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The magnetic equiatomic alloys of the nominal compositions MnNiGe0.9Al0.1 and MnNiGe0.928Ga0.072 have
been investigated through the neutron powder diffraction (NPD) technique. Both these alloys undergo a
martensitic phase transition from the high-temperature hexagonal (Ni2In type, with space group P63/mmc)
austenite phase to the low-temperature orthorhombic (TiNiSi type, with space group Pnma) martensite phase.
Our NPD analysis confirmed an incommensurate antiferromagnetic ordering of the low-temperature martensitic
phase with helical modulation. The incommensurate propagation vector k is found to be (0.2065(1),0,0) and
(0.2088(4),0,0) for Al and Ga doped alloys, respectively, at 1.5 K and shows a monotonic increase with increasing
sample temperature. On the other hand, a commensurate antiferromagnetic ordering was observed for the
high-temperature austenite phase. The incomplete martensitic transition allowed both these incommensurate and
commensurate antiferromagnetic structures to coexist down to the lowest temperature of measurement (1.5 K).

DOI: 10.1103/PhysRevB.103.094422

I. INTRODUCTION

Materials with concurrent magnetic and structural (marten-
sitic) transitions are widely known for showing diverse
properties compared to materials with naturally separated
magnetic and structural transition temperatures [1–7]. Con-
sequently, a regime of first-order magnetic transition with the
characteristic of overlapping magnetic and martensitic phase
transition (MPT) gets priority for macroscopic as well as
microscopic research. Among the various members of the
magnetic equiatomic family (general formula MM ′X , where
M and M ′ are transition metals and X is a nonmagnetic sp
element), MnNiGe is widely accepted as a promising candi-
date for practical applications as it possess multiple functional
properties, including the shape memory effect, a large magne-
tocaloric effect, magnetoresistance, the exchange bias effect,
etc. [8–23]. In addition, the undoped MnNiGe alloy undergoes
multiple phase transformations (structural and magnetic de-
pending on the thermal state of the material), namely, (i) MPT
around 470 K from the high-temperature Ni2In-type hexago-
nal austenite phase (space group P63/mmc) to the TiNiSi-type
orthorhombic martensite phase (space group Pnma) and (ii) a
paramagnetic (PM) to spiral antiferromagnetic (AFM) transi-
tion below or around 346 K [8–10,16,24–28].

*souvik@alpha.iuc.res.in

As is evident from previous studies, transition temperatures
in MnNiGe are highly sensitive to the compositional elements
and their molar percentage [8–23]. Partial substitution of dif-
ferent sites of the parent compound with a suitable foreign
element corresponds to a significant change in both structural
and magnetic transition temperatures [8–23]. Interestingly, the
alloy retains the AFM ordering after doping at the Mn/Ni site,
as confirmed by the magnetic and neutron powder diffraction
(NPD) analysis [9,10,15–19,24–28]. On the other hand, the
effect of doping at the Ge site is slightly different than Mn/Ni-
site doping. Ge-site doped alloys undergo a PM austenite
to ferromagnetic (FM) austenite transition, followed by an
AFM martensite transition during cooling [11–14]. However,
the claim of the FM austenite phase is entirely based on the
macroscopic measurements, and corresponding confirmative
microscopic studies have yet to be explored. Therefore, it
is pertinent to investigate the detailed magnetic structure of
Ge-site doped alloys and its thermal evolution through neutron
diffraction studies to unveil the true nature of mutual corre-
lation among structural, electronic, and magnetic degrees of
freedom in these compounds.

For doping analysis, the size of the doping agent
(dopant) has a potent role in the material formation and
on its properties. In this work, we study two Ge-site
doped alloys with different dopant sizes compared to Ge,
namely, (i) MnNiGe0.9Al0.1 (smaller Al doping) and (ii)
MnNiGe0.928Ga0.072 (larger Ga doping) through NPD analy-
sis. Both these alloys are reported to undergo the transition
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sequence AFM martensite → FM austenite → PM austenite
during heating from 1.5 K [11–14]. However, our neutron
diffraction analysis confirms the absence of the appearance
of any ferromagnetically ordered austenite phase in these al-
loys. In contrast, a helically ordered incommensurate AFM
martensite (with an orthorhombic structure) transformed to
commensurate AFM austenite (with a hexagonal structure)
during heating for both the doped alloys. The AFM ordering
strength in the martensitic phase has also been enhanced with
temperature, which is evident from the monotonic increase in
the incommensurate propagation vector. Being in the AFM
austenite phase, a further increase in temperature leads to di-
rect AFM to PM transition without any structural modification
for both alloys.

II. EXPERIMENTAL DETAILS

A. Synthesis and magnetic characterization

The Al and Ga doped MnNiGe polycrystalline al-
loys of the nominal compositions MnNiGe0.9Al0.1 and
MnNiGe0.928Ga0.072 were prepared by arc melting the con-
stituent elements (with purity >99.9%) in an inert argon
atmosphere. We repeated the melting process four times to
achieve the desired homogeneity of the prepared alloys. The
ingots were then sealed in an evacuated quartz capsule and an-
nealed at 800 ◦C for 100 h, followed by rapid quenching in ice
water. Henceforth, we shall refer to the alloy MnNiGe0.9Al0.1

as MNGA and the alloy MnNiGe0.928Ga0.072 as MNGG. The
dc magnetization M of the present samples was measured
using a commercial cryogen-free high magnetic field system
from Cryogenic Ltd. (magnetic field H range of ±150 kOe
and temperature T range of 2–300 K) . The samples were
tightly packed, and 33.4 mg of MNGA and 43.1 mg of MNGG
were used during the magnetic measurements.

B. Neutron powder diffraction

The NPD measurements of the presently studied alloys
were carried out in the cold neutron (time of flight) diffrac-
tometer WISH at the ISIS Facility (Rutherford Appleton
Laboratory) in the United Kingdom [29]. A 6-mm-diameter
vanadium cell was used to mount the powder samples. The
entire vanadium cell was placed in a standard liquid He cryo-
stat to decrease the sample temperature down to 1.5 K. Data
were collected at different constant temperatures T in the
warming cycle. We used about 5 g of each alloy for NPD mea-
surements. For magnetic structure determination, we recorded
five long scans (each scan was 30 min in duration) below,
around, and above the MPT. In addition, several quick scans
(10-min duration each) were performed for order parameter
determination. Notably, the neutron scattering cross section
of the constituent elements of the present alloys are Mn →
2.15(3) barns, Ni → 18.5(3) barns, Ge → 8.60(6) barns,
Ga → 6.83(3) barns, and Al → 1.503(4) barns [30]. Rietveld
refinement of the recorded NPD data was performed using
the FULLPROF software package [31]. We used the BASIREPS,
GSAS, VESTA software packages to create and visualize the
model.

(a)

(b)

FIG. 1. (a) and (b) NPD data from detector banks 5 and 6
of WISH for MnNiGe0.9Al0.1 (MNGA) and MnNiGe0.928Ga0.072

(MNGG) alloys recorded at 315 and 320 K, respectively. Here,
black circles, red lines, and blue lines (lowermost line in the main
panels) indicate the observed, calculated, and difference patterns,
respectively. The first (olive, labeled i), and second (magenta, labeled
ii) vertical bars indicate the peak positions for the Ni2In-type (for
MNGA and MNGG) and MgZn2-type (for MnNi1.3Ge0.7) hexagonal
nuclear phases, respectively. Circular insets show an enlarged version
of the respective NPD pattern for better visibility of the reflections
originating from the MnNi1.3Ge0.7 composition (indicated by stars).
The temperature T variation of dc magnetization M recorded in
field-cooling (FC) and field-cooled heating (FCH) protocols in the
presence of 1 kOe of an external magnetic field H are plotted in the
square insets.

III. EXPERIMENTAL RESULTS

A. Room temperature neutron diffraction

The NPD data recorded around room temperature for the
MNGA and MNGG alloys are presented in the main pan-
els of Figs. 1(a) and 1(b), respectively. Rietveld refinement
analyses of these NPD data indicate that both alloys crystal-
lize in the Ni2In-type hexagonal structure with space group
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P63/mmc. In addition to the reflections associated with the
Ni2In-type hexagonal structure, a few additional reflections
in the NPD patterns have also been noticed for both al-
loys. Such additional reflections are due to the presence of
the MgZn2-type hexagonal MnNi1.3Ge0.7 alloy along with
the presently studied MNGA and MNGG alloys. An en-
larged view of the reflections coming from the MnNi1.3Ge0.7

phase, along with the calculated patterns, are shown in the
circular insets in Figs. 1(a) and 1(b). The formation of
the MnNi1.3Ge0.7 alloy during the preparation of magnetic
equiatomic alloys is not uncommon and has already been
reported by Kuźma et al. [32]. No structural or magnetic phase
transitions are reported to be associated with the MnNi1.3Ge0.7

alloy. Our analysis indicates the presence of about 1.61
(±0.17) and 0.60 (±0.04) wt % of the MnNi1.3Ge0.7

phase in the MNGA and MNGG alloys, respectively.
The lattice parameters obtained around room temperature
for the MNGA [ah = 4.093(1)Å, ch = 5.415(8)Å], MNGG
[ah = 4.095(4)Å, ch = 5.420(7)Å], and MnNi1.3Ge0.7 [ah =
4.890(7)Å, ch = 7.623(9)Å] alloys match the previously re-
ported data well [11–14,32]. No magnetic satellite reflection
has been observed in any of the studied alloys around room
temperature.

B. dc magnetization

To verify the presence of MPT in the presently studied
MNGA and MNGG alloys, we recorded the T variation of
dc M in the presence of 1 kOe of an external H in the field-
cooling (FC) and field-cooled heating (FCH) protocols [see
square insets in Figs. 1(a) and 1(b)]. A restricted region of
the M(T ) curves is plotted for clear visualization. On heat-
ing from 5 K, the M value remains almost unchanged up to
175 K (185 K) for the MNGA (MNGG) alloy, followed by
a sharp upturn in it, signifying the MPT. A further increase
in sample temperature results in a sharp fall in the M value
around 205 and 224 K for MNGA and MNGG, respectively.
This transition is associated with the magnetically ordered
austenite state to the PM austenite phase. Thermal hysteresis
associated with FC and FCH data around the MPT confirms
the first-order nature of the transition. The observed range
of MPT temperatures matched the previously reported data
well [11–13].

C. Identification of magnetic structure

Now, let us concentrate on the present alloys’ magnetic
structures at the lowest temperature of the measurement. The
1.5 K NPD data confirm that both the MNGA and MNGG al-
loys show the orthorhombic crystal structure. However, along
with the orthorhombic nuclear reflections, some additional
nuclear (for the high-T hexagonal phase and MnNi1.3Ge0.7

phase) and magnetic satellite reflections have also been no-
ticed. The NPD data recorded at 1.5 K for the MNGA and
MNGG alloys for different lattice plane spacing d ranges are
presented in Figs. 2(a)–2(d). Our analysis confirms that the
weight percent of the MnNi1.3Ge0.7 phase observed for both
the MNGA and MNGG alloys at 1.5 K is similar to that of
the room temperature data. On the other hand, we noticed
about 14.04 (±0.41) and 1.37 (±0.05) wt % of the high-T

hexagonal phase at the lowest T of the measurement (1.5 K)
for the MNGA and MNGG alloys, respectively. Apart from
the nuclear reflections, several magnetic satellite reflections
are also clearly visible, with the most intense magnetic re-
flection appearing at a very large value of d (∼29.12 Å for
MNGA and ∼28.78 Å for MNGG). The larger value of the
magnetic form factor of Mn at larger d or smaller Q (= 2π

d ) is
the key reason for such an observation. Two different types of
magnetic reflections have been identified for the MNGA alloy,
namely, (i) the magnetic reflections that can be indexed by
the incommensurate propagation vector ko = (ka, 0, 0), with
ka = 0.2065(1), having orthorhombic structure, and (ii) the
magnetic reflections that can be indexed by the commensurate
propagation vector kh = (0, 0, 0) having hexagonal structure.
On the other hand, no traces of the magnetic satellite reflection
have been observed for the commensurate AFM structure in
the MNGG alloy. This may be due to the smaller percentage
[∼1.37% (±0.05%)] of the high-T hexagonal phase present at
1.5 K for the MNGG alloy. However, the magnetic reflections
due to the incommensurate AFM structure can be indexed
by using the propagation vector ko = (ka, 0, 0), with ka =
0.2088(4). Considering all nuclear and magnetic phases, we
have successfully refined the NPD data for both the MNGA
and MNGG alloys at 1.5 K. Various refinement parameters at
1.5 K for both alloys are shown in Table I.

The magnetic structure which has been found to provide
the best fitting quality for the incommensurate magnetic in-
tensities involves spins localized on the Mn sites and rotating
within the bc plane (see Table II). The set of symmetry el-
ements of the orthorhombic Pnma space group, which keep
the incommensurate propagation vector ko unchanged (little
group), splits the 4c Mn position into two orbits. The Mn
sites from orbits 1 and 2 are denoted as Mn11, Mn12 and
Mn21, Mn22, respectively, in Table II. As the x coordinates
of the Mn sites within the same orbit are found to differ by
1
2 , we have fixed the corresponding magnetic phases to ka

2
during the refinement procedure. The relative magnetic phase
between the orbits is not fixed by symmetry and was freely
refined along with the size of the magnetic moments. The
latter was constrained to be the same for both orbits. The
parameters refined at T = 1.5 K for both the MNGA and
MNGG alloys are summarized in Table II. As per the present
model, the angle between the two adjacent Mn spins are found
to be α ≈ 37.17◦ and 37.59◦ for the MNGA and MNGG
alloys, respectively, at 1.5 K [see Fig. 3(b)]. Some previous
works on the Mn/Ni-site doped MnNiGe alloys also reported
a similar helical magnetic structure of the low-T martensite
phase [25–28]. On the other hand, a simple collinear AFM
structure has been observed for the magnetically ordered
hexagonal austenite phase. Both magnetic structures are de-
picted in Figs. 3(a)–3(c).

D. Temperature evolution of magnetic structure

To probe the temperature evolution of the observed mag-
netic structure, we recorded NPD data at different constant
T during warming from 1.5 K. Some restricted regions of
the NPD patterns recorded at different constant T for the
presently studied alloys are presented by the contour plot in
Fig. 4 (restricted areas are plotted here for better visibility
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(a) (b)

(c) (d)

FIG. 2. NPD data recorded at 1.5 K in ambient conditions are plotted for the (a) and (b) MNGA and (c) and (d) MNGG alloys for two
different ranges of lattice spacing d from detector banks 3–8 and 1–10 of WISH. Insets in (a) and (c) show an enlarged view of the (001)±o
magnetic peak. Here, black circles, red lines, and blue lines indicate the observed, calculated, and difference patterns, respectively. The first
(olive, labeled i), second (magenta, labeled ii), third (orange, labeled iii), fourth (purple, labeled iv), and fifth (wine, labeled v) vertical bars
indicate the peak positions for the Ni2In-type hexagonal nuclear phase (for MNGA/MNGG), MgZn2-type hexagonal nuclear phase (for
MnNi1.3Ge0.7), orthorhombic nuclear phase, orthorhombic magnetic phase, and hexagonal magnetic phase (for MNGA), respectively.

of the magnetic satellite reflections). Apart from the struc-
tural transition, an increase in sample temperature results in
some significant effects on the magnetic satellite reflections
for both incommensurate and commensurate AFM structures,
namely, (i) shifting of (101)+o , (−101)−o , and (000)±o reflec-
tions towards the lower d , (ii) shifting of (101)−o , (−101)+o ,
and (001)h reflections towards the higher d , (iii) a sluggish
decrease of the intensity of incommensurate AFM reflections
with an initial increase in T followed by a sharp decrease
around the MPT, and (iv) unchanged intensity of the commen-
surate AFM reflection up to the MPT followed by a peaklike
behavior with a further increase in T that eventually vanishes
above the magnetic transition T (due to the increase in the
Ni2In-type hexagonal phase fraction around the MPT).

After successfully refining all the recorded NPD data using
the same magnetic structures (an incommensurate helicoidal
structure for the orthorhombic phase and a commensurate
AFM structure for the hexagonal phase), we have noticed
a monotonic increase in orthorhombic and hexagonal lattice
parameters for both alloys (see Fig. 5). However, a slight slope
change has been observed in the hexagonal lattice parame-

ters around the magnetic ordering temperature of the high-T
hexagonal phase for both alloys [see Figs. 5(b) and 5(d)].
Successful refinement of NPD data at different constant T also
helped us to determine the phase fractions of the hexagonal
(Ni2In-type), orthorhombic (TiNiSi-type), and MnNi1.3Ge0.7

(MgZn2-type hexagonal) phases at different constant temper-
atures. Variations of such phase fractions as a function of T
for both alloys are plotted in Figs. 6(a) and 6(c), where a
signature of MPT from the orthorhombic to hexagonal phase
is clearly visible. The region of MPT observed from the
NPD data matches the dc magnetization data well (between
150 and 240 K for MNGA and between 195 and 245 K
for MNGG). Notably, the phase fraction of MnNi1.3Ge0.7

remains unchanged throughout the entire temperature range
of the measurement. On the other hand, MPT is incomplete
for both these alloys, which is clear from the presence of a
high-T hexagonal phase fraction along with the orthorhombic
phase fraction below the MPT region [∼14.04% (±0.41%)
for MNGA and ∼1.37% (±0.05%) for MNGG].

We have also calculated and plotted the variation of
the integrated intensity of the (000)±o and (001)h magnetic
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TABLE I. Various structural parameters for the MnNiGe0.9Al0.1 (MNGA) and MnNiGe0.928Ga0.072 (MNGG) alloys at 1.5 K and around
room temperature (315 and 320 K for the MNGA and MNGG alloys, respectively). Along with the weight percent of different phase fractions
mentioned for different temperatures, there exists a MnNi1.3Ge0.7 phase with the following weight percentages: (i) for MNGA, 1.61% (±0.17%)
at 1.5 K and 1.61% (±0.11%) at 315 K and (ii) for MNGG, 0.58% (±0.06%) at 1.5 K and 0.60% (±0.04%) at 315 K.

MnNiGe0.9Al0.1 at T = 1.5 K, MnNiGe0.928Ga0.072 at T = 1.5 K,
Rp = 5.52%, Rwp = 7.47% Rp = 6.38%, Rwp = 7.96%

Type Site x y z Biso Type Site x y z Biso

TiNiSi-type orthorhombic structure with space group Pnmaa

Mn 4c 0.032(6) 0.250 0.180(2) 1.30(5) Mn 4c 0.032(6) 0.250 0.182(4) 1.48(8)
Ni 4c 0.147(4) 0.250 0.550(8) 1.85(1) Ni 4c 0.146(6) 0.250 0.557(5) 1.21(4)
Ge 4c 0.760(3) 0.250 0.625(3) 0.74(6) Ge 4c 0.759(3) 0.250 0.624(6) 1.09(3)
Al 4c 0.760(3) 0.250 0.625(3) 0.74(6) Ga 4c 0.759(3) 0.250 0.624(6) 1.09(3)

Ni2In-type hexagonal structure with space group P63/mmcb

Mn 2a 0.000 0.000 0.000 2.37(8) Mn 2a 0.000 0.000 0.000 2.37(8)
Ni 2d 0.333 0.666 0.750 0.07(2) Ni 2d 0.333 0.666 0.750 0.07(2)
Ge 2c 0.333 0.666 0.250 0.61(9) Ge 2c 0.333 0.666 0.250 0.61(9)
Al 2c 0.333 0.666 0.250 0.61(9) Ga 2c 0.333 0.666 0.250 0.61(9)

MnNiGe0.9Al0.1 at T = 315 K, MnNiGe0.928Ga0.072 at T = 320 K,
Rp = 5.32%, Rwp = 6.57% Rp = 5.38%, Rwp = 6.76%

Type Site x y z Biso Type Site x y z Biso

Ni2In-type hexagonal structure with space group P63/mmcc

Mn 2a 0.000 0.000 0.000 2.39(8) Mn 2a 0.000 0.000 0.000 2.34(8)
Ni 2d 0.333 0.666 0.750 0.05(2) Ni 2d 0.333 0.666 0.750 0.10(2)
Ge 2c 0.333 0.666 0.250 0.92(9) Ge 2c 0.333 0.666 0.250 0.45(9)
Al 2c 0.333 0.666 0.250 0.92(9) Ga 2c 0.333 0.666 0.250 0.45(9)

aFor MNGA, a = 6.011(4) Å, b = 3.734(6) Å, c = 7.084(5) Å, Bragg R factor = 2.79%, phase fraction = 84.35% (±1.47%). For MNGG, a
= 6.017(9) Å, b = 3.725(9) Å, c = 7.086(3) Å, Bragg R factor = 4.59%, phase fraction = 98.05% (±0.48%).
bFor MNGA, a = 4.085(8) Å, c = 5.350(3) Å, γ = 120◦, Bragg R factor = 5.27%, phase fraction = 14.04% (±0.41%). For MNGG, a =
4.060(1) Å, c = 5.347(6) Å, γ = 120◦, Bragg R factor = 6.09%, phase fraction = 1.37% (±0.05%).
cFor MNGA, a = 4.093(1) Å, c = 5.415(8) Å, γ = 120◦, Bragg R factor = 5.07%, phase fraction = 98.39% (±0.95%). For MNGG, a =
4.095(4) Å, c = 5.420(7) Å, γ = 120◦, Bragg R factor = 5.19%, phase fraction = 99.40% (±1.01%).

reflections, observed for the presently studied alloys, as a
function of T [see Figs. 6(b) and 6(d)]. These (000)±o and
(001)h magnetic reflections show one-to-one correspondence
with the orthorhombic and hexagonal phase fractions, re-
spectively. Higher values of the magnetic transition point
compared to the MPT for both Al and Ge doped alloys provide

us with a small window with a significantly large fraction of
magnetically ordered hexagonal phases. Such behavior helped
us to correctly determine the true nature of the magneti-
cally ordered hexagonal phase. Our refinement of the NPD
data also indicates a monotonic increase in the propagation
vector with increasing sample T for the presently studied

TABLE II. Fourier coefficients of the helicoidal magnetic structure of the MnNiGe0.9Al0.1 [propagation vector k = (0.2066(2), 0, 0)] and
MnNiGe0.928Ga0.072 [propagation vector k = (0.2088(3), 0, 0)] alloys, refined at T = 1.5 K. The magnetic structure was defined as (Rv +
iIw)e−2π i(k·t+ϕ), where R and I are the real and imaginary parts of the Fourier coefficients, respectively, t is the lattice translation, and ϕ is the
magnetic phase. v and w are unit vectors defining the plane of the spin rotation (the bc plane in the present case).

Mn sites Moment size R = I (in units of μB) Magnetic phase ϕ

MnNiGe0.9Al0.1, T = 1.5 K
Mn11(0.0321, 0.2500, 0.1824) 3.08(3) 0.000(0)
Mn12(0.5321, 0.2500, 0.3176) 3.08(3) 0.103(3)
Mn21(0.4678, 0.7500, 0.6824) 3.08(3) 0.113(3)
Mn22(0.9678, −0.2500, −0.1824) 3.08(3) 0.226(6)

MnNiGe0.928Ga0.072, T = 1.5 K
Mn11(0.0326, 0.2500, 0.1824) 3.28(9) 0.000(0)
Mn12(0.5326, 0.2500, 0.3175) 3.28(9) 0.104(4)
Mn21(0.4674, 0.7500, 0.6824) 3.28(9) 0.114(4)
Mn22(0.9674, −0.2500, −0.1824) 3.28(9) 0.228(8)

094422-5



S. C. DAS et al. PHYSICAL REVIEW B 103, 094422 (2021)

FIG. 3. (a) Incommensurate magnetic structure with helical
modulation at 1.5 K. (b) The angle between two adjacent magnetic
spins observed for the MNGA and MNGG alloys. (c) The com-
mensurate antiferromagnetic structure. For clarity, only the magnetic
atoms, Mn, are shown here.

alloys (see Fig. 7). This is due to the shift in the position
of the magnetic reflections originating from the orthorhombic
martensitic phase. During the refinement of the NPD data,
we carefully checked for the presence of any FM ordering
in these alloys, as previous reports claimed the presence of
such ordering (based on the macroscopic measurements) in
the hexagonal phase of this type of Ge-site doped MnNiGe
alloys [11–14,32]. However, we have not observed any trace
of ferromagnetic ordering in the presently studied alloys (at
least in the absence of an external magnetic field).

IV. DISCUSSION AND CONCLUSION

We performed a systematic investigation of the magnetic
structure of the Ge-site doped MnNiGe alloys with the nom-
inal compositions MnNiGe0.9Al0.1 and MnNiGe0.928Ga0.072

(a) (b)

(c) (d)

FIG. 4. Contour plots of the temperature evolution of the (101)+o ,
(−101)−o , (101)−o , (−101)+o , (000)±o , and (001)h magnetic satellite re-
flections (a) and (b) for MNGA and (c) and (d) for MNGG. Here, the
suffixes “o” and “h” stand for orthorhombic and hexagonal phases,
respectively. The right-hand scale bar indicates the normalized inten-
sity. The martensitic phase transition (MPT) is indicated by the white
dashed lines.

(a)

(b)

(c)

(d)

FIG. 5. (a) and (c) The temperature T variation of orthorhombic
lattice parameters for the MNGA and MNGG alloys, respectively.
(b) and (d) T variation of the hexagonal lattice parameters for the
MNGA and MNGG alloys, respectively.

through detailed neutron powder diffraction measurements at
different constant temperatures. Doping of both smaller size
Al and larger size Ga in the Ge site of the MnNiGe alloy
results in a decrease in this alloy’s lattice parameters. This
is consistent with the previously reported data [11,13]. In
addition, for both these cases, the valance electron concen-
tration (e/a ratio) decreases with doping. These effects play a
crucial role in the significant decrease in the MPT compared
to the undoped MnNiGe alloy. Apart from the reduction of
MPT, the present work revealed (i) helically modulated in-
commensurate AFM ordering of the low-T martensite phase,
(ii) a gradual increase in the incommensurate propagation
vector with increasing sample temperature, (iii) a commen-
surate AFM ordering of the high-T austenite phase, and (iv)
the absence of any ferromagnetic ordering in the absence
of an external magnetic field. Similar incommensurate AFM
ordering with helical modulation has also been reported for Si,
Ti, and Cr doped MnNiGe alloys [25–28]. Along the direction

(a)

(b)

(c)

(d)

FIG. 6. (a) and (c) Temperature T variation of the orthorhom-
bic, hexagonal, and MnNi1.3Ge0.7 phases present in the MNGA and
MNGG alloys, respectively. (b) and (d) Integrated intensities of
(000)±o and (001)h magnetic satellite reflections as a function of T
for the MNGA and MNGG alloys, respectively.
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FIG. 7. Temperature variation of the incommensurate propaga-
tion vector ka and the ratio of nearest-neighbor to next-nearest-
neighbor exchange interaction for both the MNGA and MNGG
alloys.

of the propagation vector, we observed rotation of the mo-
ment direction by a certain angle (α) while moving from one
Mn layer to another. Competing exchange interactions among
the Mn atoms of different layers are mainly responsible for
such moment rotation along the propagation vector and hence
for the helical magnetic arrangement. Also, we have noticed
that the angle of moment rotation α depends strongly on the
sample temperature. The value of α was found to be 37.17◦
and 37.59◦ for the MNGA and MNGG alloys, respectively, at
1.5 K. With increasing sample T , the value of α increases and
becomes 39.72◦ (at 255 K) and 41.13◦ (at 245 K) for the Al
and Ga doped alloys, respectively. Previous work on the NPD
study of the undoped MnNiGe alloy reported a rotation of the
axis of the helical magnetic structure from the bc plane to
the a axis with increasing sample temperature [24]. However,
such a change in the axis of the helix is not observed for the
presently studied alloys. Apart from the magnetic equiatomic
alloys, a similar kind of helically modulated magnetic struc-
ture has also been reported for the rare earth elements Tb, Dy,
and Ho, where competing interactions are mainly responsible
for such a modulated structure [33].

The axial next-nearest-neighbor Ising model was some-
times used to explain such a helically modulated magnetic ar-
rangement [27,28,34,35]. This model incorporates anisotropic
competing exchange interaction with nearest-neighbor ferro-
magnetic interaction in a plane perpendicular to the helical
magnetic structure’s modulation axis [27,28,34,35]. On the
other hand, nearest-neighbor FM and next-nearest-neighbor
AFM interactions along the modulation axis lead to the helical
arrangement of magnetic spins perpendicular to the FM plane.
According to Enz [35], the stability criteria for achieving a
stable helical structure can be written as cos α = − J1

4J2
, where

J1 and J2 signify the FM (Mn-Mn distance = a/2) and AFM
(Mn-Mn distance = a) interactions, respectively, along the
modulation axis. From the refinement analysis of the NPD
data, recorded at different constant T , we have estimated the
values of α for both alloys. Such values of α show good
agreement with the relation α = 180◦ × ka used by Penc et al.
as well [27,28]. Using the stability criteria of the helical mod-

ulation and values of α obtained from NPD analysis, we have
estimated and plotted the values of the J1

J2
ratio as a function

of T for both alloys (see Fig. 7). We observed a sluggish
decrease in the J1

J2
ratio up to 75 K, followed by a faster

decrease with a further increase in T . Such behavior of the
J1
J2

ratio confirms the increasing strength of the next-nearest-
neighbor AFM interaction compared to the nearest-neighbor
FM interaction. The observed behavior is again similar to the
Mn/Ni-site doped MnNiGe alloys [25–28].

Observation of a commensurate-type antiferromagnetically
ordered hexagonal phase [with kh = (0, 0, 0)] is one of the
critical findings of the present work. Previous and present re-
sults indicate a considerable decrease in MPT temperature in
Ge-site doped MnNiGe alloys. In addition, Mn chains and the
Ni-6Mn environment remain unchanged with Ge-site doping.
Such a large reduction in MPT and an intact Mn environment
allowed the hexagonal phase to order antiferromagnetically.
However, based on the bulk magnetic data, ordering of the
hexagonal phase was previously identified as FM in nature.
Incomplete MPT for both of the presently studied alloys (es-
pecially for MNGA with the presence of 14.04% hexagonal
phase at 1.5 K) provided the opportunity to investigate the
true magnetic character of the magnetically ordered hexagonal
phase down to the lowest temperature of the measurement
(1.5 K for the present case). The presence of magnetic satellite
reflections and the absence of any intensity mismatch between
the observed and calculated intensities of the nuclear reflec-
tions of the hexagonal phase below the ordering temperature
confirm the AFM ordering of the hexagonal phase and the
absence of any FM order in the presently studied alloys (at
least in the absence of an external magnetic field).

In conclusion, the present work, based on the NPD analysis
of two Ge-site doped MnNiGe alloys with the nominal com-
positions MnNiGe0.9Al0.1 and MnNiGe0.928Ga0.072, reveals
the true magnetic structure of both the hexagonal and or-
thorhombic phases present in these alloys. A helically modu-
lated incommensurate AFM ordering, with its axis lying along
the a axis, of the low-T orthorhombic phase is clear from
the NPD data recorded in the absence of an external mag-
netic field. With increasing sample temperature, an apparent
increase in the incommensurate propagation vector and hence
in the AFM strength have been observed for both alloys. On
the other hand, no change in the helix axis has been observed
throughout the magnetically ordered region. Interestingly, the
high-T hexagonal phase is found to order antiferromagneti-
cally with a commensurate structure for both alloys (below a
specific temperature, depending on the composition).

Neutron diffraction data were recorded on the WISH
diffractometer at the ISIS Neutron and Muon Source. In-
formation on the data can be accessed through STFC ISIS
Facility [36].
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Solidi A 64, 367 (1981).
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