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When processing Fe-Pd ferromagnetic shape memory thin films, selection of the desired phases and
their transformation temperatures constitutes one of the largest challenges from an application point of
view. In the present contribution we demonstrate that irradiation with 1.8 MeV Kr* ions is the method of
choice to achieve this goal: Single crystalline Fe,Pd; thin films that are grown with molecular beam
epitaxy on MgO (001) substrates and subsequently irradiated with ions reveal a phase transformation
along the whole phase transformation path ranging from fcc austenite to bcc martensite. While for
10" ions/cm? a fcc-fet phase transformation is observed, increasing the fluence to 5 X 10'* ions/cm?
and 5 X 10" jons/cm? leads to a phase transformation to the bec phase. Pole figure measurements reveal
an orientation relationship for the fcc-bee phase transformation according to Nishiyama and Wassermann.
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Fe-Pd based alloys have attracted tremendous interest
during the past 30 years—initially due to their Invar [1] as
well as magnetic properties [2], and, more recently, owing
to their magnetic shape memory (MSM) behavior [3] with
theoretical strains up to approximately 5%. Their main
advantages over the most common MSM alloy, Ni-Mn-
Ga, are higher ductility and recently demonstrated biocom-
patibility [4]; applications such as biomedical actuators or
sensors thus seem possible. Fe,;Pd; exhibits four different
metastable phases: the austenite fcc phase and three mar-
tensite phases (fct, bet, and bec) [5]. The MSM effect due to
variant reorientation is only observed within the fct phase,
since only this phase fulfills both the requirements of a high
mobility of twinning dislocations and a high magnetocrys-
talline anisotropy [6]. The metastable phase diagrams for
bulk poly- and single crystals [5,7,8] reveal that to obtain
the fct phase at room temperature the composition must be
controllable by a few 0.1 at.%, while thin film stresses due to
substrate constraints [9] and surfaces [10] shift phase equi-
libria—similar to external stresses [11]. Inspired by these
effects, the present work aims at exploring the influence of
generalized internal stresses due to (i) point defects and
(ii) deviations from equilibrium short-range order. While
the former are stresses in a strict mechanical sense, the latter
are defined here as the conjugate variable of the short-range
order parameter. The presence of short-range order in re-
laxed Fe-Pd samples has, in fact, been demonstrated in
recent conversion electron MoBbauer spectroscopy mea-
surements [12]. In a given sample, manipulation of both,
(i) and (ii) can conveniently be achieved by means of
irradiation with energetic ions (see, e.g., Ref. [13] for a
suitable review on ion-induced effects in matter).

Crystallography of the martensite transformation in
Fe,Pd; is far from being understood in all its details at
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this point: While the twinning mechanism for the fcc « fct
transformation has been studied [14] and the habit plane has
been predicted on theoretical grounds [15], it has never been
observed experimentally. The orientation relationship (OR)
between parent and product phases, on the other hand, has
neither been clarified theoretically nor experimentally. A
precise knowledge of the latter is essential for the under-
standing of all phenomena related to the martensite phase—
including magnetically induced reorientation of martensite
variants, viz. the MSM effect. Since the OR is unknown at
this point, many authors (e.g., Ref. [9]) assume a Bain [16]
OR. Although the latter can be formally employed for
transforming the phases into one another (and thus for
thermodynamic integration [10]), it has to be regarded as
approximation and has never been observed experimen-
tally. In fact, pure Bain transformation resulting in a Bain
OR can never leave one plane undistorted and unrotated.
The existence of this so-called habit plane is, however,
the basic principle of the phenomenological theories of
Wechsler, Lieberman, and Read [17] and Bowles and
MacKenzie [18]. According to these theories, a fcc-bee
martensite transformation can be described by a Bain strain,
a rigid body rotation and a lattice invariant deformation,
which can be twinning or slip. Thus the study of the OR
between parent and product phase is essential to understand
the crystallography of the martensite transformation.
Experimentally observed OR are generally given by
Kurdjumov and Sachs [19], Nishiyama and Wassermann
(NW) [20,21], Pitch [22], and Greninger and Troiano [23].

500 nm thick Fe,Pd; films were epitaxially deposited
with total deposition rates of 1.5 A/s on MgO (001) single
crystalline substrates with epipolished surfaces [24]. Films
were synthesized at 850 °C by two independently rate
controlled electron beam evaporators in a UHV system
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with a base pressure better than 3 X 10™° mbar. To ex-
clude errors due to compositional fluctuations, each of the
1 cm? large samples were cut into four pieces, three of
which were irradiated with 1.8 MeV Kr* ions up to differ-
ent fluences—10'* ions/cm?, 5 X 10" ions/cm?, and
5 X 10" ions/cm? for the sample presented in the follow-
ing. The composition measured by EDX was Fe-29 at.%
Pd, which means that the sample resides very close to the
phase transformation fcc « fct [7,8]. A 6 — 26 XRD
measurement revealed the prevalent austenite (fcc) phase
of the unirradiated sample with a lattice parameter of
(3.77 £ 0.01) A.
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FIG. 1. Stereographic projections onto the austenite fcc (001)
plane of the (200)/(020) and (002) fct pole figure measurements.
While y ranges from 0° to y = 3°, the circles have a step
increment of 1°. Pole figures in the left and right columns are
measured at 26 = 46.7° (long axis perpendicular to surface) and
20 = 49.1° (short axis perpendicular to surface), respectively.
Also given are the maximum (/,,) and integrated (/;) intensities.
The measurements reveal a fcc to fct phase transformation
for a fluence of 10'* jons/cm?. A fluence of 5 X 10'* ions/cm?
results in transformation towards the bcc phase.

Three pole figures were measured for each fluence: Two
were conducted for the fct phase at 20 = 46.7° and 26 =
49.1°, corresponding to variants with their long a and short
c axes, respectively, aligned normal to the surface or, equiv-
alently, the (200)/(020) and (002) reflexes of fct. Pole
figures were generally recorded from ¢ =0° to ¢ =360°,
while for the fct pole figures y = 0° to y = 3° was chosen.
Here, y denotes the tilt angle and ¢ the angle of rotation, as
shown in Fig. 1. This y range covers all poles of the fct
variants, since the tilt angle for a fct variant is less than 1.6°
[25]. The beec phase was investigated by one pole figure
in the range from y = 0° to y = 88° and at an angle of
20 = 62.3°, where diffraction from {200} planes can be
observed. The angular increment of the measurements
was chosen as 1° for y and ¢, while the integration time
for each data point was 1.0 sec for fct and 0.6 sec for bec
pole figures. The whole set of parameters is summarized
in Table L.

The fct pole figures are shown in Fig. 1, as measured at
260 = 46.7° (left) and 26 = 49.1° (right), respectively. For
the unirradiated film only weak intensities of 118 and 116
counts are detected for both of its fct pole figures, while the
integrated intensities yield 2.5 X 10* and 3.8 X 10* counts
for the fct poles at 260 = 46.7° and 26 = 49.1°, respec-
tively. The existence of minor amounts of fct martensite in
the unirradiated film clearly reflects the proximity to the
austenite < martensite phase transformation. Irradiation
with 10'* ions/cm? creates a more distinct fourfold pattern
for both fct pole figures and leads to an increase of
maximum intensities to 246 (20 = 46.7°) and 289 counts
(260 = 49.1°). The integrated intensities increase to
1.2 X 10° (260 =46.7°) and 1.1 X 10° (20 = 49.1°)
counts, which correspond to a relative increase of fct
contributions by factors of 4.8 (20 = 46.7°) and 2.9
(260 = 49.1°). The fct pole figures show an alignment of
the tilted cells along [100] and [010], as can be seen in
Fig. 1(b). This finding is in accordance with the fcc-fct
transformation mechanism of Refs. [14,26], that propose
shear along {110} ,(110),,, where the subindex represents the
austenite phase. A higher fluence of 5 X 10'* ions/cm?
leads to decreasing maximum (68 and 80 counts) and
integrated (3.6 X 10* and 2.7 X 10* counts) intensities for

TABLE I. Parameters underlying the present pole figure
measurements: fct and bce pole figures where measured from
x =0°to y =3°and y = 0° to y = 88°, respectively. For the
sake of completeness the experimentally observed fcc lattice
parameter is also given.

Phase Lattice parameter [A] 26[°] Measured x-range [°]
fcc ag = 3.77
a=3.89 46.7 0-3
fet c =371 49.1 0-3
bce ap = 2.98 62.3 0-88
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the fct phase, indicating further transformation towards bcc.
The fct pole figures of the 5 X 10'° ions/cm?-irradiated
sample is not shown in Fig. 1, since its shape, maximum
intensities of 64 and 84 counts and integrated intensities of
2.4 X 10* and 2.0 X 10* counts are very close to the data
obtained for 5 X 10'* ions/cm?.

At 260 = 62.3°, diffraction from {200} planes of the bcc
phase of Fe,;Pd; can be observed. Prior to ion irradiation,
the 26 = 62.3° pole figure exhibits four peaks, that can be
assigned to MgO {220} diffraction. This can also be found
at 26 = 62.3°—keeping in mind that all measurements
within this manuscript were performed with the MgO
substrate attached. As shown in Fig. 2(a), irradiation with
10'* ions/cm? does not induce additional poles in the bce
pole figure, because this fluence results in a fcc-fct phase
transformation, as explained before. Irradiation with
5 X 10'* ions/cm? leads to the appearance of four new
poles at y = 8° and twelve new poles at y = 45°, as
depicted in Fig. 2(b). Four of the new {200} bcc poles
overlap with the {220} diffraction peaks of the MgO sub-
strate, which can both be found at y = 45° and ¢ = 0°,
90°, 180°, and 270°. This overlapping can be uncovered by
exactly comparing these four peaks in Fig. 2(b) with 2(a).
When irradiating the sample with 5 X 10'* ions/cm?, a
broadening of the latter can be observed. This indicates
the existence of four new {200} bcc poles, which can be

a)lx10™ ions/cm? b) 5 x 10** ions/cm?

d) Simulatirén”

c) 5 x 10'% jons/cm?
- [Tooyy

FIG. 2 (color online). Stereographic projections onto the
austenite fcc (001) plane of {200} pole figure measurements at
20 = 62.3° ranging from y = 0° to y = 88°—after 1.8 MeV
Kr* ion irradiation with fluences of (a) 10' ions/cm?,
(b) 5 X 10" ions/cm? and (c) 5 X 10'5 ions/cm?. (d) shows a
pole figure simulation of an OR according to NW (ranging to
X = 90°). The large circles represent equidistant y increments
of 15°, while the numbers denote 12 variants.

assigned to the variants 11, 5, 10, 7, 8,2, 4 and 1, as shown
in Fig. 2(d). At each of these four poles we find two
variants. When comparing the fct and bcc pole figures
of the 5 X 10'* ions/cm?-irradiated sample with the
pole figures of the 10'* ions/cm?-irradiated sample [fct:
Figs. 1(b) and 1(c); bce: Figs. 2(a) and 2(b)] an increased
amount of the bcc phase and a simultaneously reduced
amount of fct phase can be observed. This finding nicely
illustrates, that irradiation with 5 X 10'* jons/cm? trans-
forms fcc to bce with an intermediate fct phase, as ex-
pected. Irradiation with 5 X 10'* ions/cm? on the other

TABLE II. Simulated and experimentally observed positions
of the {200} peaks of pole figure measurements. The simulated
positions are derived from the 12 martensite variants according
to the NW OR transformed from a (001)[100] austenite [27]. The
plane of projection is austenite fcc (001).

Simulation Experiment
Variant x°] ol°] 1= 1° pl* ] 1°
83.1 6.9
1 45.8 103.6 43.7 102.7
45.0 270.0 45.0 269.2
83.1 83.1
2 45.8 3464 44.1 347.6
45.0 180.0 44.9 180.5
3 9.7 45.0 8.2 45.8
80.3 225.0 80.1 225.2
83.1 173.1
4 45.8 76.4 44.4 76.5
45.0 270.0 45.0 269.2
83.1 96.9
5 45.8 103.6 43.7 103.7
45.0 0.0 44.5 1.7
6 9.7 135.0 8.7 138.8
80.3 315.0 80.4 315.7
83.1 353.1
7 45.8 256.4 44.9 258.6
45.0 90.0 44.9 90.0
83.1 286.9
8 45.8 13.6 44.0 12.9
45.0 180.0 44.9 180.5
9 9.7 315.0 83 311.5
80.3 135.0 80.4 1359
83.1 186.9
10 45.8 283.6 44.0 283.0
45.0 90.0 44.9 90.0
83.1 253.1
11 45.8 166.4 45.0 169.0
45.0 0.0 44.5 1.7
12 9.7 225.0 8.4 223.8
80.3 45.0 79.8 45.9

195704-3



PRL 109, 195704 (2012)

PHYSICAL REVIEW LETTERS

week ending
9 NOVEMBER 2012

hand clearly leads to a pronounced bcc pole figure, as
shown in Fig. 2(b).

Measured {200} bee poles and their simulated counter-
parts, assuming an OR according to NW, show excellent
agreement [Figs. 2(c) and 2(d)]. The stereographic projec-
tion of the simulated pole figure of Fig. 2(d) has been
derived employing data from Ref. [27]. Table II compares
{200} experimental (5 X 10" ions/cm?) and simulated
poles due to NW. The OR according to NW is given by

{111},1{110},, and (112), || (110),,

Each bec variant is cubic and therefore shows three {200}
poles in the pole figure simulation. Four poles can be found
at y = 90°. These poles belong to the variants 3, 12, 6 and 9,
as can be seen in Fig. 2(d). These four poles are not measured
in the {200} bee pole figure because the range of the pole
figure was y = 0° to y = 88°. Even when extending the
range of measurement to y = 90° these poles would not be
accessible without tilting the sample. Additional eight poles
are missing in the bec pole figure of Fig. 2(c), which can be
found in the simulation at y = 83.1°. This might be due to
reduced x-ray intensity for high y angles. The intensities of
the bec pole figures are represented in logarithmic scale.

When comparing the shear underlying the NW OR
{111},(112), [28]—as observed for the fcc-bce transfor-
mation—with transformation shear of fcc-fct given by
{110},(110), according to Ref. [26], it can be concluded
that two different shear systems are involved along the fcc-
fct-bcc martensite transformation. These two shear sys-
tems might explain two frequently observed phenomena:
(i) The spearhead structure within the fct matrix, which is
found when transforming from fct to bet-bee [8] is a result
of intersecting shear systems; (ii) the nonthermoelasticity
of the fcc-bce martensite transformation [29] might also be
caused by the intersection of both differently orientated
shear systems.

The amount of the austenite fcc phase in the unirradiated
sample which transforms to martensite fct and bcc due to
ion irradiation is estimated by # — 260 XRD measurements
of the four samples. The intensity of the (200) fcc peak of
the unirradiated sample falls to 5% (4%, 2%) after ion
irradiation with 1 X 10 ions/cm? (5 X 10'* ions/cm?,
5 X 10" jons/cm?). This means that almost the whole
fcc phase transforms due to ion irradiation. This finding
is confirmed by SEM and AFM measurements which show
surface twins covering the whole surface of the irradiated
samples. Since the unirradiated sample is in the austenite
phase it does not show any surface twins at all.

In the following we aim to address the physical founda-
tions of ion-irradiation-induced phase tuning in Fe-Pd. As
mentioned in the very beginning of this Letter, our present
study was initially motivated by the notion that generalized
stresses due to point defects and disorder within the
sample are capable of increasing the austenite-martensite,
as well as the intermartensite transition temperatures—just
like external stresses do as described by the Clausius-

Clapeyron equation [30]. It is well established [13] that
1.8 MeV Kr™ irradiation at room temperature introduces
Frenkel pairs and disorder within the sample, while also
extended thermal spikes occur in the course of a collision
cascade. As the latter constitutes local liquidlike regions
that are rapidly cooled down within some psec by the
surrounding materials, it seems necessary to separate
thermal-spike related materials modification from the im-
pact of point defects and disorder. To this end, we verified
that an equivalent dose (in terms of defect generation den-
sities) of 1.9 MeV He™ ions is capable of inducing a similar
phase change as 1.8 MeV Kr". Indeed, the Fe;Pd; films
transform from austenite to martensite at a fluence of
3.7 X 10'7 ions/cm?. As extended thermal spikes are es-
tablished to be absent during He™ irradiation, this finding
strongly supports the picture that defects and disorder are
the clue to develop an understanding. As recent conversion
electron MoBbauer spectroscopy measurements of the
present samples indicate, ion irradiation at ambient condi-
tions only has a minor effect on short-range order or dis-
order in Fe-Pd [31]. Based on these findings we conclude
that ion-irradiation induced point defects are the origin of
the presently observed phase transition—most prominently
interstitials due to their higher stress fields than vacancies.

To conclude, ion irradiation allows for fine-tuning of the
austenite and martensite phases from fcc to bec in Fe-Pd
MSM alloys. Furthermore, the OR for the fcc to bee phase
transformation was determined to be according to NW.
Two different shear systems are involved in the martensite
transformation. While the shear system of the fcc-bec
transformation is {111},(112),, the shear observed for the
fce-fet transformation is {110},(110),. Thus, the possibil-
ity of inducing the martensite transformation and fine-
tuning the martensite phases by ion irradiation provides a
way to sustainably manipulate the Fe;Pd; phase post dep-
osition—for use in application and further fundamental
studies on the nature of the transformation.
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