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Abstract

We use X-ray diffraction to confirm that the 5M phase of the stoichiometric Heusler alloy Ni2MnGa has an incommensurate mod-
ulation with wavevector q ¼ ½0:428 0:428 0�. We find the crystal to be macroscopically twinned with a structure well described by the
theory of martensitic phase transitions, though theoretical calculations of the X-ray diffraction rule out the existence of an adaptive
phase. The premartensite phase is found to be slightly incommensurate with q ¼ ½0:341 0:341 0�.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The Heusler alloy Ni2MnGa is one of those materials
that has found practical applications well before its micro-
scopic properties have been fully understood. For example,
Ni2MnGa is used in actuators due to its magnetic shape
memory properties [1,2], even though its crystallographic
structure is still a matter of debate. It is well understood
that the magnetic shape memory effect, which gives rise
to a magnetically induced strain of up to 10% [3], arises
due to the coexistence of ferromagnetism and a structural
martensitic (MT) transition. The MT phase, however, has
been described as tetragonal, orthorhombic or monoclinic,
with the unit cell either non-modulated (NM) or roughly
5-, 7- or 10-fold elongated along {110} due to modulation,
stacking or adaptive twinning [4–6]. While many of the dif-
ferences are real and occur because different stochiometries
indeed do have different MT structures [7], it has recently
been suggested that the modulations can be explained as
an adaptive phase [8], contradicting earlier work [4]. In
order to perform calculations aimed at explaining the
microscopic origin of the MT transition or predicting
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new properties, the correct structure is of course of para-
mount importance. For instance, a low-frequency optical
phonon mode observed in the MT phase [9] is not predicted
by calculations of the phonon dispersion curves based on a
NM tetragonal structure [10,11].

In the case of Ni2MnGa the MT transition is a struc-
tural transition from a high-temperature cubic austenite
(AUS) phase to a low-temperature MT phase with either
tetragonal, orthorhombic or monoclinic structure. All of
these are nearly tetragonal and are commonly described
by the tetragonal c/a ratio. It was realized early on that
for c/a < 1 the structure in addition has a weak modulation
[12]. These modulations in general lead to a roughly 5- or
7-fold increase in the size of the unit cell and are commonly
denoted 5M and 7M (respectively 10M and 14M in some
reports, where the phase here named NM is sometimes
called 2M). Stoichiometric Ni2MnGa has been character-
ized as orthorhombic by neutron powder diffraction [13]
where a 7-fold increase in the unit cell was found. X-ray
powder diffraction confirmed the slightly orthorhombic
structure but in agreement with older neutron diffraction
data described the modulation as incommensurate based
on a wavevector q ¼ fq q0g with q ¼ 0:4248 in reciprocal
lattice coordinates [4,14]. This discrepancy probably arises
because 0:4248 � 3=7. The same group found a monoclinic
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5M commensurate structure in an off-stoichiometric sam-
ple [15] and described the 7M phase as modulated [16], a
result that has recently been confirmed [17]. Studies by elec-
tron diffraction, on the other hand, concluded that the stoi-
chiometric sample exhibits a commensurate 5M
modulation (termed shuffling by the authors), while the
7M sample consists of stacked atomic planes and could
be described as ð52Þ2 in Zhadanov notation [5], in disagree-
ment with the above-mentioned X-ray experiments. It has
been suggested that this is close to an adaptive phase (see
below), and it was later also confirmed that the 7M phase
is nanotwinned [6]. In addition to the modulated phases it
is well established that a NM tetragonal phase exists with
c/a > 1 [7].

As an extension of these results it has recently been
suggested that all modulated structures are adaptive
phases originating from the NM variant with c/a > 1
[8]. The basic idea of an adaptive phase is a microscopic
continuation of the well-known macroscopic MT twin-
ning [18]. When a crystal undergoes a structural change
from cubic to tetragonal the c axis is not uniquely deter-
mined, which at first sight appears to lead to three twins.
To conserve the macroscopic shape of the crystal and to
minimize strain between the coexisting AUS and MT
phases during the first-order transition, all three twins
arise. To close the gaps in the structure they are in addi-
tion rotated towards each other to align the {110}A (the
subscript A denotes the AUS axes) twinning planes.
With six unique {11 0}A axes there are 12 possible
twinned tetragonal structures. A simple macroscropic
strain model leads to a prediction of the volume ratio
d1=d2 between two twins solely based on the cubic and
tetragonal lattice constants [18]. In more detail, the twins
are further rotated slightly in order to form a stress-free
so-called “habit plane” between the AUS and MT phases.
This macroscopic twinning is well established for MT tran-
sitions in general [18] and the adaptive phase is its micro-
scopic extension. This phase is formed when the ratio
d1=d2 is reached by stacking the minimal number of
atomic planes—a nanotwinning of the sample. As a result
the unit cell will appear different from that of the original
tetragonal building blocks; this is the adaptive phase.

Evidence supporting the existence of the adaptive phase
include the expected match between the lattice constants of
the tetragonal NM lattice and the orthorhomic adaptive
lattice of 7M films, and a prediction of the magnetic anisot-
ropy [8]. It also agrees with most theoretical calculations,
which find that the MT phase stabilizes with c/a > 1. When
extended to all modulated phases, however, it fails to
account for the distinct superlattice peaks corresponding
to an incommensurate modulation wavevector found in
elastic neutron diffraction experiments [14,19,20], and
clearly does not explain the modulation of the cubic unit
cell in the premartensite (PMT) phase [14,20]. While it
was argued that the superlattice peaks in the MT phase
could arise due to stacking faults in the adaptive phase
[8], we show here that this is not the case.
For the data presented in this paper we used a high-
precision synchrotron-based X-ray diffractometer to study
the crystal structure of Ni2MnGa. The advantage offered
by this technique is the high Q resolution which allows us
to distinguish between slightly incommensurate modula-
tions and periodic stackings. In addition, the precise orien-
tation of the sample allows us to distinguish between
different crystallographic directions with respect to the
high-temperature AUS phase. This offers a clear and
direct visualization of both the twinning and the modula-
tion. The main drawback is that only a few Bragg reflec-
tions are identified and measured. Thus, unlike in a
powder diffraction experiment, a complete refinement of
the unit cell is not feasible. We first present the diffraction
results, which clearly identify the stochiometric 5M phase
as incommensurately modulated rather than adaptive.
This finding is supported by computations of the X-ray
scattering intensity from various twinned and modulated
structures. Finally we consider the possible origins of
the modulation and point out the correlation between
the existence of ferromagnetic order and the modulated
structure.
2. Experimental details

The stochiometric Ni2MnGa crystal (4� 4� 1 mm3)
was cut and polished with {001} facets (from AdaptaMat
Ltd.). The MT (TMT = 224 K) and PMT (TPMT = 264 K)
transition temperatures were determined by measuring the
magnetic AC susceptibility during heating [9]. The X-ray
diffraction experiments were performed at the Material Sci-
ence beamline of the Swiss Light Source, with a (2D + 2S)
surface diffractometer equipped with a Pilatus 100K 2-D
detector [21]. The 2-D detector allowed us to sample large
3-D reciprocal space volume data sets which were con-
verted to I (h,k, l) intensity as a function of coordinates
in reciprocal space [22]. From these data, it was then pos-
sible subsequently to extract reciprocal space maps. The
X-ray energy was 17 keV and the X-ray incidence angle
was kept at 5� to ensure a homogeneous footprint on
the sample. This angle of incidence results in a penetra-
tion depth of 2.15 lm. The sample was cooled using a
nitrogen cryojet, and the transition temperatures were
found to agree with the susceptibility measurements.
The sample was initially oriented in the AUS phase,
which we used as a reference when cooling to the MT
phase.
3. Experimental results

3.1. Martensitic twinning

In our attempt to evaluate the structures of Ni2MnGa
proposed in the literature we first measure the splitting of
the [202]A Bragg peak after cooling below TMT to 200 K.
At the MT transition this peak splits due to the MT twin-
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Fig. 1. (a–c) Reciprocal space maps of the Bragg peak splitting. The two orthogonal maps show four of the martensite [202] reflections, where (b) has a
[001] surface normal and (c) a [100] surface normal. Both are also shown in 3-D in (a) to clarify their respective orientations. The two dotted lines mark
the paths of the line scans shown in (d) and (e). The four peaks correspond to two sets of twins due to martensitic rotation towards (011)A and (011)A,
where one set is labelled by T. The weaker vertical streaks of scattering intensity along [001] are crystal truncation rods arising from the sample surface. (d)
Line scan taken along the ½110�A direction. The scan reveals peaks up to third order arising from a periodic modulation of the lattice. (e) Scan taken along
the ½011�A direction. It shows four Bragg reflections from two martensite twins.
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ning and as an example we show four of the 11 identified
MT {202} peaks in the reciprocal space maps (RSMs) in
Fig. 1a–c. The four peaks clearly appear in pairs, connected
by a strong streak of scattering intensity roughly along the
{11 0}A directions. One such pair is marked by T in Fig. 1c.
The streaks of scattering intensity are crystal truncation
rods arising from the twin boundaries [23], and are evi-
dence for the existence of many twin planes. Two con-
nected peaks then correspond to the two twins connected
by a single habit plane. The lattice plane distances d2 0 2

derived from the MT Bragg reflections confirm that these
correspond to a lattice with c/a < 1, and are in good agree-
ment with the orthorhombic lattice constants reported by
[4]. We note that, similar to a tetragonal lattice, for an
orthorhombic lattice we also expect 12 unique twins in
the MT phase, resulting in an 11-fold splitting of the
½202�A peak [24].

The angle between the [202] scattering vectors from two
twins connected by a habit plane is given by the MT lattice
constants as a ¼ tanða=cÞ � p=4. From the four peaks in
Fig. 1a–c, the angle between two twins is found to be
a ¼ 3:75�. The rotation angles are, however, not mirrored
in [00 1]A as can clearly be seen by the fact that the peaks
with higher out-of-plane coordinate l have smaller coordi-
nates k. This is due to the rotation towards the habit plane,
and we find an angular deviation d ¼ 0:51�. If we use the
lattice constants reported by [4] and confirmed here, and
the approximate expression for the habit plane normal
from [18], we calculate a ¼ 3:71� and d ¼ 0:75�. The good
agreement with the measured values supports the existence
of a near-tetragonal phase with c/a < 1. In contrast, consid-
ering MT twinning from a NM phase, we get a ¼ 10:4
using lattice constants from [25].
3.2. Modulation

In order to distinguish between a modulated and
stacked/adapted structure, we scan in reciprocal space
along the {110} directions connecting different Bragg
peaks corresponding to a single twin. Two such scans are
shown in Fig. 1d and e. The scans are taken through the
same twin, approximately along ½110�A and ½01 1�A, as illus-
trated in Fig. 1a–c. In Fig. 1e we show a scan connecting
two Bragg peaks corresponding to the same habit plane.
The scan shows the existence of the two twins, but no
superlattice peaks that would indicate an adaptive phase
or stacking. Note that the peaks at l = 4 are slightly off axis
because this scan did not account for the slight reorienta-
tion of the twins towards the habit plane. Despite the lim-
ited scan range the raw Pilatus images in combination with
the reciprocal space maps shown in Fig. 1c leave no doubt
that the scan reveals only four distinct intense Bragg
reflections.

In contrast to Fig. 1e, the scan along ½110�A shown in
Fig. 1d shows several superlattice peaks, but only regular
Bragg reflections from a single MT twin. The superlattice
peaks correspond to a wavevector [qq0] with
q ¼ 0:428ð3Þ and peaks up to third order can clearly be
identified. This is a characteristic signature of an incom-
mensurate structural modulation [26]. The broadening of
the regular lattice peaks is due to the close proximity of
Bragg reflections from other MT twins which are partially
sampled in the scan. Our precise measurement of the
directions shows that the surface normal of the twinning
planes and the modulation wavevector are not parallel
but 60� apart. That is, the twinning as expected occurs in
the plane including the orthorhombic c and a axes, but
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the modulation wavevector lies in the plane defined by the
two “a” axes of similar length. In combination the plots in
Fig. 1 show that the MT phase is macroscopically twinned
as expected for a MT phase transition, and has an incom-
mensurate modulation along a distinctly different {110}A

axis. This conclusion is supported below by calculations
based on X-ray diffraction measurement. It is in partial
agreement with older neutron diffraction experiments,
which also found twinning and modulation along different
{11 0} directions, though the directions were reported as
perpendicular to each other [19].

3.3. Premartensite phase

For completeness we also measure the superlattice peak
from the PMT phase. In Fig. 2a we show a series of tem-
perature scans through the AUS ½202�A peak along
½101�A. The curves show the appearance of a superlattice
reflection corresponding to a modulation with
q = 0.341(1). Further scans (not shown) confirm that the
modulation appears along all f110gA directions or alterna-
tively that domains with all possible orientations are pres-
ent. A full scan between two Bragg reflections shown in
Fig. 2b clearly exhibits no other modulations along
½101�A in the PMT phase. It is also worth noting that the
modulation is significantly weaker in the PMT phase than
in the 5M phase, and only the first-order reflection is visi-
ble. Finally, in Fig. 2c we show the temperature depen-
dence of the PMT superlattice reflection; this gradually
appears below 280 K and disappears abruptly at the MT
transition. In the same way the MT superlattice peaks dis-
appear abruptly upon heating above the transition temper-
ature consistent with its first-order nature [27,28]. The rise
of the PMT superlattice peaks agrees well with the peak
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Fig. 2. (a) Scans along [101] through the [202]A Bragg reflection as a
function of temperature. The rise of the PMT peak at q = �0:34 is visible,
while below TM the [202] peak is split, revealing two twins in this scan.
Some MT superlattice peaks are visible, but they belong to different twins.
(b) A scan between [202]A and [224]A reveals only a single modulation. (c)
Temperature dependence of the PMT and MT superlattice peaks. Arrows
indicate the heating cycle.
found at T = 264 K in measurements of the magnetic sus-
ceptibility [9].

In Fig. 3 we show reciprocal space maps of the [20 2]A
Bragg reflection with a [100]A surface normal taken at
different temperatures above and below TMT. This illus-
trates the gradual increase of the PMT superlattice peak,
whereas the location, and hence the modulation wavevec-
tor, does not vary with temperature within the precision
of our experiment. Upon crossing the MT transition to
T = 200 K the splitting of the [202] reflection is evident
as a clear shift of the peak, which is no longer fully sampled
in the RSM. A superlattice peak arising from the modula-
tion is also partly visible and clearly appears off the [01 1]A
axis.

The slightly incommensurate modulation identified here
is not in complete agreement with the tripling of the unit
cell which was originally reported [13,14,27]. However, it
should be noted that the elastic neutron diffraction data
on the modulation Bragg peak in [27] also seem to be com-
patible with a slightly incommensurate modulation. More
recently powder diffraction work on an off-stoichiometric
sample found the PMT phase to be incommensurate
with q = 0.33761 [29], and the same has been observed
in neutron diffraction experiments on a stoichiometric
alloy (q = 0.341) [20]. Our measurements agree well with
these latter results, indicating that the most recent high-
precision measurements classify the PMT phase as slightly
incommensurate.

4. Simulations

To further confirm that the data presented here allow us
to distinguish between an adaptive and a modulated struc-
ture, we calculate the X-ray scattering intensity for each
structure. We use the kinematical approximation, which
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is valid for mosaic metallic crystals such as the Ni2MnGa
crystal used in this study. In this case the intensity is pro-
portional to I / Lp j F ðQÞj2 j SN ðQÞj2 [26], where F is the
unit cell structure factor depending on the scattering vector
Q, and SN is the lattice sum taken over all unit cell posi-
tions Rn. The Lorentz factor L and polarization factor p
both depend on the specific geometry of the experiment,
and since they will only change the relative intensity of
the peaks along a given scan, they are omitted. We also
omit the unit cell structure factor as it does not forbid
the superlattice peaks we consider.

For stacked or nanotwinned structures the lattice sum
SN ðQÞ ¼

P
Rn

eiQ�Rn can be calculated following the method
of [30], who used a coordinate system with one lattice vec-
tor along the normal of the twinning plane. In this case the
sum reduces to one dimension because an atomic plane is
shifted as a single entity. The results of the calculated scat-
tering intensity are presented in Fig. 4. In Fig. 4a we con-
sider the scattering from a ð32Þ2 nanotwinned structure,
which would correspond to the 5M structure. The blue
curve represents a perfect stacking with no stacking faults.
The x-axis is given in reciprocal lattice coordinates of the
adaptive phase. The 5-fold modulation of the unit cell
results in four regularly spaced superlattice peaks between
the regular lattice Bragg peaks. That is, the existence of
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Fig. 4. Simulation of the X-ray diffraction from various modulated
structures. The y-axis shows the norm of the kinematical lattice sum, while
the x-axis is given in reciprocal lattice units. (a) Scattering from three ½32�2
stackings. The blue curve corresponds to a perfect stacking while faults
have been introduced in the two other curves. As can be seen, the peaks
shift slightly towards the lattice peak. Hence this cannot explain the
incommensurate phases. (b) Scattering from a crystal with a single
modulation period. The dotted line indicates the position of the first-,
second- and third-order peaks for comparison with panel (a). (c)
Scattering from a single crystal (blue) and with two macroscopic twin
volumes (red). This should be compared to Fig. 1e. Note that the shift in
peak position away from 2 and 4 in Fig. 1e is because we use the
orientation of the AUS phase. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
nanotwinning results in superlattice peaks along the reci-
procal lattice rods perpendicular to the twinning planes.
Fig. 4a should be compared to Fig. 4c where the scattering
from a sample consisting of one (blue) or two (red) macro-
scopic twins is shown. The latter case is consistent with the
result shown in Fig. 1e, strongly supporting the conclusion
that there are macroscopic twins, but no nanotwinning.

It has been suggested that the existence of stacking faults
can lead to a shift of the superlattice peaks [8], and thus
explain the incommensurate superlattice peaks observed
earlier [19,14]. To consider this option we introduce stack-
ing faults similar to [30]. Starting from the ð32Þ2 structure,
we build a crystal by stacking a minimum of 3 (2) layers of
a given twin, but hereafter only shift the twin with a prob-
ability p. That is, the probability of a stacking fault is
(1�p). Because this is a statistical approach the result is
averaged over 51 calculations. The result is shown in
Fig. 4a for p = 0.95 and 0.85. The superlattice peaks
quickly widen and decrease in intensity when the number
of stacking faults is increased. In addition, the peaks shift
towards the nearest regular lattice peak but no extra peaks
are introduced.

For comparison we also calculate the scattering intensity
from a modulated structure with the modulation given by
the displacement uðRnÞ ¼ A cosð2pq � RnÞ, where Rn is the
atomic position, A is the amplitude vector and q is the
modulation wavevector [qq0] we found for Ni2MnGa. As
we simply stack rigid atomic planes without considering
the specific unit cell the direction of the amplitude vector
A is irrelevant, but the magnitude of A determines the
strength of the superlattice peaks. Calculating the lattice
sum with Rn ! Rn þ uðRnÞ we find the diffraction intensity
along q from a modulated structure. The result is shown in
Fig. 4b for q = .428 and the existence and positions of the
first-, second- and third-order peaks are in excellent agree-
ment with the measurement presented in Fig. 1d. When
comparing to Fig. 4a, it is also clear that the observed
superlattice peaks cannot be interpreted as arising from a
nanotwinned structure. While the first-order peak is close
to the position of the strongest superlattice peak of the
stacked structure, the second- and third-order superlattice
peaks of the modulated structure are distinct features. If
we include higher-order terms in the modulation, extra
superlattice peaks appear that are not observed in our mea-
surement. We thus confirm that a modulation of at least
first order exists. Finally, it is worth noting that the exis-
tence of a commensurate 5M structure would be difficult
to distinguish from a ð32Þ2 stacking. One approach might
be to use electron backscatter diffraction which has recently
been used to distinguish between nanotwinned and incom-
mensurately modulated structures in a 7M crystal in favor
of the latter [17].

Concerning the adaptive phase, we note that if the
observed orthorhombic lattice with c/a < 1 were due to
an adaptive phase, we could still observe the macroscopic
twinning seen in Fig. 1e. In this case the superlattice peaks
from the adaptive phase should actually appear along the
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direction scanned in Fig. 1d. It is the precision of the data
and the comparison with the simulations that allows us to
distinguish between the two scenarios and to confirm the
structure as incommensurately modulated.

5. Discussion

The diffraction experiment presented here shows that the
5M structure of stoichiometric Ni2MnGa is incommensu-
rately modulated at 200 K, but cannot necessarily be
extrapolated to other alloys. In addition, a NM structure
is often found at low temperatures after an intermartensitic
transition [17,31–34]. It is, however, important to under-
stand what mechanism stabilizes this modulated structure,
the more so since theoretical computations in general find a
global energy minimum with c/a > 1, and a possible meta-
stable state with c/a < 1 [11,35].

The notion that a modulation can help stabilize the
structure with c/a < 1 has been stated several times. The
possible mechanism has been attributed to a covalent inter-
action of Ni and Ga [36] or to a Kohn anomaly [10]. More-
over, a recent calculation shows that a modulation of the
structure due to soft phonons and competing magnetic
interactions can lower the total energy of the local mini-
mum at c/a < 1 [37].

Experimentally there is no one-to-one correspondence
between the structure of an alloy and any single physical
parameter such as e/a or TMT, though it has been found
that if TMT > TC only the transitions from AUS to NM
occur, while transitions from AUS to 5M only occur if
TMT > TC [7]. In addition, a ternary phase diagram shows
a rough separation into regions containing 5M and NM
phases, whereas the 7M structures appear more scattered.
To elaborate this apparent correlation between structure
and magnetic order we show in Fig. 5 the MT structure
found at the AUS to MT transition as a function of the dif-
ference between TC and TMT. In all reported samples the
5M structure only occur when TMT < TC. The same is true
for all but one of the 7M crystals, though they occupy a
region where TC almost equals TMT. The lone outlier
among the 7M structures found at TC � TMT ¼ 165 K is a
stochiometric sample characterized as seven layered [13].
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Fig. 5. The first MT structure after the AUS!MT transition, as a
function of TC � TMT. The insert shows an enlargement of the area
around TC � TMT = 0.
On the other hand the NM structure almost exclusively
appears when the MT transition happens above the Curie
temperature. The parameter TC-TMT completely distin-
guishes the NM from the 5M structures except for a single
outlier. This correlation suggests that the modulation stabi-
lizing the 5M phase with c/a < 1 and the ferromagnetic
order are related.

The data in Fig. 5 was compiled from 23 publications
reporting the MT structure of a total of 106 samples. For
61 samples the structures and the temperatures TMT and
TC have been reported [3–7,13,15–17,14,25,31–34,38–45].
Of these, notable comparisons of different alloys include
the classification by [46], the detailed study of 33 alloys
by [7] and work by [5,40], who made a systematic study
of Mn-rich alloys, and [25], who studied Ni2�xMn1�xGa
as a function of x. To obtain Fig. 5 we only categorized
the reported structures according to the approximate per-
iod of their modulation, and hence did not distinguish
between 5M commensurate and incommensurate struc-
tures. We also omit papers that report structures with peri-
odicity other than 5M and 7M or with mixed phases. In the
papers considered TMT has been determined in various
ways. We have included these irrespective of whether
TMT was determined during a heating or cooling cycle, as
an average of these, or as the mean of the temperatures of
the onset and end of the transition. This results in some ambi-
guity in the definition and value of TMT. It should also be
noted that intermartensitic transitions between the various
MT structures occur. The sequence almost always appears
as AUS! 5M ! 7M! NM or AUS! 7M! NM
[17,32–34]. One exception is a case where TMT > TC which
exhibits the sequence AUS! 10M! 7M [31]. As a result
ferromagnetic NM structures do exist at low temperatures,
while we have not found reports on paramagnetic 5M
structures.

To summarize, Fig. 5 shows a correlation between ferro-
magnetic order and the 5M structure, which might support
recent theoretical work on the origin of the modulation
[37]. In this context we also note that experimentally [42]
and theoretically [47] it has been found that the magnetic
moments themselves are modulated; and that for the mod-
ulated PMT phase it has been calculated that the transition
is driven solely by magnetic effects [11], in agreement with
older work that applied a phenomenological Landau
model [48]. The PMT phase is however, also connected
to a strong phonon anomaly [14].

6. Conclusions

Our X-ray diffraction experiments confirm that the 5M
phase of stochiometric Ni2MnGa is an incommensurate
modulated structure, in agreement with the modulated
orthorhombic structure determined from powder diffrac-
tion [4] and inelastic neutron scattering [14]. This result is
supported by calculations of the diffracted intensity. The
single-crystal diffraction data directly show the existence
of macroscopic twinning and the relation of the twinning
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planes to the modulation wavevectors. The adaptive phase
is therefore not a concept that can be generalized to explain
all MT structures, in particular not the common 5M
structure.

We find the PMT phase to be incommensurately modu-
lated with q = 0.341. This is in agreement with other recent
experiments but does not agree with the commensurate tri-
pling of the unit cell reported in earlier works.

The use of the correct modulated structures for both
MT and PMT phases should help improve theoretical pre-
dictions but also presents a challenge as these are not
always reproduced in calculations. While the origin of the
modulation is not fully established, a compilation of struc-
tures reported in the literature reveals a correlation
between the existence of ferromagnetism and the 5M struc-
ture. To understand their relation on a microscopic level
will, however, require further experimental and theoretical
work.
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