that
E . —Epy is greater for the AF, state than for the AF,
state, which has vanishingly small local vanadium mo-
ments. This mixed AF, state therefore has a higher (less
favorable) energy. Although this AF, state is unstable
and reverts to the FM state when the M =0 constraint is
relaxed, it indicates a new magnetic tendency that could
become metastable. This same tendency is found in bcc
Fe, with larger moments. In FeRh, the AF tendency is
further enhanced, since the ground state is now AF, but
takes a different direction by becoming type II, in which
iron atoms have an AF arrangement within, as well as be-
tween, (100) planes. Comparing the binary compounds
with FeFe, we see that both aluminum and vanadium
tend to reduce the local iron moments, while rhodium
tends to enhance them. This behavior is readily under-
stood in terms of reducing the number of majority-spin
electrons in the former case but increasing it in the latter
case.

In summary, we find FM ground states for both or-
dered FeAl and FeV. Our result is in contradiction with
the experimental finding that FeAl is NM, but we note
that the energy differences are very small and that our
FM bulk modulus is in better agreement with experiment

TABLE I. Theoretical equilibrium properties for some iron binary compounds in the B2 structure. Local moments are designated
as m&, where S signifies the state (FM or AF) and X signifies the constituent (Al, V, Fe, or Rh). E,r— Egy is the rigid-lattice energy
difference between the AF and FM state (with no zero-point correction).

System ro Ground B mEs, mEs my m¥ie E r_Egy
(FeX) (a.u.) state (kbar) (up) (p) (up) (up) (mRy/atom)
FeAl 2.658 FM 1900 0.7 0.4 0.0 0.0 0.5
FeV 2.661 FM 2320° 0.7 0.7 0.0 0.0 0.5
FeV® 0.4 0.4 0.7
FeFe* 2.631 FM 20532 2.1 1.7¢ 2.1 1.7¢ 30
FeRh? 2.782 AF 2144 3.1 2.9 1.0 0.0 —2

2Reference 12.
"AF, solutions (see text).

°Reference 20. Estimated from unstable AF state at rys=2.70 a.u.

dReference 7.
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than our NM bulk modulus. For both FeAl and FeV, we
find close-lying AF states a few tenths of a mRy above
the FM ground states. In addition, we show the existence
of a new type of AF state in FeV, which is unstable but
which can influence fluctuation and excitation behavior.
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