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Abstract

Vacancies control any atomic ordering process and consequently most of the order-dependent properties of the martensitic
transformation in ferromagnetic shape memory alloys. Positron annihilation spectroscopy demonstrates to be a powerful
technique to study vacancies in NiMnGa alloys quenched from different temperatures and subjected to post-quench
isothermal annealing treatments. Considering an effective vacancy type the temperature dependence of the vacancy
concentration has been evaluated. Samples quenched from 1173 K show a vacancy concentration of 1100+200ppm. The

vacancy migration and formation energies have been estimated to be 0.55+0.05eV and 0.90+0.07eV, respectively.
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Since giant magnetic-field-induced strain (MFIS) was first reported on Ni-Mn-Ga ferromagnetic shape memory alloys
(FSMA) by Ullakko et al. [1] a great amount of work has been performed to understand and improve functional properties of
this alloy system in order to be implemented in practical devices [2-3]. Their particular properties are linked to the presence
of a thermoelastic martensitic transformation (MT). The MT temperature strongly depends on composition and the
compositional dependence has been described as a function of the electron to atom ratio, e/a [4]. Recent research shows that
changes on the long-range atomic order degree also affect the MT and Curie temperatures, due to the modification of both the
electronic structure and the lattice sites occupancy by the magnetic atoms [5-11]. The simplest way to modify atomic order is
by subjecting an alloy to different thermal treatments. In this sense it has been shown that quenching from high temperatures
(around the B2-L2; ordering temperature) allows to partially retain the low atomic order present at these temperatures, in
such a way that the L2; order degree on the as-quenched alloys is lower than the equilibrium value obtained after a slow
enough cooling treatment. Likewise, if the as-quenched alloys are heated up to temperatures at which atomic diffusion is
possible, an ordering process takes place leading to the restoring of the equilibrium atomic order degree of the alloy. In Ni-
Mn-Ga the atomic diffusion needed for the ordering is mediated by vacancies [12]. During the quenching process an
unknown amount of vacancies are retained. These vacancies control any ordering process, and indirectly the main properties
of the MT, but the way vacancies assist the ordering process is still unclear. Besides, the vacancy parameters change during
the different standard thermo-mechanical processes used in these materials. Positron annihilation spectroscopy (PALS) is a
very powerful technique to investigate vacancy-type defects in metals. Depending on the material, PALS allows the
measurement of the vacancy concentration between 0.1 and 1000ppm [13]. Therefore, this technique could allow to
discriminate between ordering and vacancy dynamics and consequently to better understand vacancy assisted processes
taking place in these materials. The main objective of this work is to show the role the vacancies play in Ni-Mn-Ga FSMA
through the evaluation of the vacancy concentration, their kinetics (activation energies) and their temperature dependence

when the sample are subjected to different treatments.

A polycrystalline ingot of Ni-Mn-Ga was prepared from high purity elements by arc melting under protective argon
atmosphere. The ingot was homogenized in vacuum quartz ampoules at 1173 K during 24 hours. The measured alloy

composition was NissMnzsGazi. Several samples extracted from the ingot were quenched from different temperature between



673-1173 K into ice water in order to produce a large quantity of quench-in defects. The time evolution of the vacancy
concentration at 523 K, 573 K and 623 K was subsequently analysed in the samples quenched from 1173 K. Positron lifetime
measurements were performed by PALS always at room temperature after the different thermal treatments. A fast-fast system
with a resolution of 250ps and a conventional ?2Na source on a kapton foil, employed as the positron source, were used for
positron lifetime measurements. The positron source was sandwiched between two identical samples. All lifetime spectra
were analyzed after subtracting the constant source contribution (382ps 17% and 1600ps 1%). The statistic of each spectrum

was always better than 1.6 million counts.

Positrons emitted from the source penetrate the sample and annihilate at a constant rate if the material is defect free. In
this case the measured positron annihilation distribution corresponds to a single exponential, where the exponential factor is
the annihilation rate. The inverse of this annihilation rate is the positron lifetime in the bulk, ts .When positron traps
(vacancies) are present in the material a combination of two exponentials are measured. The lifetime of the first exponential,
11, is related to positron annihilation from the bulk and to the trapping rate of positrons by vacancies, xy [14]. The second
lifetime, T2, is the positron lifetime in the vacancy, tv. The lifetime in the vacancy is always longer that the lifetime in the
bulk. The lifetime spectra is analyzed using two lifetime components, n(t)=li/tixe¥™! 1 Io/t2xe¥* . These two exponentials
have different intensities: I, and I, being l1+1,=1. The measured 11, T2, l1 and I, allow determining the values of g, v and «y

according to the following equations [14]:
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= 1+kyXTp (1)
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These relations summarize the well known one trap model [13]. The statistically important average lifetime ta=
t1-l1+12:12 (Which can be estimated with an error of 1ps) allows to know the vacancy concentration according to the following

expression:

ky = = x AVTE Hy X Gy (4)

B Ty=TAV

Where u, is the specific trapping rate and depends slightly on the material. A value 1.5x10%s? is used for Niquel [15,16].
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The vacancy concentration depends on the thermal history of the sample. In a first approximation, the vacancy

concentration in thermal equilibrium, as a function of temperature, can be expressed as a Boltzmann’s relation

C, =Ax exp( Fj where A is usually refereed as the pre-exponent factor, Ey is the formation energy, Kgis the
T
B

Boltzmann constant and T is the temperature. On the other side, when the vacancy concentration is out of the equilibrium a

time dependence can be considered according to C, =C, ><exp(_tj+ce [16], where C,is the concentration of
6 q

vacancies at t=0, Ceq is the thermal equilibrium vacancy concentration at such a temperature and &is a characteristic

relaxation time that can be expressed in terms of the migration energy by 6 = 6, x exp( Ew J where @, is a constant [17].
B

Figure 1 shows the average positron lifetime, measured as a function of the annealing time, at three different temperatures
523 K, 573 K and 623 K, after quenching from 1173°C. For the three temperatures the average positron lifetime can be fitted

to a straight line. The higher the temperature is, the higher the slope of the lines.

To establish a quantitative relation between the average positron lifetime and the vacancy concentration it is necessary to
determine the positron lifetime at the vacancy and at the bulk, see equation (4). Figure 2 shows the time evolution of the
components of the average lifetime at 523 K after quenching from 1173 K. For short annealing times one single component is
present (7, = 1,=181+2ps). This value indicates that positrons are trapped at vacancy type defects [18]. For longer annealing
times two exponentials are present. The longer lifetime is the one related to vacancy type defects (t2). Its lifetime remains
constant up to the highest annealing time used in the measurements. However, the shorter lifetime t1, which is related to g,
and the trapping rate xy, increases with annealing time. Figure 2 also shows the intensity of the first and second lifetimes (I1
and 1). I> decreases from 100% at the beginning to 78% at 16ks. This indicates that the vacancy concentration decreases as
the annealing time increases. Using the values of figure 2, a bulk positron lifetime of tg =136+2ps has been estimated. In the
studied sample three different type of vacancies (monovacancies) could be present: Vi, Vmn and Vea, However, taking into
account that, first, the long lifetime component remains constant for all the performed thermal treatments and second, the one
trap model fits the positron spectra decomposition results (the obtained bulk lifetime remains constant), only one vacancy
type defect has to be considered. This experimental result can be due to the existence of only one predominant vacancy type

defect or, in the case that more vacancy type defects were the predominant ones, their positron lifetimes are very similar and



close to the long lifetime (181+2ps). This value is associated to monovacancies [18] and it is the unique effective vacancy

type defect for positrons in the present study.

Figure 3 shows the relation between the vacancy concentration and the average lifetime obtained using equation 4. This
figure establishes the upper and lower limits of the concentration of vacancies that can be measured in the samples by PALS.
For instance, for samples whose measured average lifetime is 3ps lower than the maximum lifetime (vacancy lifetime, 181ps)
or 3ps higher than the minimum lifetime (bulk lifetime, 136ps) , the range in the vacancy concentration that this technique
could measure is between 670ppm and 3ppm, respectively. Figure 3 combined with the results presented in Figure 1 allows
to obtain the vacancy concentration as a function of the annealing time at different temperatures. Figure 4 shows the vacancy
concentration as a function of the annealing time for the three annealing temperatures. There exists a linear correlation
between the logarithm of the vacancy concentration and the annealing time for each temperature. The slope of every linear
fitting is the inverse of the characteristic relaxation time @ of the elimination of vacancies for each particular temperature, as
previously remarked. The values obtained are: 3500+200 s, 1100460 s and 490+20 s for 250 °C, 300 °C and 350°C annealing

temperatures, respectively.

The characteristic relaxation times, &, can be used to obtain the activation energy of the vacancy migration [17]. The
inset in figure 4 shows the Arrhenius plot of the relaxation time, @. The vacancy migration energy obtained from the plot,
which is directly associated with the vacancy elimination during the annealing process, is 0.55+0.05eV. As far as the authors
know there are not previous experimental references in the literature about the vacancy migration energy in Ni-Mn-Ga
samples. Regrettably, the results of PALS in the present work do not allow differentiating between the three possible types of
vacancies: Vni, Vmn and Vg, , but the fact that the vacancy concentration changes with temperature as a single exponential
decay confirms the previous assumption that there is only one effective vacancy type defect for positrons. Now, since the
three isothermal annealing treatments were performed after quenching from the same temperature (1173 K), the vacancy
concentration at the initial time (t=0) must be the same. In fact, the linear fittings in figure 4 coincide at the same point in the
ordinate axis. This point gives an initial vacancy concentration of 1100+200ppm at room temperature for the sample

quenched from 1173 K.

Finally, figure 5 shows the average positron lifetime at room temperature (right axis) and the vacancy concentration (left
axis) as a function of the quenching temperature. The average lifetime increases with temperature in the 673 K - 873

quenching temperature range. Above 873 K the measured average lifetime keeps constant up to 1173 K since the vacancy
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concentration above 873 K is higher than the upper limit of the sensibility of the technique, see figure 3. Using equation 4,
the vacancy concentration in the as-quenched state can be estimated. Figure 5 shows that the vacancy concentration increases

from 11ppm to 200ppm, when quenching temperature increases from 673 K to 823 K.

In order to evaluate the vacancy lost in the quenching process, the characteristic relaxation time @ can be estimated for

different temperatures using the previous equation @ = 6, x exp( Ew J from which the time dependence of the vacancy
B

concentration can be evaluated. For instance, the relaxation time & at 873 K can be estimated to be 26s, so even if the
sample needs 1s for cooling from 873 K to room temperature through the quenching process, at least 97% of the vacancies
presented should be retained. On quenching from temperatures lower than 873 K the percentage of the retained amount of
vacancies must be higher. Due to the large quenching rate used, the measured vacancy concentration in the as-quenched state
may not differ too much from that of the equilibrium at the different quenching temperatures and the Boltzmann’s relation
described above can be used to determine the vacancy formation energy. The inset in figure 5 shows the Arrhenius plot of the
concentration of vacancies for the data in figure 5. From this plot vacancy formation energy of 0.90+0.07eV is obtained.
Therefore, the self-diffusion activation energy (formation plus migration energies) measured in this work for the effective
vacancy is 1.45+0.07eV. This value is very close to the one obtained for the self-diffusion activation energy for Ni and Mn
by Erdélyi et al. [12] (1.49+0.05eV and 1.46+0.05eV, respectively), using tracers lattice diffusion measurements, and quite
different to the one obtained for Ga atoms [12]. This could indicate that the mayor contribution to the effective vacancy

defect we are measuring in the present work comes from the Ni and/or Mn vacancies.

In summary, positron annihilation spectroscopy (PALS) has demonstrated to be a powerful technique to study vacancies
in ferromagnetic shape memory alloys. The analysis on a Ni-Mn-Ga alloy subjected to several thermal treatments has
allowed us to determine the vacancy concentration and their kinetics. The concentration of retained vacancies increases as the
quenching temperature becomes higher. 1100+200ppm of vacancies are retained in the as-quenched state of a sample
quenched from 1173 K. The vacancy migration and formation energies are 0.55+0.05eV and 0.90+0.07eV respectively for a

NissMnzsGaz sample.
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Figure Captions

Figure 1: Positron average lifetime tay for three different temperatures as a function of annealing time 523 K (square), 573 K
(circle) and 623 K (diamond) for the sample quenched from 1173 K. The straight lines show the linear fit for the

experimental values.

Figure 2: Decomposition of the positron average lifetime for the annealing at 523 K in figure 1. 7, (closed squares), 7, (closed

circles), I; (open squares) and I, (open circles).

Figure 3: Relation between vacancy concentration and measured average lifetime obtained by means of equation 4.

Figure 4: Vacancy concentration (logarithmic scale) for annealing temperatures of 523 K (diamond), 573 K (circle) and 623

K (square) versus annealing time. Inset: Linear fit of the relaxation times of figure 4 versus the inverse of the temperature.

Figure 5: Vacancy concentration in logarithmic scale (full squares in left axis) and the corresponding average lifetime (empty
squares in right axis) as a function of quenching temperature. Inset: Linear fit of the logarithm of the vacancy concentration

versus the inverse of the quenching temperature.
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