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ABSTRACT: Spin structure of a magnetic system results from the competition of various exchange couplings. Pressure-driven spin
structure evolution, through altering interatomic distance, and hence, electronic structure produces baromagnetic effect (BME),
which has potential applications in sensor/actuator field. Here, we report a new spin structure(CyS-AFMb) with
antiferromagnetic(AFM) nature in Fe-doped Mn0.87Fe0.13NiGe. Neutron powder diffraction (NPD) under in situ hydrostatic
pressure and magnetic field was conducted to reveal the spin configuration and its instabilities. We discovered that a pressure higher
than 4 kbar can induce abnormal change of Mn(Fe)−Mn(Fe) distances and transform the CyS-AFMb into a conical spiral
ferromagnetic(FM) configuration(45°-CoS-FMa) with easily magnetized but shortened magnetic moment by as much as 22%. The
observed BME far exceeds previous reports. Our first-principles calculations provide theoretical supports for the enhanced BME. The
compressed lattice by pressure favors the 45°-CoS-FMa and significantly broadened 3d bandwidth of Mn(Fe) atoms, which leads to
the shortened magnetic moment and evolution of spin structure.

External pressure is a direct means to affect material lattice.
Altering interatomic distance and, hence, electronic

structure by pressure can produce abundant physical proper-
ties, such as baromagnetic effect (BME), barocaloric effect,1−4

transition among metal, semiconductor and insulator,5−7

enhanced ferroelectricity8 and self-trapped exciton emission,9

and even room-temperature superconductivity.10 Among them,
BME, that is, pressure-induced change of magnetic moment,
has potential applications in the fields of intelligent instru-
ments, sensors, actuators, and magnetoelectric (ME) devices
utilizing interfacial strain.11 The materials with strong cross-
correlations between volume and spin order provide excellent
platform for exploring BME. In antiperovskite Mn3Ga0.95N0.94
with 3D geometric frustration in the spin configuration,
pressure driven spin reorientation from antiferromagnetic-
(AFM) Γ5g to ferrimagnetic(FIM) M-1 leads to a large BME.12

The equivalent maximal baromagnetic coefficient (BMC, d = |
dM/dP|H)

13 is d ∼ 1.92 emu·g−1·kbar−1 under a 1−5 T
magnetic field (see unit conversion in Supporting Information
SI-1). This is the largest observed up to date by utilizing spin
structure evolution. Exploring amplified BMC and extending
the BME to a low magnetic field region is of significance from
viewpoint of practical applications.
Mn-based ternary metallic alloys MnMX (M = transition

element, X = main element) have recently gained much
attention owing to rich physical effects.14−16 Topologically
protected vortex-like spin structure, that is, magnetic
biskyrmions, was demonstrated in an off-stoichiometric alloy
(Mn0.5Ni0.5)65Ga35,

17−19 which poses canted ferromagnetic-
(FM) ground state and persists Ni2In-type hexagonal structure
in entire temperature range. On the other hand, some MnMX

alloys lose the structural stability and undergo a martensitic
structural transition from hexagonal Ni2In-type austenite(space
group P63/mmc) to TiNiSi-type orthorhombic martensite-
(space group Pnma). The martensite shows a variety of spin
structure,20−24 critically depending on the Mn−Mn bond
lengths, particularly on the Mn−Mn(d1) with direct
exchange20,21 (Figure 1a), which provides excellent platform
for exploring pressure regulated spin-structure and hence giant
BME.
The stoichiometric MnNiGe undergoes a martensitic

transition around TS ∼ 420 K, and the martensite displays
spiral AFM structure.24 However, the AFM coupling is so
robust that the change of Mn−Mn distance by a pressure as
high as 8kbar is unable to alter the AFM state.25 So, no BME
occurs in MnNiGe. Fortunately, the substitution of Mn with
Fe introduces FM coupling.26 We found that the spin-structure
of a Fe-doped Mn0.87Fe0.13NiGe becomes susceptible to
Mn(Fe)−Mn(Fe) distance. A new cycloidal spiral AFM
structure (denoted as CyS-AFMb thereafter), different from
the AFM configuration of the undoped MnNiGe, was found.
Neutron powder diffraction (NPD) studies under variable
hydrostatic pressure, magnetic field, and temperature (SI-2)
revealed the characteristics and instabilities of the CyS-AFMb.
Rietveld refinements indicate Fe atoms randomly occupy Mn
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sites and the ratio Fe ∼ 12.5(3)% approaches to the nominal
compositions (SI-3). A pressure higher than 4 kbar can
transform it into a conical spiral FM (45°-CoS-FMa) with
easily magnetized but shortened magnetic moment. Giant
BME was observed under either low magnetic field (≤0.35 T)
or 2−5 T. First-principles calculations (SI-4) provide further
theoretical supports for the enhanced BME.
To precisely describe the configuration of spin-structure,

spherical coordinate (SI-5) is used, as shown in Figure 1c.
NPD refinements indicate that, in the 150−250 K zone, the
Mn0.87Fe0.13NiGe possesses an incommensurate conical spiral
FM structure with ψ = 70°, θ = 0°, and φ = 0° (denoted as
70°-CoS-FMa, Figure 1b), in line with the previously
reported.27 Surprisingly, a new spiral spin-structure (Figure
1a) is developed below ∼50K, which was not observed before
in the Fe-doped MnNiGe. The optimal parameters are ψ =
90°, θ = 90°, and φ = 90°, that is, the cone axis l is along the b
axis, and the magnetic moment is perpendicular to the l,
corresponding to a cycloidal spiral structure. While the

magnetic moment is confined on Mn(Fe) sites with μ(Mn/Fe)

= 3.06(2) μB at 5 K, and the propagation vector k =
[0.16731(5), 0, 0] along the aorth axis.
Such a spiral structure shows AFM nature (namely, CyS-

AFMb) but differs from the AFM configuration of the
stoichiometric MnNiGe (SI-6). The formation of the new
CyS-AFMb is closely related to the step change of Mn−Mn(d1)
and Mn−Mn(d2) distances around the spin structure transition
point Tm ∼ 150 K (Figure 1d, a), although no anomaly occurs
in the lattice parameters there (see Figure S1c and discussion
in SI-7). The step increase of magnetic satellite peak (000)±

around Tm ∼ 150 K(read from NPD patterns Figure 1f) is also
indicative of spin structural transition (red line in Figure 1e
and SI-2)
Unlike the robust AFM coupling in MnNiGe,24,25 the

formed CyS-AFMb in Mn0.87Fe0.13NiGe behaves susceptible
against either magnetic field (H) or pressure (P). Macroscopic
magnetic measurements (M−H curves) at 5 K (Figure 2a)
indicate that a low critical magnetic field HC ∼ 0.35 T can

Figure 1. Sketch of (a) the conversion from 70°-CoS-FMa to CyS-AFMb, (b) the 70°-CoS-FMa, and (c) the spherical coordinate. Variation of (d)
Mn−Mn distances and (e) the peak intensity of (000)± magnetic satellite (red), orthorhombic (101) crystal reflection (yellow), and hexagonal
(002) crystal reflection (green) with temperature. (f)Temperature-dependent NPD patterns.
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induce a metamagnetic transition with a step rise of
magnetization (M). M then increases almost linearly until
saturation with saturated moment Ms ∼ 3.05 μB, unlike the
spontaneous magnetizing behavior of a typical FM magnet. To
reveal the evolution process of spin-structure, NPD measure-
ments under variable magnetic fields were performed at 5 K
(Figure 2b). Careful refinements indicate that the CyS-AFMb

evolves into the conical spiral FM 70°-CoS-FMb with ψ = 70°,
θ = 90°, φ = 90° at around ∼0.6 T,and then to a linear FM
structure aligning b axis (see Figure 2a, c and details in SI-8).
More intriguingly, the new CyS-AFMb in Mn0.87Fe0.13NiGe

is no longer insensitive to stress. Figure 3a display the M−H
curves measured under variable pressures at different temper-
atures. At the CyS-AFMb region (T ≤ 150 K), P ∼ 1.8kbar
pressure cannot remarkably alter the magnetizing process. The
shape of M-H curves persists almost the same while the
saturated moment remains unchanged, except a slight
reduction of saturated magnetic field (Hs). Meanwhile, the
critical field Hc triggering the transition from CyS-AFMb to
70°-CoS-FMb also keeps unchanged at the same temperature.
One exception is the situation of 150 K, where the 1.8 kbar
pressure can revive the CyS-AFMb with a small Hc ∼ 0.1 T
(see inset of Figure 3a(4)), though increasing temperature up
to 150 K have already collapsed the CyS-AFMb with Hc = 0. It
means pressure stabilizes the new CyS-AFMb.
Further increasing pressure up to 6.0kbar makes the

magnetizing process completely different from the situation
at atmospheric pressure (Figure 3a(1−4)). The isothermalM−
H curves at T ≤ 150 K become easily magnetized particularly

at low field region H ≤ 0.5 T, similar to the spontaneous
magnetizing behavior of a typical FM magnet, while the
saturated moment notably reduces by as much as 22% at 5 K
(Table S3). Continuously increasing pressure to 8.3 kbar leads
to further easier magnetized and further reduction of saturated
moment, while the shape of M−H curves does not change too
much (Figure 3a(1−4)). The distinct magnetizing behavior at
P = 0 and P ≥ 6kbar leads to the occurrence of large BME,
ΔMHP = M(P,H)T − M(0,H)T, not only at the magnetic field
higher than Hs but also in the low field region, while the sign of
BME changes, as shown in Figure 3a(6−10).
At low magnetic field (H), positive BME appears below 150

K, which peaks exactly around the Hc. Typically, the BME
under a low H = 0.35 T reaches +32.0 and +40.5emu/g, while
the corresponding BMC d = |ΔMHP/ΔP|H,T ∼ 5.34 and
∼4.88emu·g−1·kbar−1, under 6.0 kbar and 8.3 kbar, respec-
tively. With increasing H, the sign of BME turns to be negative,
and the BME reaches the negative maximum at around the Hs
and then keeps almost unchanged with further increasing H
(Figure 3a(6−10)). The negative BME at 150 and 200 K
reaches its maximum at Hs ∼ 2.6 and 2.2 T, while the
magnitude under 6.0 and 8.3 kbar is −30.1 and −35.5 emu/g
(150 K) and −54.2 and −62.7 emu/g (200 K) and
corresponding BMC d ∼ 5.02 and 4.27 emu·g−1·kbar−1 (150
K) and 9.03 and 7.55 emu·g−1·kbar−1 (200 K), respectively
(see details in SI-9).
Obviously, the BME in Mn0.87Fe0.13NiGe is more attractive

compared to the Mn3Ga0.95N0.94 previously reported.12 The
maximal BMC d = 9.03 emu·g−1·kbar−1 at 2.2 T is 4.7 times

Figure 2. (a) M−H curve at 5 K with the sketch of spin structure evolution with H. (b) Variable magnetic field NPD patterns at 5 K and (c) phase
diagram (SI-8).
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greater than that of Mn3Ga0.95N0.94, while the temperature
range (0−250 K) is also significantly wider (Figure 3f). For
Mn3Ga0.95N0.94, the maximal ΔMHP is ∼+14.4 emu/g at 130
K/7.5 kbar, equivalent BMC d ∼1.92 emu·g−1·kbar−1 within
temperature window ∼115 K (75−190 K) (see SI-1).12

To reveal the mechanism of large BME in Mn0.87Fe0.13NiGe,
NPD under variable hydrostatic pressure was performed at 120
K in CyS-AFMb region. Careful refinements indicated the
spiral configuration, as well as the spin moment, remains
almost unchanged under P ≤ 4kbar (Table 1). However, as the
pressure reaches 6.0 kbar, the optimal parameters tunes to be ψ
= 45°, θ = 0°, and φ = 0°, corresponding to a conical spiral
structure, we name it 45°-CoS-FMa (Figure 3c) (see details in
SI-10). Meanwhile, the refined moment drops from 2.80(3) μB

(0 kbar) to 2.08(3) μB (6.0 kbar). All these are in line with the
macroscopic magnetic measurements (Figure 3a), noting that
the refined moments (MMn(Fe)) from NPD are nearly the same
as the saturation moments (Ms) from the M−H curves at
corresponding conditions (Tables 1 and S3). Such good
consistency also illustrates the reliability of refined results. The
pressure driven transition from CyS-AFMb (Figure 3b) to 45°-
CoS-FMa (Figure 3c) is closely related to the altered local
atomic environments by pressure (Figure 3d, e and detailed
discussion in SI-7). NPD refinements indeed detected
abnormal changes of Mn−Mn (d1) and Mn−Mn (d2)
distances between 4 and 6 kbar (Figure 3g), although no
obvious anomaly can be identified in the lattice parameters
(Figure S9). The Mn−Mn (d1) and Mn−Mn (d2) distances

Figure 3. (a) M−H curves and the BME (ΔMHP) under selected hydrostatic pressures at 5, 100, 120, 150, and 200 K, respectively. The sketch of
(b, d) the CyS-AFMb and (c, e) the 45°-CoS-FMa. (f) BMC d of Mn0.87Fe0.13NiGe under Hc ≤ 0.35 T (red) and 2 T ≤ H ≤ 5 T (green), compared
with that of Mn3Ga0.95N0.94 [12, SI-1] under 1−5 T (blue). (g) Variation of Mn−Mn distances with pressure at 120 K.

Table 1. Refined Magnetic Structure with Spherical Angles, MMn(Fe), Mn−Mn distances (d1, d2), and Martensite Fraction
(Wt(Ort)) from NPD at 120 K under Different Pressuresa

pressure 0 kbar 2 kbar 4 kbar 6 kbar
NPD spin structure CyS-AFMb CyS-AFMb CyS-AFMb 45°-CoS-FMa

θ 90° 90° 90° 0°
φ 90° 90° 90° 0°
ψ 90° 90° 90° 45°
MMn(Fe) (μB) 2.80(3) 2.78(3) 2.79(3) 2.08(3)
d1 (Å) 3.175(7) 3.173(9) 3.171(11) 3.155(11)
d2 (Å) 3.158(12) 3.154(14) 3.152(14) 3.156(15)
WtOrt (%) 99(1) 99(1) 98(1) 98(1)
Rwp 5.70 6.67 7.12 7.15
χ2 3.86 1.66 2.02 2.11

M−H pressure 0 kbar 1.8 kbar - 6 kbar
MS (μB) 2.83 2.83 - 2.07

aMs from M−H curves at 120 K is listed for comparison.
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remain monotonously compressed at P ≤ 4.0 kbar but show
abrupt change with pressure further increasing to 6.0 kbar.
To theoretically explain the pressure driven instability of

spin structure, total energy was calculated by first-principles
calculations with PW91 generalized gradient approxima-
tion28,29 for CyS-AFMb and the derived 45°-CoS-FMa by
pressure (see Computational Details in SI-4). The atomic
positions refined from NPD data at 120 K/6.0 kbar were input,
and the cycloidal/conical spiral model was constructed with
the unit cell periods obtained from NPD data. Figure 4a shows

the energy difference per formula unit(ΔE = E45°‑CoS‑FM
a −

ECyS‑AFM
b
) against lattice strain Δa/a between 0 and −6%. The

results demonstrate that the 45°-CoS-FMa with compressed
lattice is more stable than the CyS-AFMb, noting an energy
gain of 1.5 meV/f.u. at the experimental lattice parameters.
Moreover, for the shortened magnetic moment by pressure, we
calculated the partial electronic density of states(DOS) of high
spin state at Δa/a = 0% and low spin state at Δa/a = −5%,
where Mn(Fe) magnetic moment at 5 K was adopted, that is,
MMn(Fe) ∼ 3.06 μB (0 kbar) and MMn(Fe) ∼ 2.37 μB (6.0 kbar)
based on NPD and macroscopic magnetic measurements
(Table S3). The result is shown in Figure 4b. For the high spin
state at Δa/a = 0%, the up-spin state is basically full and
roughly distributed in the range of −4.4 to −0.5 eV. While, for
the low spin state at Δa/a = −5%, the bandwidth of Mn 3d
bands is strongly broadened, and the up-spin state distributed
in the range of −4.8 to 0 eV (Figure 4b). The significantly
broadened 3d bandwidth should be responsible for the notably
shortened magnetic moment. With the lattice compressed, the
overlap of Mn 3d orbitals will be stronger that makes the 3d
orbitals of Mn atoms more itinerant. As a result, the d−d
hybrid bands become broader, and the exchange splitting of

the Mn 3d states become weaker, hence leading to reduction of
magnetic moments.20,30,31

To conclude, a new spiral spin structure(CyS-AFMb) with
AFM nature was found in Fe-doped Mn0.87Fe0.13NiGe alloys.
NPD under in situ pressure and magnetic field reveal the spin
configuration and its instability. A low magnetic field 0.35 T
can make the CyS-AFMb transform to a conical spiral FM with
angle 70° (70°-CoS-FMb), accompanied by a step rise of
magnetization. More importantly, the new CyS-AFMb is no
longer insensitive to stress compared to the MnNiGe without
Fe-doping. A pressure higher than 4 kbar induces abnormal
change of Mn(Fe)−Mn(Fe) distances hence transform the
CyS-AFMb into a conical spiral ferromagnetic configuration
(45°-CoS-FMa) with easily magnetized but much shortened
magnetic moment. As a result, giant BME was observed under
either a low magnetic field or a field of 2−5 T. The maximal
BMC appears to be ∼5.34 emu·g−1·kbar−1 under 0.35 T while
∼9.03 emu·g−1·kbar−1 under 2.2 T in a wide temperature
range, which all far exceed those of the previous reported
Mn3Ga0.95N0.94.

12 First-principles calculations provide theoreti-
cal supports for the spin structure transition and the shortened
magnetic moment by pressure. This work would provide
insightful directions for exploring novel BME materials.
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and magnetic structure of CoMnGe, CoFeGe, FeMnGe and NiFeGe.
J. Magn. Magn. Mater. 1981, 25, 176−186.
(24) Bazela, W.; Szytula, A.; Todorovic, J.; Tomkowicz, Z.; Zieba, A.
Crystal and magnetic structure of NiMnGe. Phys. Status Solidi A 1976,
38, 721.
(25) Anzai, S.; Ozawa, K. Coupled nature of magnetic and structural
transition in MnNice under pressure. Phys. Rev. B: Condens. Matter
Mater. Phys. 1978, 18, 2173.
(26) Liu, E.; Wang, W.; Feng, L.; Zhu, W.; Li, G.; Chen, J.; Zhang,
H.; Wu, G.; Jiang, C.; Xu, H.; de Boer, F. Stable magnetostructural
coupling with tunable magnetoresponsive effects in hexagonal
ferromagnets. Nat. Commun. 2012, 3, 873.
(27) Shen, F. R.; Zhou, H. B.; Hu, F. X.; Wang, J. T.; Deng, S. H.;
Wang, B. T.; Wu, H.; Huang, Q. H.; Wang, J.; Chen, J.; He, L. H.;
Hao, J. Z.; Yu, Z. B.; Liang, F. X.; Liang, T. J.; Sun, J. R.; Shen, B. G.
Cone-spiral magnetic ordering dominated lattice distortion and giant
negative thermal expansion in Fe-doped MnNiGe compounds. Mater.
Horiz. 2020, 7, 804−810.
(28) Deng, S. H.; Sun, Y.; Wang, L.; Shi, Z. X.; Wu, H.; Huang, Q.
Z.; Yan, J.; Shi, K. W.; Hu, P. W.; Zaoui, A.; Wang, C. Frustrated
triangular magnetic structures of Mn3ZnN: Applications in thermal
expansion. J. Phys. Chem. C 2015, 119, 24983−24990.
(29) Perdew, J. P.; Wang, Y. Accurate and simple analytic
representation of the electron-gas correlation energy. Phys. Rev. B:
Condens. Matter Mater. Phys. 1992, 45, 13244−13249.

(30) Wang, J. T.; Li, Z. Q.; Zhou, L.; Kawazoe, Y.; Wang, D. S.
Stabilities of spin configuration and exchange interactions in (Cr, Mn,
Fe)/Ag monatomic multilayers. Phys. Rev. B: Condens. Matter Mater.
Phys. 1999, 59, 6974−6978.
(31) Wang, J. T.; Li, Z. Q.; Sun, Q.; Kawazoe, Y. First-principles
study of the magnetic and the electronic properties of Fem/Aun
multilayers. J. Magn. Magn. Mater. 1998, 183, 42−48.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c02694
J. Am. Chem. Soc. 2021, 143, 6798−6804

6804

https://doi.org/10.1016/0304-8853(96)00007-8
https://doi.org/10.1016/0304-8853(96)00007-8
https://doi.org/10.1021/ja510693a
https://doi.org/10.1021/ja510693a
https://doi.org/10.1021/ja510693a
https://doi.org/10.1038/srep18027
https://doi.org/10.1038/srep18027
https://doi.org/10.1038/srep18027
https://doi.org/10.1063/1.3399773
https://doi.org/10.1002/adma.201600889
https://doi.org/10.1002/adma.201600889
https://doi.org/10.1002/adma.201600889
https://doi.org/10.1002/adma.201806598
https://doi.org/10.1002/adma.201806598
https://doi.org/10.1002/adma.201900264
https://doi.org/10.1002/adma.201900264
https://doi.org/10.1103/PhysRevB.81.224426
https://doi.org/10.1103/PhysRevB.81.224426
https://doi.org/10.1103/PhysRevB.83.174403
https://doi.org/10.1103/PhysRevB.83.174403
https://doi.org/10.1002/pssa.2210640140
https://doi.org/10.1002/pssa.2210640140
https://doi.org/10.1016/0304-8853(81)90116-5
https://doi.org/10.1016/0304-8853(81)90116-5
https://doi.org/10.1002/pssa.2210380235
https://doi.org/10.1103/PhysRevB.18.2173
https://doi.org/10.1103/PhysRevB.18.2173
https://doi.org/10.1038/ncomms1868
https://doi.org/10.1038/ncomms1868
https://doi.org/10.1038/ncomms1868
https://doi.org/10.1039/C9MH01602C
https://doi.org/10.1039/C9MH01602C
https://doi.org/10.1021/acs.jpcc.5b07225
https://doi.org/10.1021/acs.jpcc.5b07225
https://doi.org/10.1021/acs.jpcc.5b07225
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.1103/PhysRevB.59.6974
https://doi.org/10.1103/PhysRevB.59.6974
https://doi.org/10.1016/S0304-8853(97)01075-5
https://doi.org/10.1016/S0304-8853(97)01075-5
https://doi.org/10.1016/S0304-8853(97)01075-5
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02694?rel=cite-as&ref=PDF&jav=VoR

