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A B S T R A C T   

We investigate the incommensurately modulated crystal structure in the Ni50Mn27Ga22Fe1 magnetic shape 
memory alloy. We focus on temperature- and stress-induced changes, particularly measuring the a and b lattice 
parameters and the monoclinic angle. The in-situ XRD experiment shows that the thermally-induced commen
surate-incommensurate (C-IC) transition coincides with the change of the average lattice symmetry from 
monoclinic to orthorhombic. The thermally-induced IC structure is stable under uniaxial tensile stress along the 
a-axis for deformation ε < 0.8 %. A mixture of the IC and C structures appears for ε > 0.8 % and the changes 
become irreversible. The volume fraction of the C structure further increases with increasing deformation. These 
results provide vital initial insights into the structural evolution of Ni-Mn-Ga alloys and enable us to establish the 
role of C and IC structures in their extraordinarily high mobility of twin boundaries.   

Ni-Mn-Ga-based alloys are prototype magnetic shape memory ma
terials with multiple unique properties and promising applications 
[1–3]. Extremely low twinning stress (TS) is one of the distinctive 
characteristics of the Ni-Mn-Ga-based martensites [4–11]. Due to the 
low TS, even minor magnetic or mechanical driving forces produce giant 
deformation via twin boundary motion. The lattice of 10M martensite 
can be modulated either commensurately (C) or incommensurately (IC) 
[12–16]. The exact character of the modulation can be crucial given that 
the twin plane is the interface between two modulated twin domains. 
The role of C and IC modulation in extremely low twinning stress is a 
topic yet to be explored. Prior to such an investigation, it is essential to 
understand the transition between C and IC structures, especially in 
relation to the applied stress. 

As suggested by previous investigations [17–19], the IC structure can 
be interpreted as composed of a/b nanotwins. However, the effect of 
stress on nanotwinned structure has not yet been addressed. To reveal 
this effect, we performed a tensile test of the nearly single-variant 
sample (with a/b twins) along the longest lattice direction (a-axis). 
Such loading is not expected to create and move typical twin interfaces, 
such as a/c and modulation twin boundaries [10]. The tension along the 

a-axis produces the highest shear stress in the (110) plane, which is a 
mirror plane for a/b twinning and nanotwinning. We anticipate that 
sufficiently high stress may induce the motion of the a/b nanotwin 
boundaries and ultimately lead to the annihilation of the IC structure. 

The stress-induced effects in Ni-Mn-Ga-based alloys were studied 
previously for reasons such as the twin variant rearrangement [3,6,7, 
20–22], and martensitic and intermartensitic transformations [23,24]. 
Cejpek et al. [25] studied the influence of the tensile stress on the lattice 
parameters and modulation and pointed out the very low Young modulus 
of the material. In this study, our initial focus is on the previously 
described thermally-induced transitions. Building on these observations, 
we evaluate the effects of tensile deformation on IC structure, which has 
not been reported before. 

We selected the Ni50Mn27Ga22Fe1 alloy for this study because it 
exhibited both 10M commensurate and 10M incommensurate martensite 
structures and it was possible to investigate both structures at ambient 
temperatures due to the thermal hysteresis [18,26]. The single crystal 
ingots were grown by directional solidification using [001] oriented seed 
crystal in AdaptaMat Ltd. Curie temperature was TC = 380 K. The samples 
exhibited sharp martensitic transformation at TM = (Ms + Mf)/2 = 330 K 
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and reverse transformation at TA = (As + Af)/2 = 335 K, where Ms ≈ Mf, 
As ≈ Af are martensite and austenite start and finish temperatures, 
respectively. 

The nearly single-variant state of the sample with respect to the short 
c-axis was achieved by multiple reorientations of the c-axis in a saturated 
magnetic field (μ0H ~ 1T). Finally, the short c-axis was perpendicular to 
the longest sample direction. X-ray diffraction proved that after such 
multiple reorientations, the sample had one modulation direction, i.e. 
there are no modulation twins. However, a/b twins still exist. The nearly 
single-variant state was achieved within the commensurate state. To 
obtain incommensurate modulation, the thermally-induced C-IC 

transition and its hysteresis were employed [18]. The sample was cooled 
down to 233 K, crossing the C-IC transition, and then heated back to 
room temperature. The single-variant state with respect to a/c and 
modulation twins remained in the resulting incommensurate state after 
this procedure as proven by X-ray diffraction. At the same time, X-ray 
diffraction demonstrates that a = b making impossible macro a/b twins 
in the IC state (see Ref. [10] for the twinning in cubic coordinate 
system). 

In-situ X-ray diffraction tensile experiments were performed on a 
bone-shape sample with a length of 10 mm and a cross-section of 0.7 × 2 
mm2. A custom-made deformation stage for in-situ measurements was 

Fig. 1. Diffraction data (CuKα1 radiation) confirming the existence and temperature hysteresis of transition between commensurate (C) and incommensurate (IC) 
modulation in Ni50Mn27Ga22Fe1 alloy: 
(a) Q-scan along the [110]* direction in reciprocal space. Diffraction data were recorded at T = 293 K after cooling to 197 K and heating back to 293 K. Satellites marked 
as s-1, s-2, s-3, s-4, s-5 are left group satellites belonging to the main peak (620). The distance between satellites qIC > 0.4 confirms IC modulation. g220 is the (2, 2, 0) 
reciprocal lattice vector. qIC is a modulation vector for incommensurate modulation. (b) Reciprocal space ultra-fast scans around the (400) reflection in the (hk0) 
reciprocal lattice plane showing the nearest s5 satellites at different temperatures. s-5(620) and s5(220) belong to the left and right satellites group correspondingly. The 
satellites are observed in the IC structure and disappear in the C structure. Data was obtained during cooling from 328 K to 233 K and heating back. (c) Measured 
temperature dependence of the half distance (δ) between the s-5(620) and s5(220) satellites and calculated ratio of modulation vector q to reciprocal lattice vector g110 =

0.5g220 using Eq. (1). (d) Temperature dependences of a- and b- lattice parameters. 
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built from a standard linear motion stage with a micrometer. The ends of 
the sample were attached to the stage using strong epoxy and defor
mation was quantified using a micrometer. The working sample part 
without glue was 6.3 mm. The experiments employed two PANalytical 
Empyrean X-ray diffractometers, one equipped with a Cu and another 
with a Co tube. The Cu-based diffractometer featured a polycapillary 
parallel-beam lens, Anton Paar domed cooling stage DCS 500, an 
Eulerian cradle, and a PIXcel3D detector. Co-based diffractometer was 
equipped with a hybrid monochromator (parabolic mirror + double 
bounce Ge(220) monochromator). To mitigate the effects of crystal 
mosaicity or slight misorientation, ω− 2θ scans were conducted in 
scanning line detector mode. This approach integrates contributions 
from slightly misoriented crystallographic domains within the detector 
acceptance range (3.35◦). Thus the measurement is not affected by the 
typical 0.2–1◦ crystal misorientations from mosaic, which are common 
in Ni-Mn-Ga single crystals [7]. 

Fig. 1a shows a q-scan in the [110]* direction for the IC structure at 
room temperature. The scan reveals two main peaks (400) and (620) as 
well as modulation satellites. This observation is consistent with the data 
reported by Vertat et al. [18]. All satellite reflections can be indexed 
using a single modulation vector. Satellites of the 1st to 5th orders to the 
left from the (620) reflection are denoted as s-1 to s-5. Satellites located 
on the right side of a main peak, in the direction of the modulation 
vector [110]*, are assigned positive indexes. 

The distance between the satellites is equal to qIC which exceeds the 
value of g220/5, expected for a 10 M lattice with C modulation and 5qIC =

g220 + δ, where g220 is a reciprocal lattice vector illustrated in Fig. 1a. 
Given that g220 = 2g110, a relationship between distances can be 
expressed as follows: 

qIC = g110[0.4+ δ / 5g110], (1)  

which is equivalent to equations used in previous publications [12–16, 
18]. 

Each main peak of the IC structure is between the two nearest sat
ellites belonging to the neighboring main peaks, e.g., the (400) peak has 
the nearest satellites s-5(620) and s5(220). The distance between these 
satellites is marked as 2δ in Fig. 1a. To verify the temperature hysteresis 
of the qIC, as reported in [18], we measured the distance between the 
nearest satellites, 2δ. This was done by performing narrow reciprocal 
space scans of the (400) peak while cooling and heating. This method 
allows to observe the transitions between the structures (C or IC) faster 
and thus with finer temperature steps during in-situ experiments than 
performing full q-scans or larger reciprocal space mapping. The inves
tigated range of q-vectors is highlighted in red in Fig. 1a. The measured 
maps are presented in Fig. 1b. The figures provide evidence of the 
temperature dependency of 2δ and, using Eq. (1), also of qIC. Fig. 1c 
shows the hysteretic temperature dependency of the measured δ. The 
values qIC/g110 were determined using Eq. (1), where g110 was consid
ered constant and equal to g110 (293 K), since the temperature depen
dence of g110 was weak compared to the dependency of 2δ. 

During cooling from 328 K to 293 K (Fig. 1b), the nearest satellites 
are not detected (δ = 0), and qIC = 0.4g110, indicating a commensurate 
modulation. Upon further cooling from 293 K to 283 K, the satellites 
appear and δ rises abruptly from 0 to 0.11 nm− 1 (Fig. 1c), indicating a 
transition to incommensurate modulation. Further cooling leads to a 
smooth increase of the δ to 0.2 nm− 1 at 233 K. Heating results in a 
decrease of δ to 0.128 nm− 1 at 313 K. Rates of changing δ are different 
during cooling and heating. During heating from 313 K to 323 K the 
satellites disappear and δ changes abruptly from 0.128 to 0 nm− 1, 
manifesting that modulation became commensurate again. The 
observed thermal hysteresis in the δ and corresponding qIC/g110 is in 
correspondence with the data presented in [18]. 

To sum up, our observation confirms the thermally-induced C-IC 
transition with decreasing temperature and its temperature hysteresis in 
10 M Ni50Mn27Ga22Fe1 martensite. The magnitude of the modulation 

vector qIC increases with decreasing temperature. 
To determine the unit cell parameters of the average lattice, the 

diffraction pattern’s modulation satellites are excluded, and only the 
primary reflections are considered [27], as we previously used in [28]. 
For conducting the measurements at different temperatures, we com
pressed and constrained the sample along the c-axis at room temperature 

Fig. 2. Diffraction experiments on the IC sample under tensile stress. 
(a) Schematic representation of the sample (001) or a-b plane in two conditions. 
Left, is an initial orthorhombic IC crystal structure, a = b, γc > 90◦, γd = 90◦ For 
comparison, the right shows the C crystal structure with monoclinic symmetry. 
In this structure a > b, γc > 90◦, γd < 90◦ (see [19,28]). D1 and D2 are half of the 
diagonals in a parallelogram built on a- and b-axes for modulated lattices in 
cubic coordinates. (b) Schematic representations of the sample orientation in 
diffraction experiment under tensile stress σ. (c) Influence of applied tensile 
deformation on (062) peak. Splitting of the peak under tensile deformation 
above 0.8 % relates to the appearance and changing of volume fractions of 
two-state structures: the parent IC with a = b and the new C with a > b. In the C 
structure, only peak (062) is observed from the two possible (602) and (062), as 
the long a-axis is preferred along the tensile stress and thus only the b-axis is 
present in the diffraction plane. 
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to simplify variant microstructure (see detail in [28]). Nevertheless, the 
sample still contained a/b twins in the C state. Thus, the direct deter
mination of the a- and b-lattice parameters using 2θ angles of (400) and 
(040) in 10 M martensite could be problematic due to the peak overlap 
originating from this a/b-twinning [17]. To improve the accuracy, we 
derived the lattice parameters from 2θ for (602), (062) and (004) peaks, 
where the 2θ angle for the former two is significantly higher and there 
are no overlaps. The used peaks, similarly to (400) and (040), do not 
depend on lattice monoclinic distortion, thus the lattice parameter 
calculation is straightforward. 

Temperature dependences of lattice parameters a and b are shown in 
Fig. 1d. At 328 K, the lengths of lattice parameters a and b differ, a > b. 
During cooling the difference between a- and b- parameters further in
creases. A third peak, emerging between the original (602) and (062) at 
288 K, grows in intensity within the range 288–268 K. Simultaneously, 
intensities of the original peaks decrease, and they vanish at 258 K. 

In the nanotwinning model, the concurrent presence of these three 
diffraction peaks was attributed to an intermediate state, characterized 
by a mixture of coarse microtwins and nanotwins [17,19]. Using a more 
conventional approach, the behavior of the intensities of the peaks can 
be interpreted as the transition between two states C (a > b) and IC (a =
b) with a region of coexistence (C + IC) [29,30]. Upon heating from 218 
K, a single peak persists up to 323 K, implying that the alloy has equal 
lattice parameters a and b after cooling over a wide temperature range. 

Additionally, we measured the temperature dependencies of the short 
c-axis and 2θ angles for (444) and (444) peaks, whose difference directly 
relates to the lattice monoclinic angle γc as presented in Ref. [28]. The 
c-axis length increases with increasing temperature. The cooling and 
heating curves match in all temperature range, with no hysteresis. The 2θ 
difference of the (444) and (444) peaks positions and corresponding 
monoclinic distortion decreases with increasing temperature. Tempera
ture dependences are again smooth and show no hysteresis. 

Thus, there is no hysteresis in the thermal evolution of the c-axis and 
the lattice monoclinicity γc. In contrast, the lengths of the a- and b-axis 
exhibit thermal hysteresis, which correlates with the thermal hysteresis 
observed in modulation vector magnitude qIC, Fig. 1c. This difference 
can be explained by the different symmetries of the average lattices of 
the C and IC structures [12], see Fig. 2a. Symmetry of C structure is 
monoclinic with a > b, γc > 90◦, and γd ∕= 90◦, where γd is an angle 
between diagonals in the parallelogram build using the lattice parame
ters a and b, Fig. 2a, also see Ref. [28]. The IC structure is orthorhombic 
and – despite that angle γc ∕= 90◦ is the same as in the C structure – the a 
= b (Fig. 1d) implies γd = 90◦ [17,19,28]. The different lattice symme
tries enable the simultaneous existence of thermal hysteresis in the a- 
and b- axes together with no thermal hysteresis for the c-axis and 
monoclinicity γc upon C-IC-C transition. 

Summarizing the thermally induced effects, we observe a C-IC-C 
transition with a large thermal hysteresis. The lattice parameters for 
both structures are presented in Table 1. While the C structure exhibits a 
monoclinic symmetry, the IC structure is orthorhombic. Consequently, 
the C-IC transition results not only in the change of modulation vector 
but simultaneously also in the apparent merging of different a and b axes 

((602) and (062) peaks) into a single unified length a = b, evidenced by 
the single central peak. Previously, the evolution of the peaks was 
explained by the nanotwinning of the lattice but it can also be inter
preted as a transition between C and IC structures, with a region of 
coexistence C + IC. Further tensile experiments exploit the fact that the 
structure can be either commensurate or incommensurate at the 
ambient temperature. 

To assess the stability of the IC structure, we conducted a tensile test 
involving load-unload cycles on a single-variant IC sample, applying 
stress along the longest lattice direction, the a-axis. Such loading is not 
expected to result in the a/c or modulation twin boundary motion [10] 
but can stimulate the motion of the a/b nanotwin boundaries with the 
twinning plane (110) and ultimately lead to the disappearance of the IC 
structure. As the applied stress was not measured in our experiment no 
stress-strain curve is available. However, the stress-strain curve of 
similar material with commensurate modulation was published by 
Cejpek et al. [25], which indicates the exceptionally small Young’s 
modulus of 10M martensite along the a-axis. 

We utilized changes in the diffraction line position, specifically the 2θ 
angle, under tension, to probe deformation in several directions approx
imately perpendicular to the a-axis. We found that the direction of normal 
to the plane (062) was suitable for such investigation of bulk single 
crystal. It was less than 20◦ away from the direction of the "b"-axis but had 
a higher 2θ angle than the other planes used for the measurements (044) 
and (060). Plane (060) also had a high 2θ angle, but its intensity was 
much smaller compared to the (062) line. Fig. 2b shows schematically the 
sample orientation in our diffraction experiment under tensile stress. 
Parallel beam X-ray optics with a monochromatic CoKα1 radiation were 

Table 1 
Lattice parameters of C and IC crystal structures in Ni50Mn27Ga22Fe1 alloy at 293 
K, given in cubic (L21-derived) and diagonal coordinates (see Ref. [28] for 
details).  

Coordinate system Cubic Diagonal 

Commensurate structure a = 5.979 Å D1 = 4.229 Å  
b = 5.942 Å D2 = 4.200 Å  
c = 5.572 Å c = 5.572 Å  
γc = 90.39◦ γd = 89.64◦

Incommensurate structure a = b = 5.963 Å D1 = 4.231 Å  
c = 5.572 Å D2 = 4.202 Å  
γc = 90.39◦ c = 5.572 Å   

γd = 90◦

Fig. 3. Reciprocal space map around the (040) reflection in the (hk0) recip
rocal lattice plane. Data are obtained with Cu radiation and a polycapillary X- 
ray lens in the incident beam optics (without a monochromator). 
(a) Sample in initial state without deformation, ε = 0 %. The s1(040), s-1(040), 
s-5(260), and s5(220) satellites are visible, indicating the IC modulation state. 
Other less intensive peaks (not marked) are related to the absence of a mono
chromator and a small volume fraction of the second modulation domain in the 
sample. (b) Sample under tensile ε = 1.43 %. The s-5(260) and s5(220) satellites 
vanish, providing evidence of the transition from the IC to the C modulation 
state during the tensile deformation. 
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utilized to decrease the sensitivity of 2θ angle on the sample displacement 
and to increase the 2θ angle in comparison to Cu radiation. As shown in 
Fig. 2c, the (062) 2θ angle is greater than 145◦, allowing us to detect very 
small changes in lattice spacing and the peak splitting is correspondingly 
better resolved. 

Reciprocal space mapping was performed to probe directly which 
structure (C or IC) is in the sample under tensile stress. Fig. 3 shows the 
(040) peak with the nearest satellites at different deformations. At the 
initial state (ε = 0 %), there are two s-5(620) and s5(220) satellites near 
the (040) peak, confirming the presence of the IC structure. When the 
sample is deformed to ε = 1.43 %, these satellites disappear (Fig. 3b). 
Only the s-1(040) and s1(220) satellites remain, marking the progressing 
transition to the C structure. 

Fig. 4 displays how the 2θ position of (060) and (062) peaks vary as a 
function of deformation along the a-axis, and alongside the calculated b- 
axis length is shown. Deformation ε along a-axis was determined from 
micrometer reading and sample length. Loading above ε > 0.8 % leads to 
the emergence of a new peak located at a higher 2θ-angle (for both (060) 
and (062) peaks). We conclude that this peak is related to the b-axis of the 
emerging C monoclinic state (Fig. 1d). Length of the b-axis in the C 
monoclinic state is shorter than the b = a axis in the IC orthorhombic 
structure. The new peak, together with the initial peak, continues to shift 
to a higher 2θ-angle with increasing deformation. Figs. 2c, 4a, b, c illus
trate that the two-state structure (C + IC) exists in the broad range of 
deformation above ε > 0.8 %. The volume fraction of the monoclinic C 
state increases with deformation on account of the IC orthorhombic state, 
as demonstrated by the peak intensity redistribution in Fig. 2c. 

The loading-unloading cycles up to deformation ε = 0.8 % are 
reversible and result in the same 2θ peak positions at ε = 0 prior to and 
after loading (Fig. 4d). The orthorhombic symmetry remains, thus the 
strain level to modify the IC structure is above 0.8 % deformation. 
Unloading from the deformation exceeding ε = 0.8 % is not reversible 
(Fig. 4d). The unloaded state consists of a mixture of both C and IC 
domains. During the unloading from the deformation above ε = 0.8 % 
the split peaks found at high levels of deformation (Fig. 2c) shift to 
smaller 2θ angles. At an almost unloaded state, the third peak emerges 
from the left side of the initial peaks (Fig. 4d). These three peaks 
correspond to different a- and b-axes in the C state and one (central) 
peak in the IC state due to a = b. The indexation and positions of the 
peaks are shown in Fig. 4d. The calculated a- and b-axis lengths corre
spond to the lattice parameters of the C and IC structures given in 
Table 1, with small deviations caused by the incomplete unloading. Two 
peaks in the C structure indicate the appearance of usual a/b twin do
mains in the unloaded state. 

In summary, we explored the stability of the incommensurately 
modulated crystal structure in the Ni50Mn27Ga22Fe1 magnetic shape 
memory alloy under uniaxial tensile stress. Emphasizing the tempera
ture- and stress-induced changes, the investigation focused on 
measuring the a and b lattice parameters and the monoclinic angle. Key 
findings are: 

I. The thermally-induced commensurate-incommensurate (C-IC) tran
sition coincides with a transformation from monoclinic to ortho
rhombic lattice symmetry. 

Fig. 4. (a)-(b) 2θ-angle vs. strain for (060) and (062) peaks. (c) Length of b-axis vs. strain. (d) Diffraction patterns near the (062) peak at different sample conditions 
(1) 0 % of deformation; (2) after loading to 0.48 % deformation and unloading to almost 0 %; (3) after loading up to 1.43 % deformation and unloading to almost 
0 %. The peak positions for C and IC structures correspond to the following lattice parameters: aC = 5.981 Å, bC = 5.946 Å, aIC = bIC = 5.962 Å. These parameters are 
close to the data presented in Table 1. (4) upon loading to 1.43 % deformation. 
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II. The IC structure maintains stability under uniaxial tensile stress 
along the a-axis until deformation of ε = 0.8 %. Beyond this 
threshold, a mixture of IC and C structures emerges, with the C 
structure becoming more predominant as deformation increases. 

This study provides significant insights into the structural evolution 
of Ni-Mn-Ga alloys, particularly in relation to tensile deformation. It 
establishes the role of C and IC structures in the material’s response to 
mechanical forces. Based on our results and phase diagram presented in 
Ref. [17] we suggest that material with extremely low twinning stress 
such as reported in [9] should have IC modulation. This points out that 
the investigation of the physical properties of the IC structure is prin
cipal for the MSM field. 
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