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ABSTRACT
This study proposes that the strong correlation of the 3d electrons in Fe
is an important key to understanding the stress dependence behavior of Curie
temperature (Tc). We proved our proposed hypothesis using density functional theory (DFT) within an LSDA+U (local spin density approximation +U)
framework. Applying LSDA+U correction increased both the magnetic moment
and magnon energy. The increased magnon energy directly contributed to the
higher magnitude of the calculated Tc (compared with LSDA). The acquired
Tc (from LSDA and LSDA+U) decreased with increasing unit cell volume; this
was consistent with previous studies. Although introducing an on-site Coulomb
interaction yielded the same stress dependence trend of Tc compared with the
LSDA results, increasing the Tc magnitude was more reasonable under meanfield approximation, suggesting that the strong interaction of the 3d electrons
in Fe influenced this phenomenon.
Keywords: Stress dependence, Curie temperature, Body-centered cubic iron,
Frozen spin spiral, Magnon, LSDA+U
INTRODUCTION
Curie temperature (Tc) is one of the most important and studied factors in
magnetic-based applications. The most common material for studying magnetic
properties is iron (Fe), because of its high Tc and low cost. The dependence of Tc
on stress in Fe, particularly, at room temperature phase (bcc Fe), helps predict the
magnetic order in storage devices at actual operational temperatures. Leger and
Loriers-Susse (1972) reported the independence of Tc and stress; they showed that
the magnetic phase transition remained at a given temperature, even when under
stress. However, Morán et al. (2003) produced inconsistent results, concluding
that the Heisenberg model might not correctly describe this phenomenon. Later,
Körmann et al. (2009) reported good consistency between their calculated and
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experimental results. Thus, density functional theory (DFT) calculations appeared
to clearly describe the independence of stress, although why their results improved
upon Morán et al. (2003) has not been clarified.
Theoretically, Morán et al. (2003) and Körmann et al. (2009) used nearly
identical methodologies, but obtained different results. Both calculated Tc by integrating magnon energy along a high symmetry path in the Brillouin zone (the
so-called ‘frozen magnon’ approach) (Halilov et al., 1998). However, Körmann used
an extremely high fixed cone angle (θ), while Morán used a low θ, the primary
difference between the two and likely reason for the divergent results. An extremely
high fixed cone angle, e.g., θ = 90°, implies a large spin state perturbation. This
could change the magnitude of the atomic spin moment of each cone angle state
(Jacobsson et al., 2013). The expansion of DFT total energy of each spin spiral
state via Heisenberg model is valid under the assumption of constant atomic spin
moment. Consequently, θ that is too high will breakdown the assumption. On the
other hand, a small θ, while well supported by theory, will suffer from numerical
inaccuracy and computational instability of the self-consistent field (SCF) calculation in practice. The best choice for θ with Fe is neither too high to breakdown
the assumption, nor too low to cause numerical inaccuracy.
In addition to the choice of θ, a strong coulomb interaction should be
included in the calculation when using materials composed of Fe (or other 3d
transition metals), in particular, iron oxides. While the insertion of on-site coulomb
interaction via U parameter may be excessive in the case of pure Fe, we hypothesize that this may be the key factor in the dependence of Tc on stress. Therefore,
this study first determines the proper θ and then calculates Tc using LSDA (local
spin density approximation). We also use LSDA+U to introduce strong electron
correlation to investigate the dependence of Tc on stress.
MATERIALS AND METHODS
Theory and computational methods
The magnon calculation strategy in this study is based on the frozen magnon
approach, in which the magnetic interactions are mapped to Heisenberg Hamiltonian of the form:
(1)
≠

where Jij is the exchange interaction and
is the on-site atomic moment localized at atom i. The conventional Heisenberg model ignores the contribution
from longitudinal motion of the spin moments. However, for the system under
consideration, Ruban et al. (2007) has recently shown that the longitudinal fluctuation has only a minority effect on Tc that can be neglected.
This study takes into account the generalized Bloch’s theorem to perform
self-consistent spin spiral calculations at different volumes, V. The spin spiral
state of the system for a single magnetic atom per unit cell can be characterized
via the moment:
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(2)
with q the position in reciprocal space, R the lattice vector, M the magnitude
of the spin moment, and θ the cone angle of the spin wave. The perturbation of
the spin state from the ordered magnetic ground state with a small θ (low-lying)
could be considered as the magnetic quantized mode or magnon.

Figure 1. (a) The linear fitting between ΔEq,θ and sin2 (θ) (the red asterisk is the
raw data, the dashed lines with different colors represent linear fitting
in the labeled range of cone angle (θ)) and (b) the magnetic moment
as a function of unit cell volume.
The total energy difference between the perturbed spin spirals and the
ferromagnetic states of the system containing the single magnetic atom per unit
cell, ΔEq,θ can be attributed to the magnon energy (ωq(V)) of the system (Kübler,
2006; Jacobsson et al., 2013):
(3)
where M(V) is the volume dependent magnetic moment.
To choose θ, we first investigated the relation between ΔEq,θ and sin2(θ) ,
finding that the linear trend was acceptable with θ ranging up to 25° (R2 ~ 0.999),
as shown in Figure 1(a). Therefore, we selected θ = 25° as the fixed cone angle
to use throughout this study.
We employed the mean-field approximation (MFA) derived from the Heisenberg model to obtain the Curie temperature (Pajda et al., 2001):
(4)
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The dependence of Tc on stress σ, Tc(σ), is determined by the slope of Tc and V
multiplied by the derivative of V with respect to σ, at T = Tc.
We obtained the total energies by the full-potential linearized augmented
plane-wave method (FP-LAPW) as implemented within ELK package. We used
16×16×16 of k-point mesh in the irreducible Brillouin zone. The potential and
density were expanded within a plane wave cut-off of |G| = 14/a0 (a0 is the Bohr
radius), and R×|G+k| is restricted to 8a0, where R is the muffin-tin radius of Fe
(2.30 Bohr).
The calculations were performed using the LSDA and the LSDA+U. We
used the parameters from Perdew-Wang (1992) for the LSDA function. For the
LSDA+U calculation, the d-d interactions were counted into the localized part
by adding the Hubbard term or the screened Coulomb and exchange parameters,
i.e., U and J. The non-localized part was calculated in the same way as in LSDA.
While many choices of U and J for bcc Fe exist, we chose the one calculated
from the linear response calculation (Cococcioni and Gironcoli, 2005): Ueff ~ 2.2
eV. Ueff is the effective Hubbard parameter, including U and J. In all LSDA+U
calculations, we took into account the double counting term by using the fully
localized limit (FLL). To calculate magnon, we applied a small external magnetic
field to constrain the spin spiral direction. Their energies were excluded from the
total energy and this only controls the direction, i.e., the magnitude of the magnetic
moment remained fully self-consistent.
RESULTS
Before performing the first principles calculation under the non-collinear
spin spiral treatment of our system, we optimized the computational accuracy by
considering Fe as a collinear magnetic system. The magnetic moment acquired
from the collinear calculation (2.18 µB) agreed well with our experimental results
of 2.20 µB (at 120 K) (Billas et al., 1993). We then performed the non-collinear
calculations. At a fixed experimental volume, the non-collinear LSDA gave a
magnetic moment of about 2.3 µB, while the non-collinear LSDA+U increased
the magnetic moment (up to 15%); this was consistent with the theoretical work
of Rollmann et al. (2004). The magnetic moments as a function of cell volume
from both the LSDA and LSDA+U calculations are shown in Figure 1(b).
The approximation in equation 3 allows us to characterize the magnon behavior
of the given system. Our calculated magnon spectrum at fixed volume is shown
in Figure 2(a). The results agreed quite well with Morán et al. (2003), in both
magnitude and spectrum shape. From the LSDA results, Curie temperature calculated via magnon dispersion was consistent with our experimental results, although
of a slightly lower magnitude. Our LSDA calculation predicted Tc of 1,030 K
for bcc iron; the experimental results were 1,044 K. However, since LSDA+U
treatment causes a higher magnon spectrum than bare LSDA (see Figure 2(a)),
the theoretically predicted Tc obtained at +U was higher than that of bare LSDA.
LSDA+U calculated Tc of about 1,400 K for this system.
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To investigate the effect of stress on Tc, we calculated the magnon spectra
at different volumes, ranging from 11.20 - 12.51 Å3; this was a similar range to
Morán et al. (2003) and Körmann et al. (2009). The magnon spectra at larger
volumes were weaker than those at smaller volumes (as shown in Figure 2(a)). In
contrast, we found that the magnetic moment increased with increasing volume
(see Figure 1(b)).

Figure 2. (a) Magnon spectrum from LSDA and LSDA+U at different unit cell
volume and (b) the dependence of Curie temperature (Tc) on unit cell
volume.
The relation between Tc and V calculated from LSDA and LSDA+U exhibited a linear trend with the decrease in Tc under an increasing unit cell volume.
The Tc we calculated by LSDA+U and the GGA results of Körmann et al. (2009)
were comparable. The combination of their GGA calculation and random phase
approximation (RPA) accurately predicted their experimental results (Körmann
et al., 2009).
DISCUSSION
The use of non-collinear spin spiral treatment (either with or without +U
correction) moderately increased the magnitude of the calculated magnetic moment. This enhancement was induced by a small external magnetic field applied
to constrain spin spiral cone angle. Although the use of a small enough external
magnetic field led to a calculated magnetic moment with the same magnitude as
the collinear one (and the experimental one), it may not be a sufficiently large
fixed cone angle, and resulted in the instability of the SCF calculation. The
Fe magnetic moments calculated using +U correction (either with collinear or
non-collinear treatment) were higher than the experimental values (and higher
than bare LSDA). This is because the Hubbard +U usually increases the spin
splitting between majority and minority spin states (Tao et al., 2014). Thus, the
magnetic moment, defined as the difference of electron density in majority and
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minority spin channels, is enhanced. This behavior of Hubbard +U correction has
been shown to exist in 3d transition metals, as well as 4f transition metals, such
as Gd (Tao et al., 2014).
Our LSDA results (at equilibrium volume) produced slightly lower Tc values
than the experiment values. This was not reasonable, because we used mean-field
approximation (MFA) (Pajda et al., 2001) that generally overestimates Tc compared
to experimental measurements. The conventional MFA strongly overestimates
Tc ; 1,414 K for bcc Fe (Liechtenstein et al., 1987; Pajda et al., 2001). Our results
obtained using LSDA and MFA seemed to reproduce the experimental values,
but also simultaneously displayed the inconsistency with the data reported in by
Liechtenstein et al. (1987) and Pajda et al. (2001). This means that using only
bare LSDA within a frozen magnon approach and MFA may not be sufficient to
achieve reliable Tc results.
In contrast, combining LSDA+U with MFA produced Tc of about 1,400
K with a more acceptable consistency; these results agreed well with the GGA
results of Körmann et al. (2009). Their GGA results analyzed with a more accurate scheme, i.e., random phase approximation (RPA), accurately predicted Tc
(compared to experimental results). This implied that our LSDA+U could produce
the same values as experimental results.
The magnitude of Tc as a function of cell volume (Figure 2(b)), with both
LSDA and LSDA+U, was linear with a negative slope; this was consistent with
Morán et al. (2003). Our calculation was based on DFT with LAPW method,
which defines the wave function with spherical harmonics and a plane wave basis
inside and outside the atomic sphere (defined by muffin-tin radius, Rmt); Morán
et al. (2003) used the same method. Therefore, our Tc calculations should agree
well with Morán et al. (2003), yet discrepencies occured. This may have been
the result of different calculation parameters, e.g., the k-point mesh; they used
40×40×40, while we used 16×16×16. However, we found that using a 22×22×22
k-point mesh increased Tc about 20 K compared with that of a 16×16×16 k-point
mesh (at V = 11.457 Å3), while using Rmt of 2.40 bohr introduced a fluctuation
on the order of 200-400 K. The fluctuation of Tc with respect to unit cell volume
was suppressed by fixing Rmt to 2.30 bohr, the largest value without overlapping
of the spherical harmonic wave functions in the equilibrium unit cell volume of
Fe. Therefore, the calculation of Tc was more sensitive to the choice of Rmt than
k-point mesh. With fixed Rmt throughout the calculations of different cell volumes;
the interstitial electron charge was increased by the increasing of unit cell volume,
while the electron charge inside Rmt was reduced. Because the constrained
direction of the spin spiral state was applied only in Rmt, a lower electron charge
inside the atomic sphere in the case of larger volume weakened the spin spiral
effect, and resulted in lower Tc.
CONCLUSION
We aimed to determine whether adding strong electron correlation via
on-site coulomb interaction (U parameter) would clarify the Tc dependence on
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stress. We found that the relationship between Tc and V calculated from LSDA
and LSDA+U were linear, with a negative slope. The LSDA+U results produced
higher Tc than those of pure LSDA. The calculated Tc from the +U correction
was consistent with Körmann et al. (2009), which were able to reproduce the
experimental results. Consequently, the Hubbard +U introduced into the system
produced more realistic behaviors. The agreement of our results with previous
research suggested that the strong interaction of the 3d electrons in Fe is a physical
variable that plays an important role in Tc independence on stress.
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