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Full Tunability of Strain along the fcc-bee Bain Path in Epitaxial Films
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Strained coherent film growth is commonly either limited to ultrathin films or low strains. Here, we
present an approach to achieve high strains in thicker films, by using materials with inherent structural
instabilities. As an example, 50 nm thick epitaxial films of the Fe;,Pd;, magnetic shape memory alloy are
examined. Strained coherent growth on various substrates allows us to adjust the tetragonal distortion from
¢/apy = 1.09 to 1.39, covering most of the Bain transformation path from fcc to bee crystal structure.
Magnetometry and x-ray circular dichroism measurements show that the Curie temperature, orbital
magnetic moment, and magnetocrystalline anisotropy change over broad ranges.
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Strain effects on functional materials are of great current
interest for improving materials properties. By strained
epitaxial film growth, physical properties can be controlled
and improved, e.g., in semiconductors [1], multiferroic
materials [2], and ferromagnets [3-7]. Moreover, there
are even materials which exhibit functional properties
such as ferroelectricity only in strained films [8].

During epitaxial growth, the film orientation is con-
trolled by the substrate onto which the material is depos-
ited. In addition, a thin film may also adapt its in-plane
lattice parameters to the substrate, even if its equilibrium
lattice parameters differ considerably. The particular case
in which the lattice parameters of the film material are
strained such that they are identical to those of the substrate
is called strained coherent film growth. In common rigid
metals, straining of the crystal lattice by coherent film
growth requires substantial elastic energy. As a conse-
quence, already at strains of a few percent, coherent growth
is limited to ultrathin films with thicknesses of up to several
atomic layers. For the growth of coherent epitaxial films
with high strains and large thickness soft materials should
be used, as suggested by van der Merwe [9]. Such soften-
ing is observed in crystals with lattice instabilities, e.g., in
materials with a martensitic transformation. As an example
how to exploit such a martensitic instability, Godlevsky
and Rabe [10] predicted the possibility to induce a cubic to
tetragonal distortion with ¢/a ratios from 0.95 to 1.25 in
the magnetic shape memory material Ni,MnGa. In fact, in
experiments Dong et al. [11] demonstrated a considerable
epitaxial strain of 3% in a Ni-Mn-Ga film.

This shows that for improved tunability of crystal lattice
and functional properties in thicker films, it is advanta-
geous to exploit lattice instabilities. Here, we report the
preparation of seven evenly distributed stages along the
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Bain path, between face centered cubic (fcc) and body
centered cubic (bcc) structure in 50 nm thick Fe,;(Pds,
films (Fig. 1). The martensitic and ferromagnetic
Fe,oPd;, alloy is well known for anomalous magnetome-
chanical effects such as the magnetic shape memory effect
[12]. We demonstrate the inverse magnetomechanical be-
havior of this compound: By varying ¢/ay, Curie tem-
perature, orbital magnetic moment, and magneto-
crystalline anisotropy are tuned in wide ranges. The ap-
proach can be extended to a multitude of materials with
ferroelastic or martensitic lattice instabilities enabling
large strains. In particular, the possibility to stabilize inter-
mediate lattice geometries and vary smoothly between
stable phases along Bain transformation paths offers new
routes to adjust and understand structure-property relations
in functional materials.

Fe-Pd has been suggested as a model system for mar-
tensitic transformations, already in 1938 [13]. For the
present experiments, it is favorable that the Fe,,Pd;, alloy
exhibits a structural instability resulting in softening of the
crystal lattice near room temperature [14]. In addition,
growth at ambient temperature frequently enables prepa-
ration of coherent films with larger thickness due to the
reduced mobility of dislocations [15]. In the composition
range from Fe,;oPds, to Fe;sPd,s and in the vicinity of
room temperature four phases with different tetragonal
distortions have been observed in quenched, chemically
disordered bulk: fcc, “fct,” bet, and bee [16]. These struc-
tures follow the Bain transformation path [17]. The Bain
path is a geometrical description for the transformation
from fcc to bee lattice. Considering a body centered te-
tragonal (bct) unit cell with the lattice parameters ay
and ¢, [marked by colored atoms and thicker lines in
Fig. 1(b)] one can describe the transformation from
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FIG. 1 (color online).
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(a) A considerable shift of the Fe;oPds, (002),., peak (arrow) is observed in x-ray diffraction patterns that have

been measured on the films grown on different substrate materials (CoK, ). Peak positions expected for fcc and bcc structure are
marked by dotted lines. They represent the boundaries of the Bain transformation. (b) Sketch of the different stages during the Bain
transformation between fcc (top, dark blue) and bec structure (bottom, red). The black lines mark the bct unit cell used to describe this
transformation. (c) Variation of the Fe,oPds, crystal lattice (substrate materials are marked on top). The in-plane lattice parameter ay,.
(open symbols) follows the straight line representing identity with the substrate’s lattice spacing d. The ¢/ ay ratio (solid symbols) is
varied almost from fcc to bee structure by the coherent epitaxial growth. The dotted curve illustrates the expected change of ¢/ay at

constant volume of the unit cell.

fcc (top) to bec lattice (bottom) by a continuous variation
of the tetragonal distortion ¢/ay,, from V2 to 1. In accor-
dance with Bain, we use the bct description of the unit cells
here. The four phases are described by c¢/ay, ratios of
1.41 (fce), 1.33 (““fet”), 1.02 (bet), and 1 (bcec).

Fe,oPd;, films of 50 nm nominal thickness were depos-
ited onto different substrates at room temperature by mag-
netron sputtering from a 2 inch Fe,oPds alloy target. The
substrates consist of a MgO(100) single crystal with differ-
ent epitaxial metallic buffer layers (Rh, Ir, Pt, Pd, Au-Cu,
Fe, and Cr). Details on the growth of the epitaxial films are
described in the auxiliary material available online [18].
The epitaxial growth on the different substrates induces
considerable distortion of the crystal lattice. X-ray diffrac-
tion (XRD) was measured at room temperature. As an
overview over the crystal structure, 6 — 26 diffraction
patterns were recorded in Bragg-Brentano geometry (Co
K,, 0.1789 nm). The diffraction patterns show a (002)
reflection of the epitaxial Fe;yPd;, film [Fig. 1(a), reflec-
tion marked by an arrow]. When varying the substrate, this
reflection shifts by 12.3 degrees. However, it always lies
within the boundaries of the Bain transformation between
the reflection positions expected for fcc and bece structure.
Intensity measured at 26 = 56° is due to the (002) reflec-
tion of the fcc Au-Cu, Pt, Pd, Ir, or Rh layer.

Determination of the lattice constants was performed in
a 4-circle setup with Euler stage (Cu K, 0.1540 nm) [18].

The in-plane lattice parameters of the films are identical to
the substrate lattice spacings [Fig. 1(c)]. This proves a
coherent epitaxial growth in spite of a large variation of
the substrate lattice spacing. The epitaxial strain reaches a
maximum value of 8.3% relative to the Fe,yPds fcc lattice
[19]. Because of the coherent growth, our films are in a
single variant state with both in-plane lattice parameters
ay of the crystal structure’s basal plane fixed by the cubic
substrate lattice, while no constraint exists for the lattice
parameter ¢y, in the out-of-plane direction. The measured
¢/ apy ratio ranges from c/ay, = 1.09 to 1.39, covering
most of the Bain path from bcc to fcc. This corresponds to a
variation of tetragonal distortion by 27% which we could
stabilize in films with a remarkable thickness of 50 nm.
The dotted line in Fig. 1(c) represents the ideal behavior at
constant unit cell volume (c/apy = Vie/20°, Vi =
0.0265 nm® [19]). The experimental data points show
that the assumption of constant volume is justified even
for such large deformations.

The achieved strained film growth indicates very low
energy differences between the crystal structures along the
Bain path. For the present material, this is confirmed by
density functional calculations [Fig. 2(a)]. Electronic
structure calculations for disordered Fe-Pd alloys were
performed with the full potential local orbital (FPLO)
code [20] in the framework of density functional theory.
Disorder was treated in the coherent potential approxima-
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FIG. 2 (color online). (a) Calculated energy required to induce
tetragonal distortions (c¢/ay.) along the Bain path. Compared to
literature data of the common metals Fe [23] and Pd [24] only
little elastic energy is required for a tetragonal distortion of Fe-
Pd. (b) Change of the magnetocrystalline anisotropy constants
K; and K; and the ratio of orbital to spin momentum
(Morb/ Mpin) Of Fe 3d electrons along the Bain path. For each
quantity, the experimental error is represented by an error bar.

tion (CPA) [21] and the exchange and correlation potential
was treated in the local spin density approximation
(LSDA). In the calculations, the c/a. ratio is varied,
while the volume of the unit cell is held constant, as
justified by our experiments. Numerical details of the
calculations are identical to those given in Ref. [22]. In
comparison to the rigid pure Fe [23] and Pd [24], the
energy landscape is very flat along the entire Bain path;
i.e., energy differences between the different c¢/ay,, ratios
are indeed small. Hence, the film-substrate interaction is
sufficient to stabilize large tetragonal distortions in films of
bulklike thickness.

The key property of magnetic shape memory alloys is
their magnetocrystalline anisotropy. Strained epitaxial
growth holds the promise of adjusting this property, be-
yond what is possible by conventional inverse magneto-
striction. On the atomic scale, the origin of the
magnetocrystalline anisotropy is the spin-orbit coupling
of the valence electrons in combination with exchange-
splitting and with the particular electronic structure. We
studied the effect of lattice distortion on the spin-orbit
related properties by measuring the ratio of orbital- to-
spin magnetic momentum (fom/ fspin) Of the iron 3d
electrons by means of x-ray magnetic dichroism along
the [001] crystal direction of four films with considerably
different tetragonal distortion. In addition, we determined
the anisotropy constants K; and K3 of these films by
magnetometer measurements along different crystallo-

graphic directions [001]; [100]; [110] [Fig. 2(b)].
Magnetic measurements with both methods were per-
formed at 300 K [18]. While K defines the work required
to magnetize the material along the hard magnetization
axis [001], K5 is a measure of the anisotropy in the basal
plane of the tetragonal unit cell. All three quantities
(Morb/ Mepin and K, K3) show considerable changes along
the Bain path but similar trends. At ¢/ap, = 1.33, maxi-
mum anisotropy is observed. This value of tetragonal dis-
tortion coincides with the “fct” phase that exhibits high
magnetocrystalline anisotropy and shows the magnetic
shape memory effect in bulk. For the magnetic shape
memory effect, the anisotropy constant K; is a crucial
quantity. We find that due to the strain and tetragonal
distortion, K considerably varies in our series of epitaxial
films. When approaching cubic structures, the magnetic
anisotropy is reduced as expected due to their high sym-
metry. The maximum value of K; = 1.5 X 10° J/m? at
¢/ap = 1.33 is identical with the literature value that
has been reported at T = 100 K for a “fct” single crystal
with ¢/ag, = 0.945 (corresponding to ¢/ay,, = 1.33) [25].

Moreover, the tetragonal distortion of the lattice also
significantly changes the Curie temperature. Temperature
dependent spontaneous magnetization was measured in the
film plane (Fig. 3). The applied field of 1 T is sufficient to
saturate the sample along this direction. Increase in curva-
ture is observed with increasing c¢/ay ratio. To explain
this behavior, the Curie temperature T was evaluated.
According to Kuz’min’s model [26], T~ can be determined
by a fit of the relative magnetization curves (inset in
Fig. 3). The additional shape parameter s that is included
in this model depends on the spin wave stiffness [27].
While the shape parameter does not vary significantly
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FIG. 3 (color online). The curvature of the relative spontane-
ous magnetization versus temperature decreases with increasing
tetragonal distortion. Inset: Curie temperature 7. and shape
parameter s that have been extracted using Kuz’min’s model
[26]. T increases considerably when approaching the bcc
structure. The shape parameter only shows minor changes.
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with tetragonal distortion, the ferromagnetic transition
temperature increases remarkably from 652 K at ¢/a =
1.39 to a value of 829 K at ¢/ay, = 1.09. The extrapolated
value of To = 650 K at ¢/ap, = 1.41 (fcc) is similar to
the literature value of 600 K reported for the fcc phase in
Fe;oPds, bulk [28,29].

In conclusion, by strained coherent growth of 50 nm
thick Fe,oPds, films with inherent structural instability, we
achieve a quasi-continuous variation of the lattice distor-
tion along the Bain path. The magnetic properties of the
Fe,oPd;, films display considerable changes: The Curie
temperature is increased more than 25% with respect to the
value for Fe;oPdso with fcc structure. The ratio of orbital vs
spin magnetic momentum changes by a factor of two. This
is accompanied by an increase of the magnetic anisotropy
from near zero to values close to those of “fct” bulk
Fe,oPd;,. Softening of the crystal lattice and a flat energy
landscape along the Bain path are not a unique feature of
this alloy. Similar lattice instabilities may be exploited in
various functional materials including (magnetic) shape
memory, ferroelectric, multiferroic, or magnetocaloric ma-
terials for extended adjustability of their crystal structure in
strained epitaxial films. This should cause severe changes
in the electronic structure of the materials and, thus, should
allow us to tune magnetic, transport, optical, or even
catalytic properties in a wide range.

The authors thank O. Heczko, M. E. Gruner, J. McCord,
and S. Kaufmann for helpful discussions and U. Besold and
T. Eichhorn for experimental support. This work is funded
by DFG via the priority program on magnetic shape mem-
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