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The magnetic structure of Fe-doped MnNiGe alloys of nominal compositions MnNi0.75Fe0.25Ge and
Mn0.85Fe0.15NiGe has been explored through detailed neutron powder diffraction (NPD) study in ambient
and high-pressure (6 kbar) conditions. Both these alloys crystallize with Ni2In-type hexagonal structure (with
P63/mmc space group) at room temperature and undergo a martensitic transition to low-temperature TiNiSi-type
orthorhombic structure (with space group Pnma). Both the alloys show incommensurate antiferromagnetic
ordering at the low-temperature martensitic phase. However, the modulation of the magnetic structures de-
pends strongly on the doping site of Fe. The incommensurate propagation vector k for MnNi0.75Fe0.25Ge and
Mn0.85Fe0.15NiGe alloys are found to be (0.1790(1),0,0) and (0.1543(3),0,0), respectively at 1.5 K, and these
remain almost unchanged with increasing sample temperature under ambient conditions. The application of the
external pressure results in a significant effect on both martensitic transition temperature and low-temperature
magnetic structure. The propagation vectors k for both the alloys show a monotonic decrease with increasing
sample temperature in the presence of external pressure. Interestingly, no sign of the magnetically ordered
hexagonal austenite phase was observed in any alloys down to the lowest measurement temperature.

DOI: 10.1103/PhysRevB.104.214405

I. INTRODUCTION

The magnetic equiatomic alloys (MEAs) with general
formula MM ′X (where M and M ′ are transition metals,
and X is a nonmagnetic sp element) and their derivatives,
identified as the new class of shape memory alloy, have
gained significant interest among researchers not only for the
shape memory property, but also for their diverse magneto-
functionality, which includes a sizable magnetocaloric effect,
magnetoresistance, the exchange bias effect, and so on [1–19].
MnNiGe is one of the prime members of the MEA family that
experiences a martensitic-type structural transition around
470 K from high-temperature (T ) hexagonal austenite phase
(Ni2In-type structure with space group P63/mmc) to low-T
orthorhombic martensite phase (TiNiSi-type structure with
space group Pnma) and ordered antiferromagnetically below
346 K [1,3,4,8,20–24]. A neutron powder diffraction (NPD)
study indicated the spiral modulation of the antiferromagnet-
ically ordered martensite phase [20]. In addition, a rotation
of the axis of the spiral antiferromagnetic structure was also
observed from the a-axis to the bc plane below 185 K [20]. In
the magnetically ordered state at 80 K, the Mn-site moment

*souvik@alpha.iuc.res.in; souvik@csr.res.in

size is around 2.75 μB [20]. To achieve enhanced functional-
ity, researchers adopted various doping strategies to tune these
structural and magnetic transition temperatures, including (i)
doping of foreign elements at different sites of the alloy and
(ii) self doping [1,3–5,7,8,13–19,25–27]. As is evident from
the recent studies, Mn/Ni site doped alloys retain the antifer-
romagnetic (AFM) ordering of the low-T martensite phase.
NPD studies confirm the helically modulated incommensu-
rate AFM ordering in Ti/Cr doped MnNiGe alloys [22–24].
Ge-site doping, on the other hand, behaves differently. A
recent NPD study indicated the transition from a commensu-
rate AFM austenite to a helically modulated incommensurate
AFM martensite phase in Ge-site doped alloys [28].

Among others, Fe doping in the Mn or Ni site is partic-
ularly important due to the broad tunability of martensitic
phase transition (MPT) and rich magneto-functional behav-
ior [4,8,13–15]. The absence of MPT in isostructural MnFeGe
and FeNiGe results in a stable austenite phase down to the
lowest-T of measurement and plays a crucial role behind the
decrease in MPT [29]. Liu et al. recently performed a detailed
study on the effect of Fe doping on the Mn and Ni-sites of
the MnNiGe alloy and confirmed the increase in ferromag-
netic (FM) interaction with increasing Fe-concentration in an
otherwise AFM alloy [8]. The observed conclusions regarding
the magnetic ground state of the Fe-doped alloys are entirely
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based on the macroscopic measurements. Up until now, no mi-
croscopic measurements have yet been performed to probe the
true magnetic character of these materials. Our recent works
revealed several exciting properties of Fe-doped MnNiGe
alloys in ambient and high-pressure conditions [4,13–15].
As the magnetic structure plays a crucial role in observ-
ing different magneto-functional behaviors, it is pertinent to
investigate the exact magnetic structure of these Fe-doped
MnNiGe alloys.

In the present work, our main aim is to focus on the
magnetic structure of two Fe-doped MnNiGe alloys of nom-
inal compositions MnNi0.75Fe0.25Ge and Mn0.85Fe0.15NiGe
through detailed NPD studies in ambient as well as in high-
pressure conditions. The application of external pressure (P)
is the cleanest form of perturbation, and the NPD study in
high-pressure situations will give us a comprehensive idea
about the effect of increasing Fe concentration on the mag-
netic structure of these alloys as Fe-doping results in a positive
chemical pressure in the system (evident from the decrease
in lattice parameter with increasing Fe concentration both in
Mn and Ni-sites) [8]. Our NPD results confirm a helically
modulated incommensurate antiferromagnetic structure of the
low-T martensitic phase for the Ni-site Fe-doped alloy. On
the other hand, the magnetic ground state of the Mn-site
doped alloy is of cycloidal type, and with increasing sample
temperature, it transforms to a helically modulated structure.
The incommensurate propagation vector experiences a signif-
icant change in the presence of external P. Such a change in
incommensurate propagation vector directly affects the AFM
ordering in the presently studied alloys. However, we have
not noticed any FM arrangement in any of the presently stud-
ied Fe-doped MEAs, at least in the absence of an external
magnetic field.

II. EXPERIMENTAL DETAILS

The presently studied Fe-doped MnNiGe alloys of nominal
compositions MnNi0.75Fe0.25Ge and Mn0.85Fe0.15NiGe were
prepared in the polycrystalline form by melting the required
amount of constituent elements (purity > 99.9%) in an argon
atmosphere using a Centorr make tri-arc furnace. The melt-
ing process for both these alloys was repeated four times to
achieve the desired homogeneity in the alloys. Finally, the
ingots were kept in evacuated quartz ampoules and annealed
at 800◦ C for 100 h followed by quenching in ice water. For
the rest of this article, we shall use MNFG and MFNG abbre-
viations for MnNi0.75Fe0.25Ge and Mn0.85Fe0.15NiGe alloys,
respectively.

The NPD studies were performed at the ISIS Facility
(Rutherford Appleton Laboratory) in the UK, using the cold
neutron (time of flight) diffractometer WISH [30]. The pow-
der samples were mounted in a 6-mm vanadium cell for the
ambient pressure experiment and cooled down to 1.5 K using
a standard He cryostat. We used a TAV6 gas cell (Ti-6Al-
4V-alloy) with an internal diameter of 7 mm, attached to the
automated intensifier system for high-pressure NPD experi-
ments, where high-pressure He gas was used as the pressure
media. In this method, one can apply up to 10 kbar uniform
pressure (P) on the sample. The pressure cell was inserted
into the He cryostat and cooled down to 10 K. Data were

(a)

(b)

FIG. 1. Main panels of (a) and (b) show NPD data from 5–6
detector bank of WISH, recorded at 320 K, for MnNi0.75Fe0.25Ge
(MNFG) and Mn0.85Fe0.15NiGe (MFNG) alloys, respectively. Here
the observed, calculated, and difference patterns are represented by
black circles, red lines, and blue lines (lowermost lines in the main
panels), respectively. The olive (labeled i) and magenta (marked ii)
vertical bars represent the peak positions for the Ni2In-type (for
MNFG and MFNG) and MgZn2-type (for MnNi1.3Ge0.7) hexago-
nal nuclear phases, respectively. Inset of (b) shows the enlarged
view of the nuclear reflections originating from the MnNi1.3Ge0.7

composition.

collected at different constant temperatures (T ) in the warm-
ing cycle. We used ∼5 g powder of MNFG and MFNG alloys
for both ambient and high-pressure NPD measurements. Long
scans of about 30 minutes were used for magnetic structure
determination for both the alloys in ambient conditions. We
also recorded several quick scans of 5 min duration each for
order parameter determination. The constituent elements of
the presently studied alloys are very good neutron scatterers,
which is clear from the reported neutron scattering cross-
section data [Mn → 2.15(3) barn, Ni → 18.50(3) barn, Ge →
8.60(6) barn, and Fe → 11.62(10) barn] [31]. The FULLPROF

software package was used for refining the NPD data [32].
On the other hand, for creating and visualizing the magnetic
structure model, we used the BASIREPS and VESTA software
packages.
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(a) (b)

(c) (d)

FIG. 2. NPD patterns for (a), (b) MNFG and (c), (d) MFNG alloys recorded at 1.5 K at ambient pressure (samples mounted in 6-mm
vanadium cell) from 3–8 and 1–10 detector banks of WISH are plotted for two different lattice spacing (d) ranges. The enlarged view of the
(001)±o magnetic reflection is shown in the insets of (a) and (c). Here the black circles, red lines, and blue lines represent observed, calculated,
and difference patterns, respectively. The vertical bars represent the peak positions for the Ni2In-type hexagonal nuclear phase (olive, labeled
i), TiNiSi-type orthorhombic nuclear phase (orange, labeled ii), orthorhombic magnetic phase (purple, marked iii), and MgZn2-type hexagonal
nuclear phase (magenta, marked iv).

III. EXPERIMENTAL RESULTS

A. Room-temperature neutron diffraction

We recorded NPD data at 320 K (around room temper-
ature) for both MNFG and MFNG alloys in the ambient
pressure and plotted in Figs. 1(a) and 1(b), respectively.
Ni2In-type hexagonal structure with space group P63/mmc
of the room-temperature austenite phase for both the al-
loys is clear from the Rietveld refinement analyses of the
recorded data. A minute inspection of the MFNG NPD pat-
tern indicates the presence of some additional reflections [see
inset of Fig. 1(b)]. The presence of MgZn2-type hexagonal
MnNi1.3Ge0.7 alloy along with the MFNG is responsible for
such reflections. About 1.12(±0.09) wt % of the MnNi1.3Ge0.7

alloy is found to be present in the MFNG alloy around
room temperature. The coexistence of MnNi1.3Ge0.7 and
MEAs are pretty standard and already reported in the liter-
ature [28,33]. However, MNFG is found to be free of such
MnNi1.3Ge0.7 alloy (as we did not observe any traces of the re-
flections corresponding to MgZn2-type hexagonal structure).
The absence of any magnetic satellite reflection confirms the
nonmagnetic character of MNFG, MFNG, and MnNi1.3Ge0.7

alloys at/around room temperature (320 K). The hexago-
nal lattice parameters obtained for all these alloys [MNFG:
ah = 4.104(3)Å, ch = 5.385(7)Å, MFNG: ah = 4.072(1)Å,
ch = 5.339(7)Å, and MnNi1.3Ge0.7: ah = 4.860(3)Å, ch =

7.614(3)Å] are found to match well with the similar MEAs
reported previously [8,28,33]. Various refinement parameters
at 320 K are compiled in Table I.

B. Magnetic structure identification

To shed light on the magnetic structure of the presently
studied alloys, we recorded NPD data at 1.5 K in ambient
conditions. The NPD data for two different lattice spacing
(d) ranges along with the refinement patterns are plotted in
Figs. 2(a) and 2(b) for MNFG and Figs. 2(c) and 2(d) for
MFNG. The majority of the peaks observed in the NPD pat-
terns belong to the low-T TiNiSi-type orthorhombic structure
(space group Pnma). However, apart from the orthorhombic
reflections, some additional reflections are also visible for
both the alloys. Such additional peaks correspond to (i) nu-
clear reflections from high-T hexagonal and MnNi1.3Ge0.7

phases and (ii) magnetic satellite reflections. Our analyses
confirm the presence of about 0.48 (±0.06) and 1.04 (±0.11)
wt% of high-T Ni2In-type hexagonal phase at 1.5 K for
MNFG and MFNG alloys, respectively. The existence of
high-T austenite phase is not uncommon for MEAs and is
already reported for different alloys belonging to this fam-
ily [15,16,28]. No significant change in the weight percent of
MnNi1.3Ge0.7 phase, present with the MFNG alloy, has been
observed. Notably, the position of the most intense magnetic
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TABLE II. The incommensurate antiferromagnetic structures for MnNi0.75Fe0.25Ge (MNFG) and Mn0.85Fe0.15NiGe (MFNG) alloys were
defined as (Rv + iIw)e−2π i(k.t+ϕ). Here, the real and imaginary parts of the Fourier coefficients are indicated by R and I , respectively, t is lattice
translation, and ϕ is the magnetic phase. The plane of spin rotation is defined by the unit vectors v and w. The Fourier coefficients for MNFG
and MFNG alloys at 1.5 K for ambient pressure (propagation vector k = (0.1790(1),0,0) and (0.1543(3),0,0) for MNFG and MFNG alloys,
respectively) and at T = 10 K for P = 6 kbar (propagation vector k = (0.1569(1),0,0) and (0.1404(8),0,0) for MNFG and MFNG alloys,
respectively) are listed here.

Mn-site Moment size, R = I (μB) Magnetic phase, ϕ

MnNi0.75Fe0.25Ge

P = 0, T = 1.5 K P = 6 kbar, T = 10 K P = 0, T = 1.5 K P = 6 kbar, T = 10 K

Mn11(0.0304,0.2500,0.1805) 3.09(3) 3.02(2) 0.000(0) 0.000(0)
Mn12(0.5304,0.2500,0.3195) 3.09(3) 3.02(2) 0.089(5) 0.078(1)
Mn21(0.4796,0.7500,0.6805) 3.09(3) 3.02(2) 0.099(1) 0.088(1)
Mn22(0.9696, −0.2500, −0.1805) 3.09(3) 3.02(2) 0.188(1) 0.166(1)

Mn0.85Fe0.15NiGe

P = 0, T = 1.5 K P = 6 kbar, T = 10 K P = 0, T = 1.5 K P = 6 kbar, T = 10 K

Mn11(0.0343,0.2500,0.1854) 2.63(6) 3.29(2) 0.000(0) 0.000(0)
Mn12(0.5343,0.2500,0.3145) 2.63(6) 3.29(2) 0.077(7) 0.070(2)
Mn21(0.4656,0.7500,0.6854) 2.63(6) 3.29(2) 0.087(7) 0.080(2)
Mn22(0.9656, −0.2500, −0.1854) 2.63(6) 3.29(2) 0.164(4) 0.150(4)

reflection is found to be at very high d (d ∼ 33.4 Å for
MNFG and d ∼ 38.7 Å for MFNG), which is due to a more
significant value of the magnetic form factor of Mn at larger d
or smaller Q (= 2π

d ∼ 0.188 Å−1 for MNFG and ∼0.162 Å−1

for MFNG). The observation of such high values of d for
the most intense satellite peak is consistent with some other
alloys of the MEA family also [23,24,28]. We successfully
indexed the magnetic reflections for both MNFG and MFNG
alloys by the incommensurate propagation vector k = (ka,0,0)
with ka = 0.1790(1) and 0.1543(3) at 1.5 K, respectively,
having orthorhombic structures. The refinement parameters at
1.5 K for both the alloys in ambient pressure are depicted in
Table I. Notably, unlike Ge-site doped MnNiGe alloys, we did
not observe any contribution from the magnetically ordered
hexagonal austenite phase in the NPD pattern at 1.5 K [28].

The refinement of the magnetic structure was assisted by
symmetry arguments based on the space group representation
theory [34–36]. We tested all possible models for the magnetic
structure and confirmed that all Mn atoms are fully ordered,
having equal moments at all Mn sites. The wave vector group
splits the 4c Mn position into two orbits, 1 and 2, and they are
denoted as Mn11, Mn12, and Mn21, Mn22 (see Table II). The
x-coordinate of the two Mn sites in each orbit differs by 0.5,
implying the phase difference ka

2 . The magnetic phase between
the orbits is not fixed by the propagation vector and was deter-
mined from the refinement. It was possible since the intensity
of the (001)± satellite was found to be very sensitive to the
dephasing between the orbits. The models which provided the
best fitting quality (the reliability factor Rmag = 3.99% and
2.41% for MNFG and MFNG alloys, respectively) were (i)
helical structure with the spins rotating within the bc-plane for
MNFG alloy and (ii) cycloidal-type structure with the rotation
of the spins within the ab-plane for the MFNG alloy. The
magnetic structure for both the alloys are depicted in Fig. 3.
The parameters of the magnetic structure refined at T = 1.5 K
are summarized in Table II. The helical modulation results in

a rotation of the Mn moment along the a direction in the bc-
plane [see Fig. 3(b)]. The angle (α) between two adjacent Mn
moments is found to be ≈32.15◦ for the MNFG alloy. On the
other hand, for the cycloidal modulation in the MFNG alloy,
rotation of the Mn moments are constrained in the ab-plane
[see Fig. 3(e)] with α ≈ 28.26◦. Notably, no ordered moment

(a)

(b)

(c)

(d) (f)

(e)

FIG. 3. (a), (b) and (d), (e) show the illustration of the helical
and cycloidal magnetic structure at 1.5 K in ambient conditions for
MNFG and MFNG alloys, respectively. The schematic representa-
tion of helical and cycloidal modulation of magnetic moments are
depicted in (c) and (f), respectively.
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(a) (b)

(c) (d)

FIG. 4. NPD patterns recorded (black circles) from 3–8 and 1–10 detector banks of WISH in the presence of 6 kbar of external pressure
(P) at 10 K for (a), (b) MNFG and (c), (d) MFNG along with the calculated (red lines) and difference patterns (blue lines) are plotted for two
different d ranges. Insets depict the enlarged view of the magnetic reflections recorded in ambient and high P conditions at 10 K. The vertical
bars, olive (labeled i), orange (labeled ii), purple (labeled iii), and magenta (labeled iv) represent the position of reflections from Ni2In-type
hexagonal nuclear phase, TiNiSi-type orthorhombic nuclear phase, orthorhombic magnetic phase, and MnZn2-type hexagonal nuclear phase,
respectively.

on the Fe atoms was detected from the NPD analysis in the
MNFG alloy. However, Fe-doping in the Mn-site (magnetic
site) drastically affects the magnetic structure of the alloy, and
the modulation becomes cycloidal instead of helical, generally
observed for the MEAs [21–24,28].

C. Effect of pressure on the magnetic structure

Let us now concentrate on the effect of external P on the
magnetic structure of the presently studied Fe-doped MEAs.
We recorded NPD data at 10 K for both MNFG and MFNG
alloys in the presence of 6 kbar of external P. The diffrac-
tion patterns for two different d ranges are plotted in Fig. 4.
For comparison, we also added the 10 K ambient pressure
data in the insets of all the panels of Fig. 4. Minute inspec-
tion of the high-P NPD data recorded at 10 K confirms the
absence of any new set of magnetic Bragg reflections com-
pared with ambient P in any of the alloy (see main panels
of Fig. 4). As a result, the high-P nuclear structure bears a
strong resemblance to that of ambient pressure. Interestingly,

the positions of magnetic reflections change significantly as
compared to ambient pressure patterns: (i) (101)+, (−101)−,
and (000)± reflections shifted towards higher d values and
(ii) (101)−, and (−101)+ reflections shifted towards lower
d values. Such behavior implies that the new propagation
vector is still k = (ka, 0, 0) but with a different ka value (see
insets of Fig. 4 for the closure look of magnetic reflections for
ambient and high-pressure data). Besides, a shift in nuclear
reflections also confirms the decrease in orthorhombic lattice
parameters in the presence of an external P. At 10 K we can
index all magnetic reflections in the high P NPD patterns with
ka = 0.1569(1) and 0.1404(8) for MNFG and MFNG alloys,
respectively. We, therefore, propose a similar noncollinear
magnetic structure with helical and cycloidal modulation of
Mn spins for MNFG and MFNG alloys, respectively, as that to
the ambient pressure magnetic structures. We obtain an excel-
lent agreement between observed and calculated intensities.
The refined parameters of the magnetic structure at 10 K in the
presence of 6 kbar of P for both the alloys are summarized in
Table II. The magnetic structure obtained from our refinement
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. Contour plots of the temperature (T ) evolution of (101)+, (−101)−, (101)−, (−101)+, and (000)± magnetic satellite reflections at
ambient pressure are plotted in (a), (b) for MNFG and (c), (d) for MFNG alloys. Contour plots in the presence of 6 kbar of external pressure
for the T evolution of the same set of magnetic satellite reflections are depicted in (e), (f) for MNFG and (g), (h) for MFNG alloys. Normalized
intensity is indicated by the right-side scale bar. White dotted horizontal lines indicate the martensitic phase transition temperature.

analyses indicate a decrease in α for both type of modulations
in the high-pressure situation. For MNFG and MFNG alloys,
α is found to be 28.15◦ and 26.57◦, respectively, at 10 K under
6 kbar of external P.

D. Temperature evolution of magnetic structure in an ambient
and high-pressure situation

We also probed the T evolution of the magnetic structure
for the presently studied MNFG and MFNG alloys in ambient
as well as in high-P conditions by recording NPD patterns
at different constant T during warming. Contour plots of
some restricted regions of such NPD patterns are presented
in Figs. 5(a) and 5(b) and Figs. 5(c) and 5(d) for MNFG and
MFNG alloys, respectively, at ambient pressure; Figs. 5(e)
and 5(f) and Figs. 5(g) and 5(h) for MNFG and MFNG alloys,
respectively, at P = 6 kbar. The restricted regions are plotted
here for the better visibility of the magnetic satellite reflec-
tions. In addition to the first-order structural transition (from
orthorhombic to hexagonal structure), several other interest-
ing features have also been noticed, namely, (i) the position
of all the magnetic satellite peaks remain almost unchanged
with increasing T in ambient pressure; (ii) the application of
6 kbar of P results in an increase in the d values for (101)+,
(−101)−, and (000)± peaks and decrease in the d values for
(101)− and (−101)+ peaks with increasing T ; (iii) a notable
amount of decrease (∼60 K decrease for MNFG and reduction
of ∼ 50 K for MFNG) in magneto-structural transition tem-
perature under external P has also been observed [see Fig. 6(a)
phase fraction versus the T curve in the presence of 6 kbar
of P]; and (iv) peak intensities of the magnetic reflections
show monotonically decreasing behavior for the MNFG alloy
in the martensitic phase; however, it is nonmonotonic for
the MFNG alloy. The magnetic transition temperature of the

orthorhombic phase falls within the same range as the
structural transition temperature. Still, it cannot be reliably
determined from the neutron diffraction data since the fraction
of this phase rapidly decreases above MPT.

The T -dependent NPD data recorded for the MNFG alloy
confirms the absence of any change in magnetic structure
with sample temperature in ambient pressure as well as in the
presence of external P. However, a clear change of the mod-
ulation of the AFM structure is found to be associated with
the MFNG alloy with increasing T . The cycloidal modulation
of the MFNG alloy remains unchanged up to 100 K. Further
increase in the sample T results in a gradual rotation of the Mn
moment from ab-plane to bc-plane and eventually the rotation
was found to be completed at 190 K in ambient condition.

(a)

(b)

(c)

(d)

FIG. 6. (a), (b) show the variation of orthorhombic lattice pa-
rameters as a function of temperature (T ) for MNFG and MFNG
alloys, respectively. The T variation of hexagonal lattice parameters
are plotted in (c), (d) for MNFG and MFNG alloys, respectively.
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(a) (b)

(c) (d)

FIG. 7. Temperature variation of phase fraction both in ambient
as well as in the presence of 6 kbar of external pressure (P) are
depicted in (a), (b) for MNFG and MFNG alloys, respectively. The
main panels of (c), (d) indicate integrated intensities of (000)± mag-
netic satellite reflection (both in ambient and high P situation) for
MNFG and MFNG alloys, respectively. Insets of (c), (d) show the T
variation of the x component of propagation vector ka in ambient and
high P situations for MNFG and MFNG alloys, respectively.

The application of external P has a remarkable effect on such
rotation of the plane of the Mn moment. In the presence of
6 kbar of external P, the plane of the Mn-moment starts to
rotate from 140 K and is eventually completed at 170 K. This
behavior indicates that the external pressure prefers cycloidal
modulation over helical modulation in MFNG. To probe such
rotation, we used polar coordinates for magnetic structural
analysis. Apart from the effect on the magnetic structure,
we noticed a monotonic increase in the orthorhombic and
hexagonal lattice parameters with T for both the alloys in an
ambient and high-pressure situation. The T variation of lattice
parameters in ambient conditions is shown in Fig. 6. Lattice
parameters obtained in the presence of 6 kbar of external P
are not plotted here for clear visualization. A change in slope
is found to be associated with the hexagonal lattice parame-
ters around the MPT. The variation of the lattice parameters
observed for the present alloys is similar to that of the Ge-site
doped MnNiGe alloys reported recently by our group [28].

Successful refinement of the NPD data also allowed us
to estimate the T evolution of hexagonal (Ni2In type), or-
thorhombic (TiNiSi type) and MnNi1.3Ge0.7 (MgZn2-type
hexagonal) phase fractions in the ambient and high-P sit-
uations. T variation of the phase fraction for MNFG and
MFNG alloys are plotted in Figs. 7(a) and 7(b), respectively.
A notable shift in the MPT temperature was observed for
both the alloys in the presence of external P. The MPT
temperatures observed here match well with the previously
reported data [8]. Interestingly, not much change in the Mn-
site moment size due to external P was noticed in the low-T
martensitic phase in any of the alloys (see Table II). Notably,
the application of P results in an increment in Ni2In-type
hexagonal phase fraction below the MPT region for the
MFNG alloy and we observed about 9.83 wt% of Ni2In-type
hexagonal phase at 10 K in the presence of 6 kbar of external

P. No such increase in high-T hexagonal austenite phase
fraction below MPT in the case of MNFG alloy. The phase
fraction for MnNi1.3Ge0.7 (MgZn2-type hexagonal) phase re-
mains almost unchanged with T . Such behavior matches well
with the similar phase observed in Ge-site doped MnNiGe
alloys [28]. We checked the existence of any magnetically or-
dered hexagonal phase both in ambient and high-P conditions.
But we have not been able to detect any magnetic reflection
corresponding to the hexagonal austenite phase in any of
the alloys (both below and above MPT) though a significant
hexagonal phase fraction is found to present (∼9.83 wt%)
at 10 K in high-P condition for the MFNG alloy. Such an
observation confirms that the present alloy transforms from an
antiferromagnetically ordered orthorhombic phase to a para-
magnetic hexagonal phase. This is unlike the Ge-Site doped
MnNiGe alloys, where a commensurate AFM ordering had
been observed for the high-T Ni2In-type hexagonal austenite
phase [28].

To shed more light on the T evolution of the magnetic
structure, the integrated intensity of the (000)± magnetic re-
flection has been calculated for both the alloys and plotted as
a function of T [see main panels of Figs. 7(c) and 7(d)]. The
P induced shift in the structural transition temperature, which
shows a one-to-one correspondence with the orthorhombic
phase fraction, is further confirmed from such T -dependent
integrated intensity data. Besides, we observed a sluggish
decrease in the integrated intensities of the (000)± magnetic
reflection with T up to MPT region for the MNFG alloy both
in ambient and high-P conditions. The situation is slightly
different for the MFNG alloy where, at ambient pressure,
the integrated intensity remains almost unchanged till 100 K
followed by a significant increase in it up to 190 K. Further
increase of T results in a sharp decrease in it and eventually
vanishes around 245 K. The overall nature of the integrated
intensity versus T curve remains unchanged in the presence
of external P. However, the intensity starts to increase above
150 K and shows the peak-like feature at 170 K. Eventually,
the intensity for the (000)± vanishes at 200 K. We also no-
ticed similar temperature variation of the integrated intensities
for other magnetic satellite reflections (not shown here). The
behavior of integrated intensity variation for MNFG alloy
matches with other reported MEAs. In contrast, the nonmono-
tonic variation observed for the MFNG alloy is rare in the
MEA family [28]. The rotation of Mn moments from the ab
to bc plane may play the critical role behind the observed
nonmonotonicity of the integrated intensities as the critical
temperatures of Mn-moment rotation match well with the
anomalies observed in the integrated intensity verus T plots,
both in ambient and high-pressure conditions. A rotation of
the axis of the helix from a-axis to bc-plane has been reported
for some Mn-site doped MEAs [22–24].

Our refinement analyses also helped us to extract detailed
information about the variation of the propagation vector as
a function of T for both the alloys in the ambient and high-
P situations. Not much variation in the propagation vector
was observed in any of the alloys in ambient conditions with
increasing sample T [see insets of Figs. 7(c) and 7(d)]. Such
behavior is unlike the Si, Ti, Al, and Ga-doped MnNiGe
alloys, where a significant increase in propagation vector was
reported [21–23,28]. However, the 11% Cr-doped MnNiGe
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alloy shows a striking similarity with the variation of the
propagation vector with T [24]. Interestingly, the x component
of the propagation vector ka shows a significant decrease
(monotonic) with T in the presence of 6 kbar of external P.
For the MNFG alloy, ka is found to change from 0.1569(1)
at 10 K to 0.1325(8) at 200 K. On the other hand, for the
MFNG alloy, the value of ka at 10 K and 180 K are found to
be 0.1404(8) and 0.1318(7), respectively. We also estimated
the value of α at all temperatures in ambient as well as in
high-P condition. The observed values of α are as follows: (i)
for MNFG, α ∼ 31.95◦ at 260 K and 23.75◦ at 200 K for P =
0 and 6 kbar, respectively, and (ii) for MFNG, α ∼ 28.18◦ at
215 K and 23.68◦ at 180 K for P = 0 and 6 kbar, respectively.

IV. DISCUSSIONS AND CONCLUSION

The ambient and high-P NPD measurements on Fe-doped
MnNiGe alloys reveal several interesting features, namely, (i)
incommensurate AFM ordering of the low-T martensite phase
with helical and cycloidal modulation in MNFG and MFNG
alloys, respectively, (ii) P induced increase in austenite phase
fraction below the MPT region, (iii) almost unchanged propa-
gation vector with T in ambient condition, (iv) monotonically
decreasing propagation vector with T in the presence of exter-
nal P, and (v) external P induced decrease in k and hence in
α. The helically modulated AFM structure is not uncommon
among MEAs, and such a structure has already been reported
for pure and doped MEAs [21–24,28]. Notably, the axis of
the helix remains along the a-axis in the entire martensitic
phase for MNFG, which is similar to that of the Ge-site doped
MnNiGe alloys [28]. However, some of the previous reports
indicated a rotation of the axis of the helix form a-axis to
bc-plane above a certain temperature, which was found to
be absent for the Ni site Fe-doped alloy [22–24]. Our recent
work on the Al and Ga-doped MnNiGe alloys also reveals the
absence of such a rotation of the axis of the helix with in-
creasing sample T [28]. On the other hand, the observation of
cycloidal modulation in the MFNG alloy is the occasional one.
Interestingly, a rotation in the plane of Mn-moments (from ab
to bc plane) with increasing T was noticed for the MFNG
alloy, which leads to the change in the modulation of the
incommensurate AFM structure from cycloidal to helical. An
increase in the hexagonal phase fraction at the low-T region
in the presence of external P indicates that the application of
P prefers the hexagonal phase over the low-T orthorhombic
phase, which is also clear from the decrease in MPT in the
high-P condition. External P is found to have a similar effect
as that of the chemical pressure (doping), which is clear from
the decrease in MPT for both cases [8].

The almost unchanged value of the x-component of prop-
agation vector ka with sample temperature is one of the
crucial observations of the presently studied Fe-doped alloys.
Such behavior indicates the unchanged strength of the mag-
netic interactions present in these alloys. This is unlike most
of the MEAs reported earlier, where a significant increase
in ka was observed with T . Recent observations of helical
magnetic structures in Ti and Cr-doped MEAs were ana-
lyzed based on the available theoretical models [23,24,37,38].
Competing exchange interactions often lead to such a type
of helical magnetic structure. The moment direction rotates

by a certain angle while going from one layer to another
layer along the direction of the propagation vector. For the
presently studied alloys, this rotation of the adjacent spins
of Mn atoms depends strongly on T under high-P condi-
tions, while a negligible change was observed in ambient
conditions.

The theoretical framework proposes the axial next-nearest-
neighbor Ising model that incorporates anisotropic competing
exchange interactions in such a way that the spins are coupled
by nearest-neighbor FM interaction in a plane perpendicu-
lar to the modulation axis of the helical/cycloidal magnetic
structure. The spins are coupled by nearest-neighbor FM and
next-nearest-neighbor AFM interactions along the modulation
axis, leading to the helical/cycloidal phase. A stable heli-
cal/cycloidal structure is obtained for the condition cos α =
− J1

4J2
, where α is the angle between two adjacent spins of

Mn atoms and J1, J2 signify the ferromagnetic and antifer-
romagnetic interactions, respectively, along the modulation
axis [38]. A similar modulated helimagnetic phase was also
observed in Tb, Dy, and Ho rare-earth elements, where
alike competing interactions were also monitored [39]. In
the present work, the values of α at different constant T are
estimated for both the alloys in ambient as well as in high-P
conditions. Penca et al. recently used the relation α = 180◦ · ka

for some doped MEAs [23,24]. A similar relation is found
to be valid for the presently studied alloys also. From the
stability criteria of the helical modulation, it is evident that
any decrease in α is due to the increase in J1/J2 ratio. Using
the values of α obtained from the NPD analysis, we calculated
the values of the J1/J2 ratio both in ambient as well as in high-
pressure conditions for the presently studied alloys at different
constant T . The almost unchanged values of the J1/J2 ratio in
ambient condition for both the alloys is consistent with the
x component of the wave vector (at ambient P, for MNFG:
J1
J2

≈ 3.38 and 3.39 at 1.5 K and 260 K, respectively, and

for MFNG: J1
J2

≈ 3.52 and 3.53 at 1.5 K and 215 K, respec-
tively). Such behavior signifies the unaltered AFM and FM
strength with increasing sample temperature. Previous reports
on Ge-site doped MnNiGe alloys indicate a steady decrease
in J1/J2 ratio with increasing sample T implying the strength-
ening of AFM interaction with increasing sample T [28].
However, the scenario is entirely different in the presence of
external P. At the low-T region, we observed an increase in
the J1/J2 ratio with the application of external P. The value
of the ratio further increases with increasing sample T for
both MNFG and MFNG alloys (at P = 6 kbar, for MNFG:
J1
J2

≈ 3.53 and 3.66 at 10 K and 195 K, respectively, and

for MFNG: J1
J2

≈ 3.58 and 3.67 at 10 K and 180 K, respec-

tively). The increase in the J1
J2

ratio signifies weakening of the
AFM strength compared to the FM strength under external
P. This is consistent with the decrease in α with increasing
sample T under high-P conditions. This indicates that the
alloys are going towards the parallel arrangement of magnetic
spins (i.e., ferromagnetically ordered state) in the presence of
external P.

In conclusion, the NPD analysis of two Fe-doped Mn-
NiGe alloys of nominal compositions MnNi0.75Fe0.25Ge and
Mn0.85Fe0.15NiGe in ambient as well as in the presence of
6 kbar of external P reveals a clear picture of the magnetic
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structures at different phases. Both ambient and high-pressure
data confirm that the low-T orthorhombic phase shows in-
commensurate antiferromagnetic ordering with helical and
cycloidal modulation for the MNFG and MFNG alloys, re-
spectively. The axis of the modulation is found to be along
the a-axis throughout the magnetically ordered region for
both the alloys. On the other hand, no signature of the mag-
netically ordered hexagonal phase was observed in any of
the alloys down to 1.5 K, the lowest achievable T during
the measurement. The magnetic spin arrangement of the Mn
atoms remains unchanged even in the presence of external P
without the presence of any new set of magnetic reflections
in the NPD pattern for both the alloys. However, the applica-
tion of P results in a significant decrease in the propagation
vectors. Such a reduction in the propagation vectors plays
a crucial role in reducing the angle between the two adja-
cent Mn spins of the helix/cycloid and, hence, decreasing the
next-nearest-neighbor AFM interaction along the direction of
the propagation vector. This indicates that external P prefers
a parallel spin arrangement, and with sufficiently high P,
ferromagnetic ordering can be achieved for both MNFG and
MFNG alloys.

Neutron diffraction data were recorded on the WISH
diffractometer at the ISIS Neutron and Muon Source. Infor-
mation on the data can be accessed through the STFC ISIS
Facility [40,41].
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