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Iron-based alloys are widely used as structural components in engineering applications. This calls for a
fundamental understanding of their mechanical properties, including those of pure iron. Under operational
temperatures the mechanical and magnetic properties will differ from those of ferromagnetic body-centered-
cubic iron at 0 K. In this theoretical work we study the effect of disordered magnetism on the screw dislocation
core structure and compare with results for the ordered ferromagnetic case. Dislocation cores control some local
properties such as the choice of glide plane and the associated dislocation mobility. Changes in the magnetic
state can lead to modifications in the structure of the core and affect dislocation mobility. In particular, we
focus on the core properties of the %(111) screw dislocation in the paramagnetic state. Using the noncollinear
disordered local moment approximation to address paramagnetism, we perform structural relaxations within
density functional theory. We obtain the dislocation core structure for the easy and hard cores in the paramagnetic
state, and compare them with their ferromagnetic counterparts. By averaging the energy of several disordered
magnetic configurations, we obtain an energy difference between the easy- and hard-core configurations, with
a lower, but statistically close, value than the one reported for the ferromagnetic case. The magnetic moment
and atomic volume at the dislocation core differ between paramagnetic and ferromagnetic states, with possible

consequences on the temperature dependence of defect-dislocation interactions.

DOI: 10.1103/PhysRevB.102.094420

I. INTRODUCTION

Iron and iron alloys, like steels, are the most techno-
logically important metallic systems and have been so for
millennia. As such, they are currently being used as struc-
tural materials in nuclear energy applications and they are
also candidates for next generation nuclear technology [1].
In many of these applications they are subjected to high
operational temperatures. Furthermore, new nuclear energy
technologies impose even more demanding operational con-
ditions [2]. Structural materials must possess high mechanical
stability to reliably withstand these conditions, thus an under-
standing of the deformation mechanisms at high temperatures
is needed. The plastic behavior in body-centered-cubic (bcc)
iron is attributed to screw dislocation core effects. Indeed,
the dislocation core controls some local properties such as
the choice of glide plane and the associated dislocation mo-
bility [3]. Meanwhile, high temperature increases magnetic
disorder, and when the critical temperature is reached, 1043 K
in the case of bcc iron, the system no longer exhibits any
long-range magnetic ordering, although the local spin polar-
ization of the atoms is still present. The bond strength between
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ordered and disordered magnetic states is different and thus
magnetic disorder may alter the dislocation core properties
and impact plastic behavior. On the other hand, changes in me-
chanical properties with temperature might also originate in,
e.g., lattice vibrations, structural transitions, and alloy config-
urational changes. These are all present in experiments and are
difficult to separate. To add further complexity, the magnetic
state and lattice vibrations are coupled at high temperature
[4,5]. In order to gain the detailed fundamental understanding
needed to design mechanical properties of novel alloys, theo-
retical work that can pinpoint the specific effects of magnetic
disorder is important.

The simulation of the paramagnetic state by first-principles
calculations is challenging and the paramagnetic state is often
approximated by the nonmagnetic state, but this approach
can lead to misleading results [6,7]. In order to properly
describe the paramagnetic state, we employ the disordered
local moment approach (DLM) [8] as implemented in a su-
percell framework [9,10]. Two types of core configuration for
the %(1 11) screw dislocation in bcc metals can be obtained
by centering the dislocation in between three (111) atomic
columns [11], namely the easy core, where the chirality of the
three (111) atomic columns that compose the core is reversed
compared to the bulk bcc structure, and the hard core, in
which the three columns that compose the core lie at the same
altitude in the (111) direction. There exists a third position of
high symmetry, when the dislocation is centered on an atomic
column and this position is approached by placing the dislo-
cation in the vicinity of the atomic column and it is referred
as the split core [12]. In pure bce metals, density functional
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theory (DFT) calculations showed that the easy-core structure
is the minimum-energy stable position for the dislocation
while the hard core is an unstable position [13—19]. Dislo-
cation glide in bce metals occurs via a thermally activated
displacement between two stable easy-core positions along a
{110} plane with a corresponding single-humped Peierls bar-
rier and a dislocation trajectory that deviates from the straight
path between equilibrium configurations [20,21].

Ferromagnetism has been stated to play a fundamental role
in the stabilization of the easy core in bcc iron, with non-
magnetic or antiferromagnetic configurations being unstable
[22]. However, nonmagnetic or antiferromagnetic bcc iron are
of no practical interest, and the situation in the paramagnetic
state, such as alpha iron and delta iron above the transition
temperature, is unknown. Iron also displays a distinct energy
landscape from other bcc metals, where in particular DFT
calculations evidenced a monkey saddle type of energy ex-
tremum for the hard core, instead of a local maximum as in
all other bcc metals [13]. The magnetic state has an impact
on point defect formation energies as recent studies have
shown that there exists a difference in point defect formation
energy between the ferromagnetic and paramagnetic regimes.
Vacancy formation energy in bcc iron using DFT [23] and
DFT+dynamical mean field theory (DMFT) [24] showed a
0.5 eV difference between the ferromagnetic and paramag-
netic states, where ~0.1 eV of the difference originated in
geometric relaxation differences between the two magnetic
states. For carbon interstitial atoms in octahedral positions, a
difference in formation energy of 0.27 eV was found out, of
which more than half was shown to be due to differences in
the relaxed positions in the two magnetic states [23]. Thus,
in addition to directly impacting the dislocation core, the
magnetic state can alter the interaction of point defects with
dislocations and lead to different solute segregation profiles.

The screw dislocation core in ferromagnetic bce iron has
been extensively studied using first-principles calculations
[13-15,20,25-36], but no assessment of the effect of magnetic
disorder on the dislocation core has been performed. As such,
the development of theoretical methods that assess the effect
of magnetic disorder on plastic properties and dislocation me-
diated mechanical properties allow new insights in the physics
of magnetostructural interactions via the studied coupling
between spin disorder, dislocation core structure, and local
magnetic moments. In this work, we study the impact of dis-
ordered magnetism on the core structure of the %(1 11) screw
dislocation in bcc iron. We investigate the structure for the
easy- and hard-core configurations in the paramagnetic state,
and the energy difference between them, and compare and
contrast with those in the ferromagnetic phase. We also study
the local magnetic moments and Voronoi atomic volumes and
compare them in the two magnetic states.

II. METHODS
A. DFT calculations

A dislocation dipole is introduced in the simulation box
in a quadrupolar arrangement, which allows for the use of
triperiodic boundary conditions [3]. The dislocation is placed
in the center of gravity of three neighboring (111) atomic

TABLE 1. Ab initio lattice and elastic constants of bcc Fe.

Ferromagnetic
Lattice constant (A) 2.83
C11 (GPa) 276
Cy; (GPa) 136
Cy4 (GPa) 103

columns. Depending on the sign of the Burgers vector, the
easy- or hard-core configurations can be obtained [11]. Since
the hard core is unstable, the coordinates along the Burgers
vector direction of the three (111) atomic columns composing
the dislocation core are fixed to prevent the hard core from
collapsing towards the neighboring easy core. The dislocation
dipole is introduced into the simulation cell by applying the
displacement field of each dislocation as given by anisotropic
linear elasticity using the Babel program [37]. We use
ab initio calculated lattice and elastic constants to construct
the dislocated crystal, which are shown in Table 1. The atomic
positions are relaxed with ab initio calculations to minimize
the energy of the simulation box using fixed periodicity vec-
tors. The starting point for the relaxation is a relaxed screw
dislocation structure in ferromagnetic iron. We use the ferro-
magnetic structure as a starting point; since the lattice constant
has an effect on the core structure of the screw dislocation
as reported by Yang et al. in bee tantalum [38], the larger
2.89 A paramagnetic lattice constant [39] would make it dif-
ficult to separate the effect of magnetic disorder, which is our
aim, from those of thermal expansion. The disordered local
moment (DLM) approach is applied on top of this relaxed
structure.

The DFT calculations are performed using the projector
augmented wave pseudopotential scheme [40] as imple-
mented in the Vienna Ab-initio Simulation Package (VASP)
[41,42] with the Perdew-Burke-Ernzenhof generalized gra-
dient approximation [43] to model the exchange-correlation
effects. A pseudopotential without semicore electrons is used
for Fe. All calculations are performed using a 400-eV kinetic-
energy cutoff, a Methfessel-Paxton 0.2-eV broadening, and
with a convergence criterion on all forces of 0.01 eV/A for
structural relaxations. We use cells with a length in the (111)
direction of 1, 2, and 3 Burgers vectors (b) leading to cells
containing 135, 270, and 405 atoms respectively. 1x2x16,
1x2x8, and 1x2x6 k-point grids were used for the 1-, 2-,
and 3-b cells respectively. Unless otherwise specified, we used
the 1-b cells. Simulation cells contain a single dipole in a
quadrupolar arrangement and the cell dimensions in the (111)
plane perpendicular to b are large enough to yield a converged
dislocation core energy difference between the easy- and hard-
core configurations [25]. The elastic constants are obtained
from the strain-stress relationship as implemented in VASP
using a unit cell of Fe with a 21 x21x21 k-point grid.

B. DLM approach

The real magnetization density in many magnetic materials
can be described in terms of magnetic moments localized
close to the atoms. The paramagnetic case can be viewed
as a disordered distribution of such local moments. The
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FIG. 1. (a) Cumulative average displacement as a function of simulation step number. (b) Cumulative displacement of the atomic positions
close to the dislocation core averaged between the equivalent positions around the core. (c) Schematic representation of the atomic positions

around the dislocation core.

fully disordered magnetic state corresponds to the param-
agnetic limit where no long- or short-range magnetic order
exists, approximating the state above the Curie temperature
(Tc) and becoming a gradually better approximation with
increasing temperature. Although no long-range order exists,
some short-range order is still present above the transition
temperature [44—46]. Kérmann et al. [5] demonstrated in
a study of vibrational properties of bcc Fe that the effect
of temperature-dependent gradual magnetic disorder could
be modeled from the knowledge of the ferromagnetic (FM)
and DLM limits and combining them with the temperature-
dependent short-range-order parameter. The direction of the
magnetic moments quickly changes in time compared to the
jump rates of atoms. This imposes challenges for modeling
when atoms move from their high-symmetry positions such
as in lattice relaxations. Lattice relaxations in bcc iron in
the paramagnetic state have been commonly performed with
ferromagnetic moments [24,46—48]. The interatomic bond
strengths can greatly differ between the two magnetic states
[49], leading to different atomic positions after relaxation. The
DLM approach allows us to formulate a consistent electronic-
structure based thermodynamic theory that accounts for the
interplay between the configurational and magnetic degrees
of freedom [50]. In the DLM simulations, the direction of
the magnetic moments is randomly assigned, and can be
implemented in a supercell approach [9,10]. In the case of
1-b supercells, the random configurations produce in-plane
short-range-order (SRO) parameters close to zero, while it
suffers from periodicity along the shorter dislocation line
direction, where the periodic images form part of the nearest-
neighbor atom set. SRO values for 2-b and 3-b supercells
are close to zero. The periodicity along the dislocation line
direction also produces a ferromagnetic component, since the

periodic images have the same magnetic-moment direction.
We follow the relaxation procedure proposed by Gambino and
Alling [23] for the paramagnetic state, which uses the DLM
approach within DFT, where atoms are partially allowed to
relax according to different disordered magnetic configura-
tions in sequence until a steady displacement of the atoms
from the initial positions is achieved. Equilibrium positions
of each atom in the paramagnetic state are obtained by aver-
aging the atomic positions of several configurations once the
relaxation is converged. We use noncollinear spin-polarized
calculations, and we constrain the direction of the magnetic
moments using the method developed by Ma and Dudarev
[51]. Figure 1(a) shows the convergence criteria to achieve
a relaxed dislocation. We consider a relaxed structure when
the cumulative displacement averaged over all atoms in the
supercell with respect to the initial positions reaches a plateau
and fluctuates around a constant value. We also check the
displacements of the atoms near the dislocation core since
they possess the largest displacements in the system. This is
shown in Fig. 1(b), where the cumulative displacement for
the core atoms also fluctuates around a constant value. The
colors in Fig. 1(b) match the atomic positions displayed in
Fig. 1(c).

C. Magnetic sampling method

The magnetic sampling method (MSM) approach [10] con-
sists of performing static calculations using a large set of
random magnetic moment configurations. With this approach
the paramagnetic state can be modeled and a property of
interest can be obtained as the arithmetic average over all
the used configurations. The error of the mean value P(op)
of the desired property is calculated as the standard error
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FIG. 2. DD maps of the easy- and hard-core configurations for
the ferromagnetic and DLM relaxed paramagnetic dislocations.

+205 = 20p/~/N giving a confidence interval of 95%, where
N is the number of employed configurations.

III. RESULTS
A. Dislocation core structure

The dislocation core structure can be visualized using dif-
ferential displacement (DD) maps [52]. Figure 2 shows the
DD maps of the easy- and hard-core configurations relaxed in

the paramagnetic state and in the ferromagnetic state. The DD
maps show no substantial change between paramagnetic and
ferromagnetic states, thus magnetic disorder does not affect
the structure of the dislocation core. It should be noted that the
hard core is stabilized in the paramagnetic state in our DLM
calculations, while in the ferromagnetic state, the hard core
can be stabilized only by fixing the coordinates of the core
atoms along the Burgers vector direction.

Due to the periodic boundary conditions, the magnetic
configuration is also repeated in space. This effect is accen-
tuated along the dislocation line direction since the simulation
cell size is short in this direction. As mentioned before, the
periodic images of each atomic position are part of their
nearest-neighbor set; as such they possess the same magnetic
moment direction. To assess this periodicity issue, we use
larger cells along the (111) direction with 2-b and 3-b cell
heights. We take the relaxed positions from the 1-b case, dou-
bling or tripling the cell along the dislocation line direction.
We use these cells as the starting point for new paramagnetic
relaxations. For both cases, after further relaxation steps, the
average displacement is 0.009 A, with very small displace-
ments of the atoms localized close to the core as for the
1-b relaxation. These results indicate that the periodicity of
the magnetic moments due to the short 1-b cell size has no
considerable effect on the dislocation core relaxation.

B. Energy

From the relaxed dislocation structure in the paramagnetic
state, we use the MSM approach by calculating the energy
of 148 different magnetic configurations for both the easy-
and hard-core configurations. In Fig. 3 we plot the energy
of each of the configurations and the cumulative average of
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FIG. 3. Energies, accumulated mean energies, and energy difference between the easy and hard cores in the paramagnetic state for the
different disordered magnetic configurations used in the MSM that together make up our model for the paramagnetic state.
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the energies. For each configuration identification number in
the x axis of Fig. 3, we employ the most similar starting
magnetic configuration that can be obtained for both the easy-
and hard-core configurations to minimize the stochastic noise
in core energy differences. We find that in the paramagnetic
state, approximated with the average of our sampled magnetic
configurations, the easy core has a lower energy than the hard
core. The average energy difference is 26 £ 20 meV /b where
the error bars correspond to a 95% confidence interval. With
92% confidence, the energy difference in the paramagnetic
state is lower than the value we obtain for the ferromagnetic
case of 40 meV /b; with this lower value one might expect an
increase in dislocation mobility in the paramagnetic as com-
pared to the ferromagnetic state caused by magnetic effects
(the FM value in agreement with the DFT value reported by
Liithi et al. [53]). In the inset of Fig. 3, we plot the average en-
ergy difference between the easy and hard cores. We note that
36% of the employed magnetic configurations yielded a lower
energy for the hard core than for the easy core, which may
indicate that some particular magnetic environments might be
more favorable in the hard-core configuration.
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FIG. 5. Upper: Magnetic moment as a function of distance from the dislocation core for the easy- and hard-core configurations. Lower:
Voronoi volume vs magnetic moment for the easy- and hard-core configurations.
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C. Magnetic moments and atomic volumes

The local magnetic moments are disturbed by the presence
of the screw dislocation. In the ferromagnetic state, the mag-
netic moments of the atoms closest to the dislocation core
present an average increase of 0.17 up with respect to the bulk
value of 2.19 g in the case of the easy core, and of 0.15 ug in
the case of the hard core, in close agreement with the values
reported in the literature [30,54]. A comparison of the local
magnetic-moment landscape between the paramagnetic and
ferromagnetic regime is shown in the upper part of Fig. 4
in the case of the easy-core configuration. To obtain this
landscape in the paramagnetic case, we average the magni-
tude of the output magnetic moments of different magnetic
configurations of the relaxed structure. It can be observed that
this landscape is different from the one displayed in ferromag-
netic iron. A notable feature is that in the paramagnetic state,
the lowest magnitude of the local magnetic moments occurs
close to the dislocation core contrary to the ferromagnetic
case where the opposite is observed. This is highlighted in
the upper part of Fig. 5 where we plot the local magnetic
moment versus distance from the dislocation core for both
the easy- and hard-core configurations. In the ferromagnetic
case, for both cores, the magnitude of the local magnetic
moment increases as the atoms get closer to the core, while
in the paramagnetic case the opposite is observed, i.e., the
local magnetic moment decreases as the atoms get closer to
the core. In Fig. 5 we have included the values for bulk FM Fe
as a reference.

We also calculate the Voronoi atomic volumes, as shown
in the lower portion of Fig. 4. The atomic volume landscape
in the paramagnetic state also presents a distribution different
from the ferromagnetic state distribution. Although the de-
viation from the bulk atomic value of 11.35 A3 is small, the
dilatation and compression effect can be evaluated. In the fer-
romagnetic case, the magnetic moments under compression
are reduced while those in dilatation are enhanced as is typical
of the relationship between magnetic moment and volume (the
so-called magnetovolume effect [55-57]). The lower portion
of Fig. 5 better contrasts the behaviors of the ferromagnetic
and paramagnetic phases, in which we plot the magnetic
moment versus Voronoi volume. In general, both magnetic
configurations follow the larger volume—larger moment trend,
but it is possible to observe that the highlighted dislocation
core positions in the paramagnetic state do not follow this
relationship, having the smallest magnetic moment.

IV. DISCUSSION

We have determined core structure and energy difference
between easy and hard cores in the high-temperature para-
magnetic limit and in the low-temperature FM limit. The
present results can thus be used as a starting point to address
the magnetic contributions at finite temperatures. Temperature
dependence can be accounted for by the adiabatic coupling
parameter «(7') proposed by Koérmann et al. [5], who suc-
cessfully used it to explain experimental observations of the
temperature dependence of phonon frequencies in bce Fe.
In this approximation our results provide the ferromagnetic
and paramagnetic limits, while finite temperature SRO can be
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FIG. 6. Schematic representation of the Ecay_haa temperature
dependence in terms of its value in the FM low-temperature limit.

obtained with quantum Monte Carlo calculations. In Fig. 6,
we have sketched the temperature dependence of Ecqsy—hard
by taking the temperature dependence of magnetic SRO from
[5] and using our 1-b calculations to approximate the high-
temperature limit. The figure shows that the most rapid change
in dE takes place at temperatures around the Curie tempera-
ture. At T¢ the value of dE is 0.84 of the FM value. At the
alpha-to-gamma transition temperature 1185 K (1.147¢) dE is
0.72 of the FM value. In the high-temperature bce delta phase,
stable between 1667 and 1811 K (1.60-1.74T¢) the value of
dE is already extremely close to the approximation for the
high-temperature PM limit of 0.65. We want to emphasize
that the contributions from lattice vibrations need to also be
included for a full understanding of the temperature trend of
the dislocation core energetics of bcc Fe.

V. CONCLUSIONS

In this work we assess the effect of magnetic disorder on
the core structure of a %(1 11) screw dislocation in bcc iron, by
relaxing the easy- and hard-core configurations in the para-
magnetic state using the DLM approach. We found that the
difference in the structure of the dislocation core introduced
by the magnetic disorder of the paramagnetic state is small
compared to the ferromagnetic state for both the easy- and
hard-core configurations. We employ the magnetic sampling
method to obtain the energy of the easy- and hard-core config-
urations, and find that in the paramagnetic state the easy core
has a lower energy than the hard core with an average energy
difference between easy and hard cores of 26 £ 20 meV/b.
This value is smaller than the value of 40 meV/b obtained in
the ferromagnetic state but the large statistical error bars make
it difficult to draw definite conclusions. Although the core
structure is similar, there exists a change in the local magnetic
moment landscape between the two magnetic states. We find
a different behavior in the magnetic moment-volume relation-
ship: in the ferromagnetic state, the larger the volume is, the
larger the magnetic moment is while in the paramagnetic state
this is no longer the case close to the dislocation core, with the
smallest magnetic moment magnitude obtained close to the
core. This could introduce a different behavior in the inter-
action of the dislocation with impurity atoms, in particular
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magnetic impurity atoms like Cr [58]. As the explicit effects
of high-temperature magnetic disorder is not dramatic, the
vibrational contributions must also be included to assess the
explicit temperature dependent trend of dislocation properties
in future studies.
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