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First-principles modeling of longitudinal spin fluctuations in itinerant electron antiferromagnets:
High Néel temperature in the V3Al alloy
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The V3Al alloy with DO3 crystal structure belongs to the family of the very few metallic materials that exhibit a
magnetically ordered state with a high ordering temperature (∼600 K) and consist only of nonmagnetic elements.
We show that, similarly to the ferromagnetism in the fcc Ni (with ordering temperature at about 630 K), the
antiferromagnetism in V3Al has itinerant character, and the high value of the Néel temperature is the result of
the strong longitudinal spin fluctuations in the paramagnetic state. In order to develop an ab initio–based theory
of the magnetic ordering at finite temperatures, we employ an effective magnetic Heisenberg-like Hamiltonian
with varying values of the on-site magnetic moments. Using a set of approximations we map this model onto
the results of the first-principle-based disordered local moment formalism and the magnetoforce theorem applied
in the framework of the Korringa-Kohn-Rostoker method. Our high-temperature approach is shown to describe
the experimental Néel temperature of V3Al very well and thus underlines the importance of the longitudinal
spin-fluctuation mechanism of formation of the vanadium magnetic moment at high temperatures.
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I. INTRODUCTION

The elements vanadium and nickel, being on opposite sides
of the 3d transition metal series, rarely develop intrinsic
magnetic moments in intermetallic compounds. However,
pure Ni metal is ferromagnetic with a considerably high
Curie temperature (at about 630 K) [1] and the bcc V
is a paramagnetic metal. Although the magnetic ordering
temperature of fcc Ni is high, it has an essentially different
origin from the high-temperature magnetism of bcc Fe with
rather well-localized magnetic moments. This is due to the
fact that the fcc Ni is a highly itinerant ferromagnetic metal,
and temperature-induced longitudinal spin fluctuations play
the major role in the local atomic magnetic moment formation
in the paramagnetic high-temperature regime [2,3]. It might
be said that local magnetic moments are not formed in the
Anderson sense, whereas the Stoner criterion for ferromag-
netic instability is satisfied [2,4]. In most cases, however,
even the Stoner condition is not satisfied for Ni and V in
intermetallic alloys and compounds. In exceptional cases the
magnetic Ni-based intermetallics and metallic alloys, like the
well-known Ni3Al (with Tc ∼ 40 K) [5,6], develop weakly
itinerant magnetism with a low ordering temperature, and are
on the border of ferromagnetic instability, or the itinerant
moment is formed when Ni is alloyed with other magnetic
transition metals, as in Fe-Ni [7]. Robust local magnetic
moments are formed by Ni and V either in Mott-Hubbard
antiferromagnetic insulators due to strong electron correlations
or in diluted metallic alloys, where a small amount of Ni or
V is placed into a strongly exchange-enhanced paramagnetic
metallic matrix. Also, pure Ni metal might be stabilized in the
bcc structure in thin films [8] on a GaAs(001) substrate—it
has a considerably high Curie temperature (∼460 K), but like
fcc Ni its magnetism has strongly itinerant character [9].

Until very recently the only known vanadium metallic alloy
that exhibits spontaneous magnetic order of the intrinsic V
magnetic moments was the ordered VAu4. It has a low ordering
temperature (∼43 K) and small saturated magnetization
(∼0.4μB/V) [10] and thus for a long time was regarded as

a weakly itinerant electron ferromagnet (WIF) of similar type
to Ni3Al. However, later, considerable experimental effort
[11–13] revealed a strong dependence of the V magnetism in
VAu4 on the degree of long- and short range atomic order. This
has led to the conclusion [13,14] that the small magnetization
in VAu4 is indeed the result of the partial uncompensation
of the rather large V atomic moments (>1μB/V), which are
mostly antiferromagnetically coupled with each other in the
partially disordered alloy. Moreover, the moments on V atoms
surrounded by more than nine Au atoms on the underlying
fcc matrix are well localized and their value persists in the
paramagnetic state [14]. Thus the picture of the magnetism in
VAu4 alloys is completely different from that in fcc Ni as well
as from WIF in Ni3Al.

In this context a recent experimental finding of antifer-
romagnetism (AFM) in the V3Al alloy with well-ordered
DO3 structure and very high Néel temperature (TN ∼ 600 K)
[15] was very inspiring. A previously well-known cubic
A15 phase of the V3Al alloy is superconducting below
9–16 K, and according to some reports has a very low Curie
temperature around 25–30 K [16,17]. The cubic DO3 phase
was prepared [15] in the search for the antiferromagnetic
spin-gapless semiconductor state theoretically predicted for
V3Al in Refs. [18–20]. The spin-gapless semiconductors
are novel materials with unique properties for application
in spintronics devices [21–23]. Earlier ab initio calculations
have predicted an antiferromagnetic ground state with simple
antiferromagnetic ordering of vanadium moments on 8c

positions of the DO3 structure, which forms a simple cubic
lattice (see Fig. 1). In contrast the V atoms on the 4b sites,
which are surrounded entirely by V on 8c sites, were found to
be non-spin-polarized in the ground state [15].

However, the origin of the high-temperature magnetism
and degree of magnetic moment localization in V3Al remain
unknown. It is not clear whether the V3Al is an antiferro-
magnetic alloy with well-defined local moments on V 8c

sites, similar to VAu4, but with strong interatomic exchange
couplings, or whether V3Al is more similar to fcc Ni, where the
strong longitudinal spin fluctuations define properties of the
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FIG. 1. The DO3 structure of V3Al alloy. The green circles are
magnetic V(8c) atomic sites. The arrows show the ground-state
antiferromagnetic ordering.

paramagnetic state and the magnitude of the ordering tempera-
ture. To clarify the issue we investigate in this work the ground
state and high-temperature paramagnetic state of the DO3

phase of V3Al on a first-principles basis in the framework of the
local spin density approximation (LSDA) [24] and in the gen-
eral gradient approximation with the Perdew-Burke-Ernzerhof
functional (GGA-PBE) [25] employing the disordered local
moment (DLM) formalism [26]. We calculate the values of
the interatomic exchange interactions in AFM and DLM states
using the Green-function-based magnetoforce theorem [27]
and perform Monte Carlo simulations to obtain the ordering
temperatures. In the next section we deal with an AFM ground
state of V3Al and find that, unlike the case of fcc Ni [3,28,29],
the calculated exchange interactions in the ground AFM state
lead to a good estimation of the TN value, but only with
use of the GGA-PBE method. In Sec. III we investigate the
high-temperature paramagnetic state of V3Al and find that
it has no local moments in the DLM state, suggesting the
absence of well-defined local moments in the paramagnetic
state. We show by comparison that the magnetism in V3Al
is much closer to that of fcc Ni than to that of bcc Fe. This
finding opens a way to test the ab-initio-based longitudinal
spin-fluctuation (LSF) models of itinerant electron magnetism
on this antiferromagnetic material. The importance of this
opportunity is due to the fact that first-principles LSF models
are mostly valid for the classical high-temperature limit and
the V3Al alloy has a high Néel temperature. Most of the earlier
attempts to develop first-principles LSF theory were dealing
with ferromagnetic fcc Ni [29–31]. Our approach to calcu-

lating the Néel temperature taking into the account LSF and
magnetic disorder is described and applied to V3Al in Sec. IV.

II. EXCHANGE INTERACTIONS IN THE AFM
GROUND STATE

In this section we investigate the magnetic ground state of
V3Al using the bulk Korringa-Kohn-Rostoker (KKR) method
in the atomic sphere approximation (ASA) [32,33] in the
framework of the LSDA [24] and the GGA-PBE method
[25]. The partial waves in the KKR-ASA calculations have
been expanded up to lmax = 3 (spdf basis) inside the atomic
spheres, which were set equal for all nonequivalent atomic
sites. All calculations are performed for the DO3 structure
(see Fig. 1) at the experimental lattice constant a = 6.144 Å
measured in Ref. [15].

Similarly to the earlier calculations done with the GGA-
PBE exchange-correlation potential [15,18,19] our calcula-
tions converged to the antiferromagnetic state, shown in Fig. 1,
with only V atoms on the 8c positions having a nonzero
magnetic moment. The ferromagnetic state is found to be
unstable and under this constraint the calculation converged to
a non-spin-polarized solution of a higher energy than the AFM
state (�E = 4.3 mRy/f.u., where f.u. indicates formula unit).
The same results hold for the calculations we have performed
with the LSDA exchange-correlation potential in Perdew
and Wang (PW) parametrization [24]; however, the LSDA
ground-state magnetic moment on V(8c) sites, 0.82μB/V,
is much smaller than that found in the GGA, −1.25μB/V
(see Table I). It is known that the GGA usually overestimate
the value of the ground-state magnetic moment, but here
the relative difference between LSDA and GGA moments is
unusually high. Such a high sensitivity of the magnetic moment
values to the choice of the exchange-correlation potential has
obliged us to derive and discuss all the following results in the
frameworks of both exchange-correlation potential choices in
parallel. The local value of the V(8c) moments is still unknown
from experiments and thus the most appropriate choice of the
potential is not known. In fact, even the type of the ordered
antiferromagnetic state in V3Al until now is only guessed
from the ab initio calculations, since it has not yet been
experimentally resolved—the value of the Néel temperature
has been experimentally determined from the maximum of the
magnetization versus temperature curve in a constant applied
field [15].

In order to ensure that the antiferromagnetic state in Fig. 1
is the real magnetic ground state and not an artifact of the
calculation constraint imposed by the unit cell choice in the
calculations, and to explore the origin of the high value of
the magnetic ordering temperature in V3Al, we calculate the
interatomic exchange constants of a model Heisenberg-like
Hamiltonian using the AFM state as the reference state. The

TABLE I. Calculated atomic magnetic moments on V(8c) atoms, first nearest neighbor pair-exchange interactions (in mRy), and Monte
Carlo Néel temperature of V3Al in ordered DO3 structure as estimated from the antiferromagnetic ground state.

V3Al m(8c)(μB/V) J1NN [100] J1NN [100] J3NN [111] V-V(4a)-V J3NN [111] V-Al-V TN (K) calc. MC

GGA-PBE 1.25 −0.51 0.13 −0.05 −0.16 610
LSDA-PW 0.89 −0.19 0.05 −0.01 −0.07 265
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FIG. 2. Magnetic exchange interactions in V3Al calculated in the
AFM ground state plotted as a function of the interatomic distance.
Squares are results of GGA-PBE and circles are results of LSDA
calculations. The double values at third-nearest-neighbor interatomic
distance mark nonequivalent interactions through V(4b) and Al sites.

paramagnetic phase above TN will be investigated in the
next sections. To calculate the magnetic exchange interaction
constants Jij of the classical Heisenberg Hamiltonian:

H = −
∑

i,j∈{V(8c}}
Jij �ei · �ej , (1)

where �ei is the unit directional vector of the magnetic moment
at the ith Mn lattice site, we employ the magnetic force theorem
[27] embedded [34] in the bulk Korringa-Kohn-Rostoker band
structure method. To do that we use an extended set of k

points [30 205 k points in the irreducible Brillouin zone (IBZ)]
to perform a BZ integration for calculating the Jij ’s after
reaching self-consistency in an electronic structure calculation
with 1583 k points in the IBZ. The calculated interactions for
LSDA and GGA-PBE ground states are given in Fig. 2.

The magnetic vanadium atoms on 8c sites (Fig. 1) build
up a simple cubic lattice, and the first-nearest-neighbor (NN)
antiferromagnetic interactions are the strongest ones (Fig. 2).
They tend to stabilize the simple checkerboard AFM ordering.
Importantly, the next strongest NN interactions, 2NN in the
[110] and 3NN in the [111] directions, do not compete, but
add to the stability of the AFM structure in Fig. 1. The
absence of competition between leading interatomic exchange
interactions is at the root of the high magnetic ordering
temperature in V3Al. Let us note an interesting special property
of the DO3 structure with magnetic V(8c) and nonmagnetic
V(4b) atomic sites: the eight third NN interactions between
V(8c) magnetic moments along the cube diagonal of the
magnetic simple cubic lattice are not equivalent, since four
of them connect the V(8c) sites through Al atoms, and four
of them through nonmagnetic V(4b). The interactions through
Al are antiferromagnetic in character and have much greater
magnitude than those through nonmagnetic V(4b) sites. This
might signal a strong influence of the superexchange mech-
anism via Al p states, which is absent in case of V-V(4b)-V
exchange.

We have used the calculated exchange constants to perform
a statistical simulation with Monte Carlo (MC) methods. The
simulation was done on a cubic lattice of 16×16×16 atomic
size with periodic boundary conditions, and on the order of
104 MC steps were done for equilibration and averaging. The
calculated ordered temperatures are given in Table I. One
can see that the LSDA exchange constants give very low TN

(265 K) compared to the experimental estimations (∼630 K).
The situation is similar here to that of ferromagnetic fcc Ni,
where a similar procedure strongly underestimates the Curie
temperature [28]. On the other hand, excellent agreement with
experiments is obtained with GGA exchange; the calculated
TN = 610K almost perfectly fits the experimental value.

At this point one might naively claim that the GGA correctly
describes the magnetism of well-localized V(8c) moments in
the V3Al alloy, which is an example of a good Heisenberg-like
spin system. However, this result is just an excellent illustration
of the situation: “a good result derived for a wrong reason.” The
LSDA exchange constant is much smaller than that from the
GGA since the calculated magnetic moment of V(8c) is much
smaller in the LSDA than in the GGA (see Table I). However,
it is known that the GGA much more strongly overestimates
the ground-state moment in magnetic systems than does the
LSDA. In V3Al this difference between GGA and LSDA
results is exceptionally large. As we will see in the next section,
where we will study the high-temperature paramagnetic state,
V3Al is an itinerant non-Heisenberg-like magnetic system and
it requires account to be taken of longitudinal spin fluctuations
(as in fcc Ni) to estimate the Néel temperature. Before we
proceed to analyses of the paramagnetic state, we note here
that the exchange interactions calculated via the magnetic force
theorem using the ground magnetic state as a reference state
cannot be used for an estimation of the magnetic ordering
temperature in most cases. Even in metals with well-localized
magnetic moments (like bcc Fe) finite-temperature magnetic
disorder leads to changes in the electronic structure and
renormalization of the exchanges interaction values [35].
This holds even for such limited cases as pure Gd metal
with completely localized moments due to 4f electrons,
interacting through the conduction band [36], since the latter
is subject to a strong renormalization due to magnetic disorder
at finite temperatures [37,38]. Thus the exchange interactions
calculated in the ordered magnetic ground state should be
used to estimate the low-temperature properties (such as, e.g.,
magnon spectra, the stiffness constant, etc.). For the high-
temperature properties, including the ordering temperature
estimation, one needs to use a model for the paramagnetic state
which takes into the account the magnetic disorder effects.

III. HIGH-TEMPERATURE PARAMAGNETIC STATE

To explore the high-temperature paramagnetic state of
V3Al we use the disordered local moment formalism, where
the magnetic disorder is modeled in the framework of the
LSDA (or GGA) as a random alloy of atoms with up and down
spins and the coherent potential approximation is used [26].
As in the case of fcc Ni the self-consistent DLM calculation
for V3Al converges to the non-spin-polarized result in both
the LSDA and the GGA. This suggests that the magnetic
moment of V is itinerant and it does not develop localized
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FIG. 3. Calculated total energies of disordered local moment
states as function of the local spin moment. Open squares, fcc Ni;
closed squares, bcc Fe; circles, V3Al (open-LSDA, closed – GGA
results). The energies are given in kelvins per magnetic site. The
lines are polynomial fits to the data.

magnetic moments in the paramagnetic state [2,39]. Instead
the longitudinal spin-fluctuation mechanism is responsible
for the magnetic moment formation at finite temperature in
the paramagnetic regime [2,29]. In Fig. 3 we present the
calculated DLM energy vs the value of the local atomic
moment for V3Al, fcc Ni, and bcc Fe. In these calculations the
self-consistent DLM solutions were derived with the moments
on Ni, Fe, and V(8c) constrained to have certain values
(fixed spin moment calculations). For convenience of further
discussion we give the calculated DLM total energies in units
of kKelvins per magnetic atomic site. One can see the essential
difference between the well-localized magnetism of bcc Fe
and the itinerant magnetism of fcc Ni. The minimum of the
DLM energy of the bcc Fe is at a value of the magnetic moment
which is only slightly below the corresponding minimum
calculated for the ordered magnetic state, whereas the minima
for fcc Ni and DO3 V3Al are at zero. In itinerant systems at
high temperatures the thermal fluctuations can excite the states
with magnetic moments around the minima—longitudinal
spin fluctuations. In bcc Fe these fluctuations do not
essentially change the mean value of the atomic moments
in the paramagnetic regime at the temperatures of physical
interest (1000–2000 K)—since the minimum is deep enough
and the curve is symmetrical in the vicinity of the minimum.
This is basically the reason why the effective Heisenberg
Hamiltonian description is so successful for bcc Fe [28,30],
whereas its various extensions, which take into account
LSFs on an ab initio basis, lead to only minimally different
results for the ordering temperatures [29,40]. The situation
is essentially different in fcc Ni and, as we showed, also in
V3Al (Fig. 3). Here the temperature-induced LSFs are the
leading mechanism of magnetic moment formation in the
paramagnetic regime. Thus the choice of the model for LSFs
is crucial for the estimation of the ordering temperature on
a first-principles basis (for more discussion on fcc Ni see
Refs. [4,29,31]). One can see from Fig. 3 for V3Al that the
energies of DLM states with the moment on vanadium atoms
similar in size to their ground-state zero temperature value
(Table I) are thermally accessible for temperatures below
1000 K.

Various models for LSFs in itinerant magnetics have been
proposed in the last few decades. We will concentrate on those
that have been used or allow for first-principles parametriza-
tions. Usually they rests on a general phenomenological
expression for the classical magnetic Hamiltonian, which is
justified in the high-temperature (classical) limit in adiabatic
approximations [2,41] (for nonadiabatic consideration, see,
e.g., Ref. [42]). In the most general form the Hamiltonian can
be written as [4,29]

H =
∑

i

Ei(mi) −
∑

i,j

Jij (mi,mj ) �ei · �ej . (2)

Here the first term describes the on-site energy, which
depends on the amplitude of the local magnetic moment, and
the second term is a pairwise interaction energy between the
moments on different sites. The sums run over the magnetic
sites of the lattice. The exchange interactions Jij depend in gen-
eral on the values of the on-site moments. The vectors �ei are the
unit directional vectors of the magnetic moments. There are a
few difficulties related to the application of the Hamiltonian (2)
for ab initio mapping and statistical consideration in the
most general form. The first is related to the fact that
the on-site energies basically depend on the local magnetic
environment of the given site, or, if we assume some form of
single-site approximation, on a reference global magnetic state
(effective medium) [29]. The same holds for the pair-exchange
constants. An attempt to map a full Hamiltonian (2), using
disordered local moment and partial disordered local moment
approximations together with effective parametrizations of the
Jij dependencies on the local and global magnetization states,
has been made in Ref. [29] for fcc Ni and bcc Fe. A good
description of the Curie temperatures was obtained when the
local parameters of Hamiltonian (2) were updated at each
Monte Carlo step. However, as has been noted in Ref. [4],
there is another issue related to the use of the Hamiltonian (2).
Since this Hamiltonian is classical, being a high-temperature
approximation to the quantum spin system, there is no any
criterion that can indicate which statistical measure should
be used for configuration space integration when the atomic
magnetic moments are treated as classical variables with
varying amplitude. It has been shown [4] that the choice of
physically reasonable measures for Hamiltonian (2) alters
the results for the ordering temperatures, but the difference
might not exceed the error introduced by various kind of
approximations used to derive the Hamiltonian parameters
from first principles. In view of the mentioned uncertainty,
it thus appears that the choice of the first-principle scheme
for mapping the Hamiltonian (2) and the corresponding
interpretation of its parameters in the context of the underlying
electronic structure calculations allow for some flexibility. The
only way to judge the validity of a chosen approximation
scheme is by comparison to experiment, and by the coherency
of the results derived for systems in both limits—weak itinerant
(bcc Ni or V3Al) and local moment (bcc Fe)—and also
in intermediate regimes (like fcc Co). Let us mention here
also an alternative way of dealing with the paramagnetic
state of itinerant systems with the DLM method—namely,
the Onsager cavity field method, which goes beyond a single-
site approximation by inclusion of the nonlocal corrections to
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the coherent potential approximation method and which has
been applied with some success to bcc Ni [43].

In recent work [40], the on-site term of the Hamiltonian (2)
has been approximated using the energy of bcc Fe calculated
in the ferromagnetic state and pair-exchange constants were
derived from the magnetic force theorem. The results appear to
be similar to those derived by Ruban et al. [29] where the DLM
reference state was used, despite the fact that in the two works
different measures for the configurational space integration
were used in the Monte Carlo simulations. The agreement can
be explained by the fact that in bcc Fe the moments are local-
ized and the LSF contribution is not as important as in fcc Ni.
In the latter case (Ni) good agreement with results of Ref. [29]
concerning the moments of Ni in the paramagnetic state was
achieved by Drchal et al. [44], who used a phenomenological
expression for the magnetic free energy based on the single-site
energy in the DLM state and added an entropy term in the
form proposed by Heine and Joynt [45], −kBT ln(m + 1),
where m is the spin atomic magnetic moment amplitude.
The similarity of the values of the high-temperature magnetic
moments of fcc Ni obtained in this simplified model [44] and
the more sophisticated approach by Ruban et al. [29] is related
to the fact that both methods relied on using the so-called
Murata-Doniach metric [4,46] for calculating the partition sum
of the classical spin Hamiltonian with LSFs. Following the
discussion given recently in Ref. [47], this corresponds to sep-
arate treatment of the longitudinal and transverse components
of the spin fluctuations, such that states with different values
of the local spin moment amplitude have the same statistical
weights. The use of another metric model, which corresponds
to full coupling between longitudinal and transverse modes
[47], assumes that states with larger amplitudes have larger
statistical weight, proportional to m2. It has been advocated
that the use of this measure leads to more reliable results since
it does not overweight the states with small spin amplitude
[48]. However, the choice between these measures cannot be
physically justified [4] and the investigation of this issue may
rely only on the broad comparison with experiment.

Let us also note that the modeling of the paramagnetic state
of an itinerant metallic magnet with “soft” magnetic moments
in the paramagnetic state is important not only for the deriva-
tion of the magnetic ordering temperature. It is required also
for calculations of the high-temperature response functions
from first principles, as well as for calculations of chemical
atomic interactions in magnetic alloys, where spin disorder
leads to strong renormalizations of the respective quantities.
In particular, we mention the problem of the spin-disorder
resistivity and the temperature variation of the magnetic
anisotropy in systems where the DLM calculations lead to
vanishing or very small values of the moments, compared to
the those in the magnetically ordered state [49–51]. In these
cases, to model a magnetic disorder at finite temperature in
the framework of DLMs sometimes very simple assumptions
are used for the local moment estimations [50]. Recently,
Ebert et al. [51] note that sophisticated considerations, such as
employing the full Hamiltonian (2), do not provide input suited
for electronic transport calculations; however, the assumption
of rigid magnetic moments is also quite questionable.

Thus one may conclude by summarizing the above discus-
sion that some approximations to the full LSF Hamiltonian

[Eq. (2)] are not just desirable from the technical point of view
to reduce the computational effort of mapping to the ab initio
results, but are also sometimes necessary for estimations of
physical properties affected by thermal magnetic disorder, like
spin-disorder resistivity or atomic order at high temperatures
in alloys. In the paramagnetic state above the magnetic
ordering temperature the situation is simplified due to spherical
symmetry, which can be used to construct an effective LSF
model by ignoring the local environment effects on the one-site
energy term and taking a mean-field-like average over the
two-site terms.

Here we adopt the following approximation for the param-
agnetic state with LSFs: we assume that the magnetic energy of
a state with the average local moment amplitude m (the average
over the magnetic sites of the lattice) is equal to the energy of
the disordered local moment state with fixed value of the local
atomic moment. These DLM energies are given in Fig. 3. Then
the thermal average of the local moment amplitude, 〈m〉T , may
be calculated as [47,48]

〈m〉T =
∫ ∞

0 m3exp[−EDLM(m)/kBT ] dm
∫ ∞

0 m2exp[−EDLM(m)/kBT ] dm
, (3)

The denominator in this expression is just a partition sum.
Note that we use a metric for the LSF which treats the classical
spin moment like the usual three-dimensional vectors. Let us
note once here that the use of the Murata-Doniach type of
metric (1/m2; see [4]), or the use of the Drchal et al. [44]
expression for the free energy, leads in the case of V3Al to a
very small Néel temperature with the use of GGA energies,
and cannot even describe the onset of magnetic order with
LDA energies. Thus the use of this metric within the model
proposed here will not be discussed further.

The temperature dependence of the average local mo-
ment amplitude in V3Al, calculated by numerical integration
[Eq. (3)] with use of the calculated DLM energies (Fig. 3), is
presented in Fig. 4. We emphasize again that the procedure is
justified only for the paramagnetic state above the magnetic
ordering temperature. One can see that at high temperatures
the LSF “recovers” the ground-state values of the moments
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FIG. 4. Temperature dependence of the average local spin mo-
ment in the paramagnetic state of V3Al. The values are derived by a
numerical integration of the DLM energies obtained with the LSDA
and GGA, respectively, at each temperature point.
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(Table I) at ∼700 K for the LSDA. In contrast, the GGA
moments are smaller in the paramagnetic than in the AFM
ground state for temperatures below 1000 K. However, for
temperatures exceeding the experimental TN ∼ 630 K [15] the
difference between the ground-state moments and the average
thermally fluctuating paramagnetic local moments does not ex-
ceed 10%–20% in a wide temperature interval. It thus appears
that an assumption made previously [50] that DLM moments
can be fixed to the ground-state values, for the purposes of
modeling spin-disorder effects are well justified in the case of
itinerant V3Al. In the next section we will justify the quality of
the given approximation for the calculation of paramagnetic
moments by estimation of the ordering temperature. Here, we
note that the proposed scheme is well suited for the application
of DLM-based calculations of the high-temperature response
functions, since it directly provides the value of the averaged
local atomic magnetic moment at the given temperature.

IV. CALCULATION OF THE ORDERING TEMPERATURE
IN THE LSF REGIME

In the previous section we used DLM state energies to calcu-
late the temperature dependence of the average local moments
in the paramagnetic state in the single-site approximation.
With this result we now can estimate the magnetic ordering
temperature by calculating the interatomic exchange constants
in the framework of the magnetic force theorem using different
DLM states with fixed atomic spin-moment amplitude. We
define the classical Heisenberg-like Hamiltonian, similar to
Eq. (1), where the exchange constants depend on the average
local moment amplitude:

H = −
∑

i,j∈{V(8c}}
Jij (〈m〉T ) �ei · �ej . (4)

The exchange constants are now effectively dependent on
the temperature through the 〈m〉T dependence. We calculate
them in a similar fashion to the calculation in Sec. II for the
ordered ground state, but now for each DLM state with a
fixed local moment value. In Fig. 5 we show the exchange
constants calculated for selected DLM states and compare
them to the ground-state values (GGA results are compared).
One can see that the magnetic disorder essentially alters the
values of the exchange interactions. In particular, nontrivial
changes happen in the third NN shell in the [111] direction. The
interaction between V moments, which occurs through V(4b)
atoms, changes sign from antiferromagnetic to ferromagnetic.
The third NN interaction through Al stays antiferromagnetic,
but becomes enhanced in the DLM state. Note that magnetic
disorder also enhances the first and second NN exchanges
compared to the AFM state, keeping also in mind that the V
moment in the GGA ground state is 1.25μB (Table I).

Using Monte Carlo simulation for Hamiltonian (4) with
calculated exchange constants, we estimate the ordering
temperature for each fixed value of the moments in the DLM
state. Thus we have the following procedure: (1) for each
temperature we calculate the average value of the local moment
in the paramagnetic state using Eq. (3) from the previous
section; (2) for this calculated average moment we calculate
the exchange constants in the respective DLM state; (3) using
Monte Carlo simulations we calculate the Néel temperature

FIG. 5. Magnetic exchange interactions in V3Al calculated in the
DLM state (with the GGA) with fixed moments m = 1.2μB/V(8c)
(circles) and 1μB/V(8c) (filled squares). The values obtained for the
AFM ground state are shown as open squares for comparison.

corresponding to the calculated set of exchange constants.
As results of the third step either (1) we have a TN lower
than we used in step (1)—in this case our system is in the
paramagnetic state, or (2) we have a calculated TN which is
higher than the reference temperature—in this case the system
is in the partially ordered state below its TN . Thus the real TN

is determined by the point where both temperatures coincide.
Note that in the second case the initial assumption of Sec. III,
that the system is in the paramagnetic state, is violated and
thus the real Néel temperature marks the point below which
the results given in Fig. 4 become meaningless.

The process of the numerical estimation of TN is given in
Fig. 6. In this figure we redraw the results presented in Fig. 4,
interchanging the axes of the graph. Thus in this figure for
each thermally averaged local moment value we put in the
corresponding temperature. We also show the Monte Carlo
Néel temperatures derived with Jij ’s calculated for states
with given 〈m〉T . The crossing points of the curves mark the
calculated physical TN (in the LSDA and GGA). It is inter-
esting that both the GGA, TN (GGA) = 700 K, and the LDA,
TN (LDA) = 520 K, values are found to be in good agreement
with the experimental estimation, TN (expt) = 630 K.

Let us note that for itinerant systems with large unquenched
orbital moments, or for magnetic alloys of Fe or Mn with
nonmagnetic heavy atoms (like Ir and Pt) where the spin-orbit
coupling effect can be quite considerable, the use of the rela-
tivistic multidirectional DLM scheme [52] might be necessary
for more precise estimations of the ordering temperature and
E(mloc) curve. However, the scheme proposed here might be
easily generalized also for the relativistic DLM. The model
of the paramagnetic state of the itinerant electron antiferro-
magnetic V3Al described in Sec. III is able to predict the
magnetic ordering temperature with reasonable accuracy. We
make clear that conclusions for finite-temperature properties
of the itinerant magnetic systems drawn from consideration
of the interactions in the zero-temperature ground state might
be misleading. Our consideration of the LSF mechanism at
high temperatures reveals that indeed the LSDA is performing
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FIG. 6. Estimation of the Néel temperature of V3Al. Calcu-
lated Néel temperatures (Monte Carlo simulations) with exchange
constants obtained for given values of the local spin moments in
disordered local moment states (filled circles). Open (LSDA results)
and closed (GGA results) squares are the temperatures at which given
average local moments are stabilized (inverted Fig. 4). The crossing
points of the MC Néel temperature curve (circles) with the last two
curves (squares) mark the estimated physical Néel temperature of
V3Al. Note that exchange constants calculated with the LSDA and
GGA for the same values of the local moment fixed in the DLM
state are almost indistinguishable and thus only one common Néel
temperature curve is plotted.

rather well in describing the magnetic properties, at least not
worse than the GGA, which is usually expected when dealing
with itinerant magnetic systems.

V. CONCLUSIONS

We have shown that the longitudinal spin-fluctuation
mechanism of magnetic moment formation can be well

accounted for on a first-principles basis in itinerant electron
antiferromagnetic systems using conventional methods of
modern band-structure theory. The antiferromagnetic V3Al
alloy with DO3 structure is a particularly interesting system
for the testing first-principles LSF models due to its high
Néel temperature and the itinerant character of its magnetism.
We have illustrated, in particular, the danger of modeling
finite-temperature properties of itinerant electron systems
by considering only the exchange interactions in the zero-
temperature ground state: it may lead to good numerical
estimates derived for the wrong reasons. For some systems the
problems of calculating the magnetic ordering temperature
from the exchange interactions derived in the ground state
are obvious since the numerical estimates are bad (as for bcc
Ni, etc.). There might be two reasons for this. The first one
is the renormalization of the exchange couplings due to the
effects of magnetic disorder—this reason might also be valid
for well-localized magnets (see the recent work on Fe-Rh [53]
and some Heusler alloys [54]). The second reason is a strong
itinerant character (“softness”) of the magnetic moments (e.g.,
for bcc Ni, V3Al—in this case consideration of the longitudinal
spin fluctuation effects is unavoidable). Up to now there are no
unique theoretical prescriptions for how to include LSFs into a
first-principles scheme. The only way to make progress in this
direction is to test various approaches on a large number of
real materials, beyond simple itinerant ferromagnetic metals.
We have advocated that the LSF model applied in this work
gives very reasonable results for V3Al and has some potential
practical advantages for future applications for a variety of
similar systems.
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