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The effect of ion-irradiation on MnAs single crystalline thin films is studied. The role of elastic
collisions between ions and atoms of the material is singled out as the main process responsible for
modifying the properties of the material. Thermal hysteresis suppression, and the loss of sharpness of
the magneto-structural phase transition are studied as a function of different irradiation conditions.
While the latter is shown to be associated with the ion-induced disorder at the scale of the transition
correlation length, the former is related to the coupling between disorder and the large-scale elastic

field associated with the phase coexistence pattern.

INTRODUCTION

The role of quenched disorder on phase changes has
been addressed theoretically for several decades [IH5]. In
the case of first-order transitions, unraveling the lead-
ing physical mechanisms responsible for the coupling be-
tween random impurities and order parameters is even
a harder task. The coexistence of very different char-
acteristic lengths and the presence of non-equilibrium
features like hysteresis and kinetics make the task even
morecomplex. Nonetheless, as most of the known large
caloric effects take place on the verge of a first-order fer-
roic transition [0], mastering hysteresis and preserving
other features (i.e. entropy and temperature changes)
has been the focus of many investigations for the last
two decades. At stake, beside the fundamental inter-
est, such investigations can have a direct impact on the
use of caloric effects for refrigeration and energy con-
version applications [7H9]. Hysteresis reduction in mag-
netocaloric materials has been successfully achieved by
acting on the phase transition globally, getting closer to
a critical point through chemical change [10} [I1], using
a secondary external field [I12HI4], or using local non-
homogeneity fostering phase nucleation. Indeed, control-
ling first-order phase changes in caloric materials using
defects and disorder has been studied at different scales,
from the atomic/chemical [15] [I6], to the structural one
[I7, I8]. Thence, the possibility tuning the amount of
disorder in a model system represents a unique opportu-
nity for experimental investigations on phase change in
solid-state systems. Moreover, it can pave the way devel-
oping new methods for tailoring the functional properties
of materials where phase changes take place.

In this paper, we study the modifications induced
by the collision and implantation of ions in manganese
arsenide thin monocrystals. Bulk manganese arsenide
(MnAs) shows a first-order magneto-structural transi-
tion from ferromagnetic to paramagnetic order accom-
panied by a lattice symmetry switch when getting above

the transition temperature Ty = 313 K [19]. From this
perspective, MnAs can be considered as a prototypi-
cal first-order magnetocaloric material. Previous stud-
ies [201 2] proved thermal hysteresis suppression in ion-
irradiation MnAs films, keeping the caloric effect inten-
sity unchanged. Here, the mechanisms underlying the
modifications of the transition after ion-irradiation are in-
vestigated on single crystalline 150 nm thick MnAs films
under different irradiation conditions (i.e. ion mass, ion
kinetic energy, fluences, etc.).

EXPERIMENTAL METHODS

Growth conditions

The MnAs films have been produced by molecular
beam epitaxy on GaAs(001) 0.3 mm thick substrates
with the a-MnAs[0001] axis parallel to GaAs[110] [22].
Due to the epitaxial strain, the phase coexistence be-
tween the ferromagnetic a-phase with hexagonal struc-
ture (NiAs-type) and the paramagnetic S-phase with or-
thorhombic structure, (MnP-type), takes place over an
extended temperature range (280-320 K) [23], in contrast
with the sharper transition observed at the temperature
T; = 313 K in bulk single crystals [24].

Irradiation conditions

Ion irradiation have been performed at two facili-
ties: the electron-cyclotron ion source SIMPA facility
(Paris, France) [25] At SIMPA, samples have been ir-
radiated with different ions (helium, oxygen, neon, ar-
gon and krypton) with kinetic energies ranging from 22
to 260 keV. The ion fluence ® has been varied between
1 x 10'% jons/cm? and 6 x 10'® ions/cm?, corresponding
to an irradiation time spanning, from few tens of seconds
to several hours. The energy of the different ion beams
and the incident angle have been chosen in order to reach



an average penetration depth corresponding to the half
thickness of the film. At IRRSUD, a beam of isotopic
36Ar with an energy of 35.28 MeV has been used. In this
case, no ions are implanted in the MnAs film, with most
of them being stopped in the GaAs substrate. The flu-
ence has been varied from 4 x 10'2 to 1 x 10'% ions/cm?.

During the interaction with a solid, the ion transfers its
kinetic and potential energies to the target atoms by a se-
ries of processes that can be schematically separated into
two categories: one due to the interaction with the tar-
get nuclei, and the other due to the interaction with the
electrons. The electron interaction is inelastic, and en-
tails small or no lattice distortion into the target. The ion
energy losses, including those related to the potential en-
ergy of the ion, are transferred to the solid via excitation
of phonons, with an increasing in temperature along the
trajectory. Nuclear collisions are the most probable pro-
cess at low velocity and/or for heavy ions [26H28]. Such
collisions lead to the displacement of sample atoms from
their site and, if the kinetic energy is sufficiently high,
to a cascade of secondary collisions, with the creation of
clusters of vacancies and interstitial atoms in the sam-
ple lattice [26]. For the same kinetic energy, heavy ions
produce a higher number of collisions per ion than light
ions. This is due to the higher cross-section of the pri-
mary impact and the more favorable momentum transfer
to target atoms, as well as the consequent secondary col-
lisions in the cascade.

At the ion kinetic energies of SIMPA (Ey;, less than
300 keV), the main process responsible for induced mod-
ifications is the nucleus—nucleus interaction between in-
coming ions and sample atoms. At the ion kinetic en-
ergies of IRRSUD, the probability of nuclear processes
decreases while inelastic processes start to occur. Due to
the small ion potential energy (E, < 5 keV), compared
to the kinetic energy, and to the metallic nature of the
MnAs samples, the local heating from the electron inter-
action is not expected to induce noticeable modifications
in the material. Indeed, elastic nuclear collisions remain
the leading process that modifies the properties of the
irradiated sample.

RESULTS AND DISCUSSIONS

General considerations

The two main modifications observed after ion-
irradiation are hysteresis reduction, and the loss of sharp-
ness of the transition, often referred to as rounding [2]
(see Fig. To investigate them, isofield thermomag-
netic M(T) curves have been measured at constant field
H = 1T by a SQUID device with H parallel to the
in plane easy magnetization direction. This makes the
proportionality between M (T) and the ferromagnetic a-
phase a reliable assumption even under the application of
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FIG. 1. Magnetization curves M(T) (top) and correspond-
ing first (bottom) and second derivative (middle) measured on
reference (left) and irradiated (right) samples. Examples of
FWHMRgEr, and of FWHMirr, used in Eq., are depicted in
the bottom-left frame left and bottom-right, respectively. The
temperatures T, and Tf corresponding to the maximum of
the second derivative d> M/dT? under heating, and cooling re-
spectively are chosen to represent the upper limit of the phase
coexistence interval. Similarly, 7%, and T¥, corresponding to
the minima of the second derivative under heating, and cool-
ing respectively, mark the lower bound of the same interval.
The area A of the thermal hysteresis loop has been shaded in
the upper frame. Cooling and heating curves are represented
in blue and red, respectively.

a relatively small field of 1 T. Before each measurement,
the material has been heated up to 350 K in order to
erase any trace of the low-temperature phase, resetting
the sample history [29]. Hysteresis, transition tempera-
tures, and rounding are extracted from M (T') curves and
their derivatives. Whereas hysteresis, and its reduction,
are phenomena taking place close to the transition tem-
perature Ty, the transition rounding is associated with a
widening of the phase coexistence region far away from it.
Here, the thermal hysteresis width, AT}y, is evaluated
from the area A between the M(T) heating and cooling
curves (Fig. [I| top) normalized to the saturation magne-
tization M, measured at 100 K with ATy = A/M,.
This is an approach commonly used in the field of loss,
and hysteresis modelling; it amounts to consider the ef-
fective width of an equivalent rectangular hysteresis cy-
cle [30, BI]. Indeed, most samples have been irradiated
within regimes where the maximum magnetization M is



not, or is marginally modified, as visible in Fig.
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FIG. 2. Saturation magnetization (measured with H =1 T
at 100 K) as function of the collision density

Concerning the evaluation of the rounding, the data
analysis has to disentangle the effect due to defects-
induced disorder [I3] [32] from the strain-induced broad-
ening at the magnetostructural phase transition. The lat-
ter is characterized by a linear evolution of the phase frac-
tion, across the transition, as a function of T. As shown
in [22, B3H37], this behavior is driven by a mesoscopic
phase-domain stripes pattern, and by its long-range elas-
tic field. The former is relevant far from T} and is asso-
ciated with the presence of minority-phase regions whose
stability is made possible by a local shift of T; [2]. To
tag the irradiation rounding effect only, we introduce the
variable

ATnq = FWHMgr — FWHMggp (1)

obtained by the width at half maximum (FWHMigg) of
the first derivative of M(T') of the irradiated films mi-
nus the contribution FWHMggr of the pristine sample
(see Fig. [1] bottom). The second derivative d?>M/dT? is
used to identify the main part of the phase coexistence
interval bounded by the maximum (at the temperature
Ty) and the minimum (at Ty) of d?M/dT? respectively.
Some typical irradiation-induced modifications are pre-
sented, as an example, in Fig. |I| where the extrema of
d>M /dT? under heating (T}, and T%'), and cooling (77,
and T¥) are marked over the M(T') of the pristine, and
of an irradiated sample.

Hysteresis: Implanted ions vs induced collisions

In order to disentangle the role of binary-collisions-
induced defects, from the one of ion implantation in

modifying the target properties, we first compare sam-
ple features with respect to the average collision density
or the implanted ion density, p., and p;, respectively.
These quantities are estimated using the applied ion flu-
ences, and the output of the ion-matter interaction Monte
Carlo code SRIM/TRIM [38, B9]. More precisely, the
outputs from the Detailed Calculation with Full Damage
Cascades mode are considered, which include the posi-
tion and number of the produced defects. p. is obtained
from vacancies and interstitial defects. The two densities
induced by irradiating a sample of thickness ¢ with a flu-
ence ® are estimated through the following expressions:
pi = f®/t, and p. = N.on®/t, where f, is the fraction of
ions stopped, and N is the average number of binary
collisions induced by a single ion in the film. Despite the
well-known SRIM/TRIM trend of slightly overestimat-
ing the number of induced defects [26], 28] [40], the pre-
dicted agglomerations (i.e. mixed-up vacancies and inter-
stitials clusters) are rather similar to the ones obtained
by advanced many-body molecular dynamics calculations
taking into account collective behavior and temperature
effects [27), 28] 41H43], and to the ones observed experi-
mentally as well [44]. For our specific cases, f, and Neon
have a range of [0, 1] and [50,5000], respectively. Thus, p;
and p. differ by orders of magnitude and strongly depend
on the projectile ion characteristics.

In Figf3] we can see that, whereas no correlation is ap-
parent between ATy and p;, a clear trend can be appre-
ciated when ATjy is plotted against p.. More precisely,
ATyt decreases as a function of p. until its total sup-
pression at p, ~ 102! — 10?2 cm~3. It is noteworthy that
the three points relative to fast Ar irradiation, where no
ions get implanted into the sample, spread over the same
hysteresis decreasing trend curve when plotted against
pe- This is one of the main findings of this study, and it
shows that the relevant defects are the ones produced by
binary elastic collisions.

Hysteresis: additional insights

To get a better insight into the mechanisms underlying
thermal hysteresis in MnAs films, the amplitude of the
phase coexistence interval is studied over heating, and
cooling as a function of p.. When hysteresis is present,
the aforementioned second derivative maximum and min-
imum show different values along the cooling and heating
curves (see Fig. [4).

More precisely, the upper limit of the phase coexistence
interval under heating, T}, and cooling T¥ are rather sim-
ilar, and their difference AT} = T} — T, shown in Fig.
(bottom), stays close to zero in all samples, and does not
show any specific trend as a function of the collision den-
sity p.. On the contrary, the difference ATy, = T — Ts
between T, over heating, and cooling shown in Fig.
(top) is relevant in the pristine sample and gets reduced,
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FIG. 3. Thermal hysteresis area as a function of the average
density of implanted ions p; (top), and of the average density
of elastic collisions p. (bottom). In light blue, the value of the
pristine sample is reported. The uncertainties on the z-axis
are mainly determined by the fluence evaluation, which can be
critical for some beam preparation. The uncertainty on the y-
axis is due to the SQUID measurement and the interpolation
of the data affected by noise. The dashed line represents the
best fit of the data with the formula discussed in the text.

and eventually suppressed, as a function of p. following a
trend similar to the one of ATjy.. In Fig. the values of
T}, and T§ are marked with dashed lines (red and blue,
respectively), over the M (T) curves of different samples.
In the same figure, a single black dashed line marks T3
over the reference and the irradiated samples. Following
[34], T1 can be considered the closest approximation to
the actual transition point T (i.e. the one of a bulk sin-
gle crystal). On the other hand, as apparent from Fig.
the reduction of hysteresis takes place as an increasing of
Ty, in irradiated samples, with no change of 7. In other
words, hysteresis disappears through the collapse of the
cooling M(T') curve onto the heating one. Thence, hys-
teresis is mainly associated with supercooled metastable
states.

Hysteresis is suppressed by ion-irradiation within the
collision density interval 3x10%2° cm =3 < p. < 10%! cm =3
(see Fig. [). However, as clearly put in [34], after the
first nucleation stage, the phase-coexistence stripes pat-
tern builds up and the resulting thermal hysteresis can
hardly be explained through a droplet-nucleation mech-
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FIG. 4. Comparison between M (T') loops over heating, and
cooling (in red and blue), measured on the pristine sample
(top), on a He irradiated sample (middle) and on an O ir-
radiated sample (bottom). As apparent from Fig. [} AT} is
rather small and does not show any clear trend as a function
of the collision density. Thence, a single dashed black line is
used to mark T; over all the curves. On the contrary, AT>
reduces as a function of p.. Furthermore, this reduction takes
place at fixed T (i.e. the single dashed red line), with T§
getting higher and closer to T4 as a function of the collision
density (i.e. as shown by the sequence of blue dashed lines in
the three frames of the figure).

anism. While only the cooling dM/dT curve plotted in
Fig. [1| (bottom) for the non-irradiated sample shows a
good agreement with the linear phase-evolution picture
described in Refs. [33] [34], all the other curves show a
non-linear M(T). Besides, Fig. [I] (bottom) and Fig. [6]
show that the hysteresis reduces jointly with the loss of
linearity of the cooling M (T') curve with higher values of
the maximum of dM/dT implying faster phase kinetics.
Similar asymmetries are a rather common feature of first-
order phase transitions, from the best-known example of
the water-ice transition to the different kinetics observed
under cooling, and heating in FeRh films [45]. Here, as
noticeable in Fig[d] the difference between the cooling,
and heating M (T') curves depends on the lower slope of
the formers, and on the entailed lower T (i.e. a coexis-
tence region lasting till a lower temperature). The loss
of linearity and the increasing slope, going hand-in-hand
with the hysteresis reduction, take place where the kinet-
ics is led by the stripes domain elastic field. Therefore,
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all these modifications can be interpreted as a modifica-
tion of the elastic field associated with the stripes domain
structure.

A possible clue to explain this behavior comes from the
observation of the distortion of the regular stripes pattern
in MnAs films after ion irradiation [20], with an increas-
ing density of finite-length stripes. These defects have
been observed in non-irradiated samples too [22] 36] B7].
They are associated to the non-linear region of M (T') and
they mostly disappear within the ordered-stripes struc-
ture getting closer to the transition temperature. Finite-
length stripes may behave as topological defects, modi-
fying the elastic energy with their stress field, similarly
to the way unbound edge-dislocations do in 3D solids
[46, [47], and in 2D mesomorphic phases [48]. Their in-
creased density in irradiated samples can be the origin of
the suppression of the supercooled metastable states, ei-
ther by changing the phase fraction through nucleation of
pairs or by renormalizing the effective elastic constants.

600 F=

500

400

300

- Reference

200 —_ 72X 1020 Cm73 '\. Y

LN 21 -3

100} 1.1x10°* cm
—- 3.5%x10% cm3 NN

M (emu cm™3)

dM/dT (emu cm~—3 K1)

-3
380 290 300 310 320
Temperature (K)

FIG. 6. Isofield (H = 1 T) magnetization curves M (T)
(top) and their first derivative (bottom) measured on ref-
erence (continuous lines) and irradiated (dashed lines) sam-
ples. Warm and cold colors correspond to heating and cooling
curves, respectively.

This explanation, in spite of its being still rather
conjectural, raises the question of the way ion-induced
disorder directly modifies the phase-domain patterning
where the relevant scale is the phase-domain character-
istic length (i.e. the stripes spacing, ds ~ 0.73 pm [20]).
Over such a large scale, the average collision density
pe x p is expected to be the relevant quantity. The
dashed curve in Fig. [3| (bottom) is obtained using as a
fitting function

1 1
po+p  potape/po’

fpe) o (2)

where py = 2.92 x 10?2 cm ™2 is the atomic density of
MnAs, a is a proportionality constant between p and
Pe/po that incorporates possible auto-healing processes,
not taken into account by SRIM/TRIM, and possible
activation thresholds, and pg is a constant describing
the impurities present in the sample before the irra-
diation. When the value a = 9.7% from the round-
ing analysis (see next section) is considered, the value
po = (7.3 £2.3) x 107* is found. It shows that, besides
reducing hysteresis, collision-induced defects can be used
to tailor the film domain pattern in the phase coexistence
region.



Considering p. as a figure of merit is equivalent to con-
sidering the total volume (V¢,s) of the ion-induced colli-
sional cascades like in Gibbons model [26] [49]. The col-
lision density is, in fact, proportional to n.¢/At, where
At is the thickness of the sample, ¢ is the ion fluence,
and n. is the number of collisions per ion, expected to
be proportional to the single ion cascade (Vas). Due to
the relatively small value of p. corresponding to the hys-
teresis disappearing, effects due to cascade overlaps can
be excluded.

Rounding

The transition rounding ATy,q, deduced from Eq.,
also shows a systematic trend as a function of the collision
density p. (Fig.[7} top). Its departure from the reference
value, at p. =~ 4 x 1020 cm~3, is followed by a strong
increase with a slope depending on the ion type used for
irradiation. Furthermore, the points collapse over the
same curve when normalizing the relative rounding to
the square root of the ion mass number m, ATy,q/v/m

(Fig. [7, bottom).
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FIG. 7. Relative rounding ATyng from the FWHM of dM /dT
curves without (top) and with \/m) mass rescaling (bottom).
The dashed line represents the best fit of the data with the

function f(p) = cy/p(1 — p) (see text).

Differently from hysteresis suppression, which takes
place near near T; where stripes domains and their
long-range elastic field drive transition kinetics at the
mesoscale [34], rounding takes place far from T; where
the only relevant scale is the phase transition correlation

length £. Indeed, the rounding behavior fits quite well
within the approach reported in [2].

Considering a magnetic lattice model with a proba-
bility p to get a lattice site occupied by some sort of
impurity, it is shown that, even when p < 1, a relevant
transition rounding can appear due to the local fluctua-
tions of impurity density. For a random impurity distri-
bution, density fluctuations are proportional to the vari-
ance p(1 —p). The key issue to getting a stable rounding
is the relationship between the phase transition correla-
tion length &, and the characteristic size L of the regions
where the impurity density fluctuation makes the minor-
ity phase energetically favored. Thence, the smearing-
out of the transition is driven by the dimensionality d of
the magnetic system, and by the way the interface en-
ergy between the two phases scales with respect to the
region size L. Following [2], a spin lattice of dimension-
ality d = 3, with discrete symmetry, and with a surface
tension between phases over a region of size L scaling
as L? is expected to be unaffected by quenched disorder
when L < £. Rounding appears when L ~ £, and scales

s v/p(1 —p)/L3 when L > £. Assuming the probabil-
ity p, to get an impurity to be p x p., from Fig. [7] it
can be deduced that & ~ L when p. ~ 4 x 1020 cm—3.
From cascade simulations, one can observe that one sin-
gle ion forms several clusters of defects. The typical vol-
ume of collision clusters is o 1/m, where m is the ion
mass. Assuming elastic-collision cascades as the origin of
the impurities implies L? oc 1/m, a feature that explains
the higher slopes shown by samples irradiated with heav-
ier ions and the collapse of all the points onto the same
curve after the 1/,/m normalization. Similar curves can
be obtained by normalizing with respect to the number
of collisions per ion and the average size of clusters of
defects. Figure [7| (bottom) shows the mass normalized
relative rounding data fitted with a function

From this analysis, a value of a = (9.7 + 0.6)% is found.

This shows that far away from the transition tem-
perature, the minority phase develops as randomly dis-
tributed droplets before the building-up of the elastic-
domain stripe structure as reported in [35], 37]. Whereas
closer to T; energy minimization is dominated by the
long-range elastic interaction between stripes [33], in the
first stages of the transition the leading energy terms are
local, and fully led by the size L of regions where the
precursor develops.

For the high-fluence regime considered for the rounding
effect, one could also consider the effect of the collisional
cascade overlapping. When we consider the simple model
from Gibbons [26, [49], the fraction of the irradiated vol-



ume V7 over the total sample volume Vj is given by

chas
Vi (Veas) o

T_1_¢ At =1-
Vo ‘

e~ Cre (4)

with (Veas) the average cascade volume, ¢ the ion fluence,
and At the sample thickness. Introducing an appropri-
ated constant C, this formula can be written in terms of
collision density p. (see previous section) and thus should
be independent of the ion type. However, this approach
does not consider the cascade fragmentation into defect
clusters that is taken into account in our analysis by the
v/m dependence. Except for the very high density val-
ues of p., most of the data described here are expected
to be in the regime with p = p./pg < 1, where cascade
overlapping can be neglected.

CONCLUSIONS

In this work, we address the changes induced in MnAs
thin films by ion irradiation. It is shown that elastic ion-
atom collisions are the main mechanism responsible for
modifying the magnetic properties of the material. Be-
sides, modifications induced by ion collisions are shown
to act at two different scales. In the short range, colli-
sions serve as nucleation seeds of precursors responsible
for the loss of sharpness of the phase change far from the
transition temperature. At a larger scale, collisions mod-
ify the elastic energy by softening the long-range elastic
field associated with the substrate coupling. Thus, new
topological the creation of defects is favored in a distorted
stripe pattern, and the thermal hysteresis is reduced until
its elimination.

Disorder induced by light ions irradiation of magnetic
thin films has been recently investigated through domain
wall motion measurements focusing on spintronics appli-
cations [50]. Here, the effect of irradiation with ions of
different mass is investigated through the behavior of the
first-order magneto-structural transition on MnAs thin
epitaxial films. Hysteresis suppression, transition round-
ing, and the tailoring of the phase-domain pattern are
observed, opening unique opportunities in terms of appli-
cations to magnetocaloric devices, and to design of novel
magnetic heterostructures.
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