
Helmholtz-Zentrum Dresden-Rossendorf (HZDR)

The role of open-volume defects in the annihilation of antisites in a B2-
ordered alloy

Ehrler, J.; Liedke, M. O.; Cizek, J.; Boucher, R.; Butterling, M.; Zhou, S.; Böttger, R.; 
Hirschmann, E.; Trinh, T. T.; Wagner, A.; Lindner, J.; Fassbender, J.; Leyens, C.; 

Potzger, K.; Bali, R.;

Originally published:

June 2019

Acta Materialia 176(2019), 167-176

DOI: https://doi.org/10.1016/j.actamat.2019.06.037

Perma-Link to Publication Repository of HZDR:

https://www.hzdr.de/publications/Publ-28092

Release of the secondary publication 
on the basis of the German Copyright Law § 38 Section 4.

CC BY-NC-ND

https://www.hzdr.de
https://www.hzdr.de
https://doi.org/10.1016/j.actamat.2019.06.037
https://www.hzdr.de/publications/Publ-28092
https://creativecommons.org/share-your-work/cclicenses/


The role of open-volume defects in the annihilation of antisites in a B2-ordered alloy
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Roman Böttgera, Eric Hirschmannc, Thu Trang Trinhc,b, Andreas Wagnerc, Jürgen Lindnera, Jürgen Fassbendera,

Christoph Leyensb, Kay Potzgera, Rantej Balia,1

aInstitute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, 01328
Dresden, Germany

bTechnische Universität Dresden, Helmholtzstrasse 10, 01069 Dresden, Germany
cInstitute of Radiation Physics, Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, 01328 Dresden, Germany

dFaculty of Mathematics and Physics, Charles University in Prague, V Holešovičkách 2, 18000 Praha 8, Czech Republic

Abstract

The atomic arrangement in certain B2-ordered alloys, such as Fe60Al40, determines intrinsic material properties like
magnetism. Here we have investigated the influence of open-volume defects on the atomic ordering process at elevated
temperatures in Fe60Al40 thin films. A dependence of the ordering process on the type and concentration of defects
is observed by positron annihilation spectroscopy combined with ab-initio calculations. Comparing the lifetimes of
positrons in the alloy for different annealing and irradiation treatments reveals the role of mono-vacancies, triple defects
as well as large vacancy clusters: The rate of atomic ordering to the ordered B2 state is increased in the presence of
mono-vacancies whereas triple defects and vacancy complexes decrease the ordering rate. Furthermore, an agglomeration
of vacancies during annealing to di-vacancies and larger vacancy clusters is observed. The distribution of open-volume
defects can be modified in such a way as to control the thermal stability via ion-irradiation and thermal pre-treatments.
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1. Introduction

Vacancies are a common type of defects in alloy sys-
tems occurring in a variety of forms, from single atomic
mono-vacancies to much larger agglomerations of vacan-
cies, called vacancy complexes or clusters. The distri-
bution of open-volume defects can determine application
relevant parameters, such as the temperature for ther-
mal annealing [1, 2, 3, 4], i.e. even when vacancies may
not be directly correlated with the functional property of
an alloy, they can profoundly influence the process path
to achieve desirable properties. Open-volume defects in
Fe60Al40 alloy thin films are typically high in concentra-
tion [5, 6, 7]. From literature, ordered Fe60Al40 is known
to possess mono-vacancies as well as triple defects [8, 9]
(Figure 1).

However, the role of the above vacancies on the order-
ing is unclear so far. The Fe60Al40 alloy can be ordered
to the B2 structure by a thermal treatment, and via in-
troducing antisite defects, it is gradually disordered to the
A2 structure. The degree of A2/B2 ordering is strongly
correlated to its saturation magnetization (Ms), which is
an intrinsic property. The chemically disordered A2 phase
is ferromagnetic and atomic ordering reduces Ms until the
paramagnetic B2 phase is achieved [7, 10, 11, 12, 13, 14,
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15, 16, 17, 18, 19, 20, 21]. Magnetization measurements
therefore allow for a quick and reliable estimate of the alloy
ordering. Moreover, irradiation with light noble gas ions,
such as Ne+, can deterministically induce antisite defects.

Figure 1: Schematic of various defects in an ordered B2 lattice.

The open-volume defect distribution is measured us-
ing positron annihilation spectroscopy (PAS), which al-
lows for determining the defect size (type) and its atomic
surrounding in a non-destructive manner. Figure 1 shows
a schematic of a B2-ordered Fe-Al alloy with several defect
types discussed in this work: If two mono-vacancies (VFe
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and/or VAl) couple, a di-vacancy is formed (e.g. VFe+VAl).
The combination of two Fe vacancies with an Fe antisite
atom is called triple defect. Vacancy clusters are large ag-
glomerations of vacancies; if the diameter of these clusters
exceeds 0.4 nm they are called voids or (micro-)pores [22].

The variation of magnetic and structural properties
during the A2→B2 ordering process at elevated tempera-
tures has been reported recently [7, 12, 13, 23, 24, 25, 26].
Differential scanning calorimetry (DSC) measurements re-
vealed chemical ordering at 400-440 K and grain growth
at 680 K [12, 25, 26]. No change of the open-volume de-
fect concentration during the ordering process has been
observed in the case of Fe60Al40 films, likely due to a
much lower initial disordering level of the as-grown films
[7]. However, different defect types are expected to im-
pact the ordering due to the relevance of vacancies in the
diffusion process.

In this study we aim to directly observe the open-
volume defects distribution and sizes. Moreover, we show
that the atomic ordering of initially disordered Fe60Al40
thin films strongly depends on the defect types and their
respective concentrations. The defects can be engineered
by a thermal pre-treatment and/or ion-irradiation offering
a control of the subsequent A2→B2 ordering process.

2. Experimental

Polycrystalline Fe60Al40 thin films with a thickness of
250 nm were prepared by single-target magnetron-sput-
tering on Si(001) substrates with a ≈250 nm SiO2 buffer
layer. These ‘as-grown’ films consist of a mixture of the B2
and A2 structural phase. The chemically ordered, param-
agnetic B2 phase was generated by annealing the as-grown
films for 1 hr at 773 K. The fully disordered A2 phase, on
the other hand, was generated by ion-irradiation of the
as-grown film with Ne+ at an energy of 170 keV and a
fluence of 6·1014 ions/cm2; in the following denoted as ‘as-
grown(irr)’. Alternatively, the A2 phase was generated by
ion-irradiation of the B2 film leading to the ‘B2(irr)’ sam-
ple state. The ion energy was selected based on Monte-
Carlo type simulations implementing the binary collision

approximation [27] to disorder the whole film volume by
positioning the peak of the quasi-Gaussian profile in half-
depth. The selected ion fluence is known to induce the
nominally fully disordered A2 phase in Fe60Al40 thin films
[18]. The sample denotations and their respective prepa-
rations are summarized in Table 1. These initial sample
states were ordered via annealing at ≈400 K, except for
the B2 film which is already fully ordered. That way post-
annealed as-grown, as-grown(irr), and B2(irr) films will be
referred as such in the further text.

The magnetic characterization was performed by
SQUID-VSM (Superconducting Quantum Interference De-
vice vibrating sample magnetometry). The magnetization,
M, was measured in saturation by applying 1.2 T during
the post-annealing process. The heating and cooling rates
were set to 5 K/min. Two different annealing procedures
have been applied: First, isochronal annealing from 373 K
to 773 K in steps of 50 K, where the temperature was kept
constant for 10 min at each step. Second, an isothermal
annealing at 400 K for 1 hr. The saturation magnetization
(Ms) was obtained from hysteresis curves measured be-
tween ±1.2 T at 300±0.5 K before and after the annealing
process.

The defects were characterized by two different positron
annihilation spectroscopy techniques: Doppler broaden-
ing spectroscopy (DBS) and positron annihilation lifetime
spectroscopy (PALS). The mean positron penetration
depth (zmean in units of nm) depends on the positron im-
plantation energy (Ep in units of keV) and is obtained from
Makhov profiles [28], which are calculated from Monte-
Carlo simulations, and can be approximated by the empir-
ical formula zmean= 6.11 · E1.62

p [7]. The positron energy
was set to 5 keV, which corresponds to a penetration depth
close to half-depth of the thin films. The DBS measure-
ments were performed at room temperature before and
after thermal annealing at 400 K, without breaking the
vacuum.

In general, positrons implanted into a solid thermal-
ize after short time (about 10 ps) and diffuse. They lo-
calize mostly in open-volume defects, where they annihi-
late with electrons emitting usually 2 gamma photons as

Table 1: Description of the different denoted Fe60Al40 thin films showing the preparation of the initial states and the post treatment.

Sample
denotation

Preparation
Initial Ms

in kA/m
Crystal

Structure

Ms after
post-annealing

in kA/m

as-grown 250 nm sputtered film 224 B2/A2 mixture 162

as-grown(irr)
irradiation of an as-grown film

with 6·1014 Ne+/cm2 at 170 keV
518 A2 200

B2
annealing of an as-grown film

at 773 K for 1 hr
13 B2

B2(irr)
irradiation of a B2 film

with 6·1014 Ne+/cm2 at 170 keV
444 A2 64
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a consequence. Since positrons at their annihilation site
have very small momentum compared to the electrons, the
broadening of the 511 keV line is observed is mostly due to
momentum of the electrons. The annihilation gammas are
measured with one or two high-purity Ge detectors (energy
resolution better than 1.1 keV at 511 keV). This broaden-
ing is characterized by two distinct parameters, namely S
and W, defined as a fraction of the annihilation line in
the middle and outer regions, respectively. Depth depen-
dent information are provided by plotting the calculated
S- and W-parameter as a function of positron implanta-
tion energy, S(E) and W(E). The S-W plots, on the other
hand, are used to examine the annihilation site and its
atomic surrounding [29].

To obtain additional information about the defects,
PALS was performed before, during, and after annealing
for 1 hr at 423 K. The heating rate was ∼20 K/min and the
spectra were recorded at temperatures between 303 K and
423 K in steps of 20 K with statistics of 5 million counts per
spectrum. During annealing at 423 K, the spectra were
measured continuously with about 5 min per spectrum,
which corresponds to approximately 10 million counts per
spectrum. The positron annihilation lifetime distributions
have been analyzed using the PALSfit [30] program tak-
ing the experimental timing resolution into account. The
decomposition of the lifetime distribution into characteris-
tic components allows for identification and quantification
of defects and defect concentrations due to the sensitivity
on the local electron density. The DBS and PALS mea-
surements were performed at the AIDA setup [7] and the
MePS beamline, respectively, at the ELBE (Electron Linac
for beams with high Brilliance and low Emittance) facil-
ity at the Helmholtz-Zentrum Dresden-Rossendorf. More
details about the setups can be found in Ref. 31.

3. Ab-initio calculations of positron lifetimes

Positron lifetimes for the delocalized state (bulk life-
time) and the trapped state at various defects were ob-
tained using the density functional theory (DFT) ab-initio
calculations within the so-called standard scheme [32]. In
this approximation, the positron density is assumed to be
everywhere vanishingly small and not affecting the bulk
electron structure. In the calculations, at first the elec-
tron density in the material is solved without considering
the positrons. Subsequently, the positron density is cal-
culated by solving a single particle Schrödinger equation
for the positron in an effective potential produced by the
electrons and nuclei. The positron lifetime is then calcu-
lated from the overlap of the positron and electron density
[32]. The electron-positron correlation was treated within
the local density approximation using the parametrization
derived by Boronski and Nieminen [33].

Ab-initio calculations were performed for the disor-
dered A2 and the ordered B2 structure using the lattice
parameter a0 = 2.896 Å[34]. The point defects were mod-
eled using a 128 atom based supercell. A Brillouin-zone in-

tegration over the lowest-lying positron state, described in
Ref. 35, was used in the calculations of the
positron parameters for point defects to achieve a rapid
convergence of the results with respect to the supercell
size. The A2 disordered phase was modeled by random
filling of the lattice sites of the supercell with Fe and Al
ions in the concentration corresponding to the composition
Fe60Al40. Positron lifetime calculations were performed for
10 randomly generated A2 supercells and the results were
statistically evaluated.

4. Results

Figure 2a shows the decay of the magnetization dur-
ing isochronal annealing from 373 K to 773 K for the three
initial sample states, i.e. as-grown, as-grown(irr), and
B2(irr). The decay of the magnetization and hence the
degree of atomic ordering differs significantly among the
initial states of the films; the fully ordered B2 phase (M=0)
is achieved at different temperatures. Previously, the on-
set of ordering was observed at ∼400 K [12, 25, 26]. The
isothermal annealing at 400 K for 1 hr reveals three differ-
ent decay rates for the three different initial states, as seen
in Figure 2b.

Figure 2: De-magnetization (M) over time during annealing (a) in
50 K steps from 373 K to 773 K with 10 min per step and (b) at 400 K
for 60 min; for the three initial sample states: (Black line) B2(irr),
(Dotted red line) as-grown(irr), (Dashed green line) as-grown.
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The room temperature saturation magnetization (Ms)
of both fully disordered A2 films, i.e. as-grown(irr) and
B2(irr), decreases from initially 518 kA/m and 444 kA/m
to 200 kA/m and 64 kA/m, respectively, upon annealing
for 1 hr at 400 K. The Ms of the as-grown film, which con-
sists of a mixture of B2 and A2, decreases much less from
224 kA/m to 162 kA/m (supplement, Figure 6). Hence, the
atomic ordering results in a drop in Ms of 28 %, 61 %, and
86 % for the as-grown, as-grown(irr), and B2(irr) films,
respectively. Ne+ irradiation of as-grown films increased
the ordering rate during the subsequent annealing even
though more disorder is induced as compared to the as-
grown state.

For the identification of the microscopic mechanism
leading to such drastic differences in the annealing behav-
ior, PAS has been utilized. Figure 3 shows the relation be-
tween the two line shape parameters, S and W, before and
after annealing, which were obtained from DBS measure-
ments using a positron implantation energy of Ep=5 keV.
The energy dependency of S and W can be found in the
supplementary material (Figure 7). The Ne+ irradiated
films as well as the fully ordered B2 film are located on a
straight line, which goes upon extrapolation through the
defect-free Fe bulk reference value. The annealing of the
irradiated samples moves the S-W values in direction of
the Al bulk reference value, however, still located on the
same line. In contrast to both irradiated films, the S-W
values of the as-grown films, before and after annealing,
are not located on this straight line.

Figure 3: Relation between the two line shape parameters, S and
W, obtained from DBS measurements for a positron implantation
energy of Ep=5 keV. The initial sample states (empty squares) are
labeled next to the data points and the filled squares indicate the
post-annealing at 400 K.

Besides DBS, another method to characterize open-
volume defects with respect to their size distribution is
the determination of positron lifetime. Figure 4a shows
distinct values for positron lifetimes associated with dis-
tinct types of open-volume defects for the three initial sam-

ple states, i.e. as-grown, as-grown(irr), and B2(irr). For
comparison, the positron lifetime distribution for the B2-
ordered film is shown in Figure 4a as well. The positron
lifetime distribution for the post-annealed samples is shown
in Figure 4b. The data can be found in the supplement in
Table 3. The positron lifetime values and the respective
intensities of the annihilation lines have additionally been
measured in-situ, i.e. during the annealing process. These
show a monotonic behavior (supplement, Figures 8a-d).
The shortest positron lifetime varies for all sample states,
before as well as after annealing, slightly in the range be-
tween 184-207 ps (Figures 4a and b). For the as-grown film,
three positron lifetimes are observed. The annealing of the
as-grown film at 773 K leads to the formation of the B2
phase and the occurrence of a fourth lifetime above 20 ns;
the second lifetime decreases significantly from 490 ps to
288 ps. After Ne+ irradiation of the as-grown and B2 films,
only two positron lifetimes below 500 ps are observed. The
ion-irradiation of as-grown films reduces the second life-
time from 490 ps to 414 ps whereas in the case of the B2
film no change is observed. The post-annealing at 423 K
induces only a slight variation of the shortest positron life-
times as well as the ones above 1 ns; the lifetimes in the
range between 250-500 ps decrease upon annealing for all
sample states.

Figure 4: Positron lifetimes and their respective intensities obtained
by fitting the PALS measurements using PALSfit [30] (a) before and
(b) after annealing at 423 K for the different sample states given in
the legend. The inset shows the respective positron lifetimes above
1 ns. The positron implantation energy was set to 5 keV.
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5. Simulations and Discussion

The positron lifetimes in the ps-regime, observed in all
films, refer to point defects like mono-vacancies and triple
defects [8, 36] and defects of higher order, e.g. surfaces
and small vacancy clusters located within the grains or at
grain boundaries [37, 38]. The positron lifetimes above
∼1 ns, observed in the non-irradiated films, result from
the pick-off annihilation of ortho-positronium formed in
voids or pores, i.e. vacancy clusters larger than 0.4 nm
[22, 39, 40]. In order to identify the respective defect types
and their impact on the ordering process, ab-initio calcula-
tions of positron lifetimes were performed. The calculated
positron lifetimes for different defect configurations in B2-
Fe60Al40 can be found in the supplement in Table 2. How-
ever, the lifetime of positrons trapped in an open-volume
defect depends not only on its open-volume but also on
the atomic surrounding; hence, antisite disorder causes a
certain spread of the calculated lifetimes. For example
the bulk positron lifetime for fully disordered (A2 struc-
ture) Fe60Al40 varies from 106 ps to 114 ps, depending on
the local variations of chemical composition. These vari-
ations are even larger for positrons localized at defects.
The lifetime of positrons trapped in mono-vacancies in A2-
Fe60Al40 increases linearly with an increasing number of
Al nearest neighbors (supplement, Figure 9).

The S-W values of the Ne+ irradiated films as well as
the one of the ordered B2 film are located on a straight
line going through the Fe bulk reference value (Figure 3)
implying that defects located in the Fe sublattice are the
dominant annihilation sites; Fe vacancies are known to
possess a lower formation energy than Al vacancies in Fe-
Al alloys [41, 42, 43]; however, ion-irradiation induces Fe
as well as Al mono-vacancies. The off-line position of the
as-grown films indicates the positron annihilation in a dif-
ferent type of defects. The post-annealing of the irradiated
samples changes the defect decoration promoting Al sur-
rounding since the S-W values move in direction of the Al
bulk reference value, however, the annihilation still occurs
in defects in the Fe sublattice. An increasing Al surround-
ing of the defects in the Fe sublattice indicates an increase
of chemical order (B2), which is in agreement with the de-
creasing Ms (Figure 2b). A larger number of Al nearest
neighbors increases the positron lifetime, as obtained from
ab-initio calculations.

Figure 5 shows the obtained positron lifetimes below
300 ps for the different sample states. The calculated
positron lifetime regimes for various defect types, i.e. mono-
vacancies, di-vacancies, triple defects, and small intragran-
ular defect clusters are shaded grey; the ranges are calcu-
lated for the respective defects surrounded by Fe or Al
nearest neighbors only. In the present study, no positron
annihilation in defect-free bulk is observed due to the high
vacancy concentration in the Fe60Al40 thin films.

The positron lifetime of the high order defects in the
as-grown film (490 ps) is much higher than the ones cal-
culated for mono-vacancies or small intragranular vacancy

clusters (supplement, Table 2); hence, this lifetime refers
to positrons trapped in large vacancy clusters or nano-
voids located at triple points, i.e. intersection of three or
more grain boundaries [44]. The calculations reveal the
type of point defects in as-grown films with a lifetime of
203 ps as triple defects (Figure 5). Triple defects consist of
2 Fe vacancies and 1 Fe antisite atom and are known to be
stable in Fe-Al alloys [42, 45, 46]. Hence, triple defects im-
ply antisite disorder explaining the ferromagnetism in as-
grown films. The ordering to the B2 structure via anneal-
ing the as-grown film at 773 K decreases the positron life-
time in the high order defect regime strongly from 490 ps
to 288 ps (Figure 4a). The lifetimes between 250 ps and
300 ps refer to intragranular vacancy clusters consisting of
≥5 vacancies, as obtained from the simulations, implying
an agglomeration of vacancies during the annealing process
(Figure 5). The low concentration of voids is still present
after annealing. The triple defects present in the as-grown
films transform into mono-vacancies (lifetime ≤190 ps). A
transformation of triple defects is reasonable since they re-
quire an Fe antisite atom and B2-Fe60Al40 is characterized
by a minimum of antisite disorder.

Figure 5: Obtained positron lifetimes at an implantation energy of
Ep=5 keV for the initial sample states and after annealing at 423 K,
except for the large vacancy clusters. The respective sample states
are described in the legend. The positron lifetime regimes for various
defect types, as obtained from ab-initio calculations, are shaded grey.

Ne+ irradiation of the as-grown film decreases the life-
time (size) and the intensity (concentration) of the large
vacancy clusters located at triple points significantly; in
addition, no voids or pores are observed in the as-grown(irr)
film indicating a fragmentation of the vacancy clusters
into smaller open-volume defects due to Ne+ irradiation
(Figure 4a). The as-grown(irr) film contains defects with
an intermediate lifetime of 194 ps located in the regime
where mono-vacancies and triple defects occur (Figure 5).
Ion-irradiation is known to induce vacancies distributed
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randomly in both, Fe and Al, sublattices. Similarly, the
B2-ordered film has been ion-irradiated; here, likewise no
voids or pores are observed and the concentration of the in-
tragranular vacancy clusters with a positron lifetime
∼290 ps decreases significantly from 30 % to 4 % indicating
a fragmentation of vacancy clusters. The concentration of
mono-vacancies, on the other hand, increases from 69 % to
96 % (Figure 4a).

Among the initial sample states, the as-grown film
shows the smallest drop in Ms (28 %) upon isothermal
post-annealing at 423 K (Figure 2b) indicating the low-
est degree of atomic ordering. The triple defects and va-
cancy clusters are found to be stable at 423 K decreas-
ing the atomic ordering via vacancies (Figures 4b and 5).
The ordering rate within the as-grown(irr) film during
post-annealing is strongly increased as compared to the
non-irradiated film indicated by an increasing drop in Ms

from 28 % to 61 % (Figure 2b), which results from the
ion-irradiation induced fragmentation of the vacancy clus-
ters as well as the creation of randomly distributed mono-
vacancies. The observed mixture of mono-vacancies and
triple defects in the as-grown(irr) film with a positron
lifetime of 194 ps changes upon post-annealing to 207 ps.
Since Ms decreases strongly during annealing (Figure 2b)
a formation of triple defects, implying antisite disorder, is
unlikely to occur. The increased lifetime of 207 ps refers
to di-vacancies (Figure 5), which implies an agglomeration
of mono-vacancies as well as a transformation of triple de-
fects during post-annealing. Since triple defects are found
to be stable during post-annealing of the as-grown film, a
mono-vacancy assisted triple defect transformation is as-
sumed. The post-annealing of the B2(irr) film confirms the
above observations: The predominant amount of mono-
vacancies (96 %) as well as the fragmentation of vacancy
clusters (Figure 4a) increase the ordering rate significantly
indicated by a drop in Ms of 86 %. The effect of vacancy
agglomeration during annealing is also observed for the
post-annealing of the B2(irr) film; the concentration of
vacancy clusters increases significantly on the expense of
mono-vacancies whereas the size of the defect clusters de-
creases indicating a decomposition of vacancy clusters into
smaller ones (Figures 4 and 5).

In summary, Fe and Al mono-vacancies introduced by
Ne+ irradiation increase the A2→B2 ordering rate where-
as triple defects and vacancy clusters are stable during
annealing at 423 K decreasing the ordering rate.

6. Conclusions

The A2→B2 ordering process in Fe60Al40 thin films
at elevated temperatures can be controlled by engineering
the open-volume defects. The ordering rate is increased
by mono-vacancies and decreased by triple defects and va-
cancy clusters. Ne+ irradiation increases the number of
mono-vacancies and leads to a fragmentation of vacancy
clusters and hence increases the rate of subsequent atomic
ordering by lowering its threshold energy. The number

of triple defects decreases strongly by pre-annealing at
773 K. However, a large variety of defect types and con-
centrations – which would increase or decrease the ordering
rate – might be achieved by varying the conditions of film
growth, pre-annealing (temperature and time), and ion-
irradiation (ion species) as well as their respective combi-
nations. For instance, depending on the ion species, ion-
irradiation can induce or stabilize large vacancy clusters
[47] or lead to their fragmentation or shrinkage [48, 49, 50].
Besides a control of the thermal stability, a sensitive defect
engineering has potential to manipulate further material
properties like the electrical conductivity.
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SUPPLEMENT

Figure 6 shows the hysteresis curves measured by vi-
brating sample magnetometry at 300±0.5 K before and af-
ter post-annealing (at 400 K) the thin films, i.e. B2(irr),
as-grown(irr), and as-grown. Both irradiated films, before
any annealing, are nominally fully disordered, however,
there is a slight difference in the saturation magnetization
(Ms).

Figure 6: Hysteresis curves before (solid lines) and after (dashed
lines) post-annealing at 400 K for the sample states as-grown (green),
as-grown(irr) (red), and B2(irr) (black).

Doppler broadening spectroscopy measurements were
also performed without breaking the vacuum before and
after post-annealing at 400 K. The positron implantation
energy (Ep) was varied between 0.05 and 35 keV; however,
the Fe60Al40-SiO2 interface is reached at Ep≈10 keV. The
high S-parameter of the as-grown film indicates a large
open-volume defect concentration, which decreases only
slightly after annealing at 400 K. The defect concentration
decreases strongly after ion-irradiation; the lowest concen-
tration is observed for the B2(irr) film. The open-volume
defect concentration increases after annealing for both ir-
radiated films.

Note that the mean positron penetration depth (zmean)
depends on the density of the alloy, which is related to the
chemical order since antisite disorder increases the lattice
constant; this implies that zmean can vary slightly for the
various films. Here, zmean was calculated for the interme-
diate density of 5.89 g/cm3.

Figure 7: Energy-dependency of the S- and W-parameter before and
after post-annealing. The sample states are given in the legend.

The variations of the positron lifetimes and the inten-
sities of the different initial sample states, i.e. B2(irr), as-
grown(irr), and as-grown, during post-annealing at 423 K
are illustrated in Figure 8 showing a monotonic behavior.

The calculated positron lifetimes for various defect
types in B2-Fe60Al40 are shown in Table 2. The lifetime of
positrons trapped in an open-volume defect depends also
on the atomic surrounding. Therefore, the dependency of
the positron lifetime in a mono-vacancy on the Al nearest
neighbors is shown in Figure 9; the lifetime increases lin-
early with an increasing number of Al nearest neighbors.

The fitting results of the positron annihilation lifetime
spectroscopy (PALS) measurements at Ep=5 keV for var-
ious sample states before and after in-situ annealing at
423 K are presented in Table 3. The data are illustrated
graphically in the paper in Figures 4a and b.
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Figure 8: Variation of the positron lifetimes (a, c) and their respective intensities (b, d) during post-annealing. (Green)
as-grown, (Red) as-grown(irr), (Black) B2(irr). The several lifetimes and their respective intensities are marked with symbols. The dashed
lines in c and d serve as a guide to the eye.

Table 2: Calculated positron lifetimes for various defect types in
B2-Fe60Al40.

Defect configuration Lifetime /ps

defect-free bulk 112.6

mono-vacancies

VFe 189.9

VAl 184.0

triple defects

2VFe+1FeAl (single triple defect) 198.6

3VFe+2FeAl (two triple defects) 201.6

4VFe+3FeAl (three triple defects) 203.3

continuous chain of triple defects ≈204

di-vacancy

VFe+VAl 210.8

tri-vacancy

2VFe+VAl 231.6

small vacancy clusters

4VFe+1VAl 258.8

4VFe+2VAl 257.8

8VFe+1VAl 295.7

Figure 9: Calculated positron lifetime in mono-vacancies in disor-
dered A2-Fe60Al40 depending on the number of Al nearest neigh-
bors.
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Table 3: Results of the PALS analysis for an energy of incident positrons Ep=5 keV: Intensity and Lifetime of the defects within the various
sample states.

Sample state
Intensity /% and

Lifetime /ps

initial states

as-grown
74.2(6)
203(1)

25.0(4)
490(6)

0.6(2)
1200(100)

B2
69(5)
184(2)

30(3)
288(6)

0.35(1)
2300(100)

1.167(8)
22500(200)

as-grown(irr)
93.0(3)
194(1)

7.0(3)
414(6)

B2(irr)
96.0(5)
185(0)

3.9(5)
290(4)

after annealing at 423 K

post-annealed as-grown
77.1(6)
202(1)

22.2(5)
457(5)

0.7(1)
1500(100)

post-annealed as-grown(irr)
89.9(5)
207(1)

10.1(5)
405(5)

post-annealed B2(irr)
73.4(0)
188(0)

26.6(0)
256(1)
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