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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-AFM") with
antiferromagnetic(AFM) nature in Fe-doped Mngg;Fe, ;NiGe. 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-AFM" into a conical spiral
ferromagnetic(FM) configuration(45°-CoS-FM?) 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-FM*® and significantly broadened 3d bandwidth of Mn(Fe) atoms, which leads to
the shortened magnetic moment and evolution of spin structure.

xternal pressure is a direct means to affect material lattice. alloys lose the structural stability and undergo a martensitic

Altering interatomic distance and, hence, electronic structural transition from hexagonal Ni,In-type austenite(space
structure by pressure can produce abundant physical proper- group P6;/mmc) to TiNiSi-type orthorhombic martensite-
ties, such as baromagnetic effect (BME), barocaloric effect,' ™ (space group Pnma). The martensite shows a variety of spin
transition among metal, semiconductor and insulator,””’ structure,”’"** critically depending on the Mn—Mn bond
enhanced ferroelectricity8 and self-trapped exciton emission,” lengths, garticularly on the Mn—Mn(d,) with direct
and even room-temperature s.uperconductivity.10 Among them, exchang62 2! (Figure la), which provides excellent platform
BME, that is, pressure-induced change of magnetic moment, for exploring pressure regulated spin-structure and hence giant
has potential applications in the fields of intelligent instru- BME.
ments, sensors, actuators, and magnetoelectric (ME) devices The stoichiometric MnNiGe undergoes a martensitic
utilizing interfacial strain.'' The materials with strong cross- transition around T > 420 K, and the martensite displays
correlations between volume and spin order provide excellent spiral AFM structure.” However, the AFM coupling is so

platform for exploring BME. In antiperovskite Mn,GagosNo.os robust that the change of Mn—Mn distance by a pressure as
; - ion i : ratio high as 8kbar is unable to alter the AFM state.” So, no BME
with 3D geometric frustration in the spin configuration, 1gh as okbar 1s unable (o alter the state. 50, no

pressure driven spin reorientation from antiferromagnetic- occurs in MnNiGe. Fortunggely, the substitution of Mn with
(AFM) I8 to ferrimagnetic(FIM) M-1 leads to a large BME.' Fe introduces FM coupling.”” We found that the spin-structure

The equivalent maximal baromagnetic coefficient (BMC, d = | of a Fe-doped Mn9-37Fe0~13NiGe becomef suscgptible to
AM/dPL)" is d ~ 1.92 emu-g 'kbar™! under a 1-5 T Mn(Fe)—Mn(Fe) distance. A lr)lew cycloidal Asplral AFM
structure (denoted as CyS-AFM" 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-AFM".
Rietveld refinements indicate Fe atoms randomly occupy Mn

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.'*”'® Topologically Received: March 11, 2021 LA L"
protected vortex-like spin structure, that is, magnetic Published: May 3, 2021 ' 4
biskyrmions, was demonstrated in an off-stoichiometric alloy
(MngNig)ssGass,' '~ which poses canted ferromagnetic-

(FM) ground state and persists Ni,In-type hexagonal structure
in entire temperature range. On the other hand, some MnMX
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Figure 1. Sketch of (a) the conversion from 70°-CoS-FM® to CyS-AFMP, (b) the 70°-CoS-FM?, 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.

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-FM?*) 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-S) is used, as shown in Figure lc.
NPD refinements indicate that, in the 150—250 K zone, the
Mn, g-Fe,13NiGe possesses an incommensurate conical spiral
FM structure with y = 70°, 6 = 0°, and ¢ = 0° (denoted as
70°-CoS-FM?, Figure 1b), in line with the previously
reported.27 Surprisingly, a new spiral spin-structure (Figure
la) is developed below ~S0K, which was not observed before
in the Fe-doped MnNiGe. The optimal parameters are y =
90°, 6 = 90° and ¢ = 90°, that is, the cone axis [ is along the b
axis, and the magnetic moment is perpendicular to the I,
corresponding to a cycloidal spiral structure. While the

6799

magnetic moment is confined on Mn(Fe) sites with H(Mn/Fe)
3.06(2) pp at S K, and the propagation vector k =
[0.16731(5), 0, 0] along the a,, axis.

Such a spiral structure shows AFM nature (namely, CyS-
AFEM®) but differs from the AFM configuration of the
stoichiometric MnNiGe (SI-6). The formation of the new
CyS-AFM? is closely related to the step change of Mn—Mn(d, )
and Mn—Mn(d,) distances around the spin structure transition
point T,, ~ 150 K (Figure 1d, a), although no anomaly occurs
in the lattice parameters there (see Figure Slc and discussion
in SI-7). The step increase of magnetic satellite peak (000)*
around T, ~ 150 K(read from NPD patterns Figure 1f) is also
indicative of spin structural transition (red line in Figure le
and SI-2)

Unlike the robust AFM coupling in MnNiGe,”** the
formed CyS-AFM® in Mny,Fe,;;NiGe behaves susceptible
against either magnetic field (H) or pressure (P). Macroscopic
magnetic measurements (M—H curves) at S K (Figure 2a)
indicate that a low critical magnetic field Hc ~ 0.35 T can

https://doi.org/10.1021/jacs.1c02694
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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 S K and (c) phase

diagram (SI-8).

induce a metamagnetic transition with a step rise of
magnetization (M). M then increases almost linearly until
saturation with saturated moment M, ~ 3.05 ug, unlike the
spontaneous magnetizing behavior of a typical FM magnet. To
reveal the evolution process of spin-structure, NPD measure-
ments under variable magnetic flelds were performed at 5 K
(Figure 2b). Careful refinements indicate that the CyS-AFM®
evolves into the conical spiral M 70°-CoS-FM" with y = 70°,
6 = 90° ¢ = 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-AFM" in Mn,g,Fe,,;NiGe
is no longer insensitive to stress. Figure 3a display the M—H
curves measured under variable pressures at different temper-
atures. At the CyS-AFM" 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 (H,). Meanwhile, the
critical field Hc triggering the transition from CyS-AFM" to
70°-CoS-FM? 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-AFM® with a small H, ~ 0.1 T
(see inset of Figure 3a(4)), though increasing temperature up
to 150 K have already collapsed the CyS-AFM® with H, = 0. It
means pressure stabilizes the new CyS-AFM®.

Further increasing pressure up to 6.0kbar makes the
magnetizing process completely different from the situation
at atmospheric pressure (Figure 3a(1—4)). The isothermal M—
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 S 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,
AMyp = M(P,H)r — M(0,H)r, not only at the magnetic field
higher than H; 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 H.. Typically, the BME
under a low H = 0.35 T reaches +32.0 and +40.5emu/g, while
the corresponding BMC d = |AMyp/APlyr ~ 5.34 and
~4.88emu-g”-kbar™!, 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 H;
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 H, ~ 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 -kbar™" (150
K) and 9.03 and 7.55 emu-g”"kbar™' (200 K), respectively
(see details in SI-9).

Obviously, the BME in Mn,g,Fe, ;NiGe is more attractive
compared to the Mn;GaygsNyo, previously reported.'” The
maximal BMC d = 9.03 emu-g™"kbar™" at 2.2 T is 4.7 times
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Figure 3. (a) M—H curves and the BME (AMy;;) under selected hydrostatic pressures at S, 100, 120, 150, and 200 K, respectively. The sketch of
(b, d) the CyS-AFM® and (c, e) the 45°-CoS-EM. (f) BMC d of Mn, g,Fe,;NiGe under H, < 0.35 T (red) and 2T <H< ST (green), compared
with that of Mn3GagosNggs [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, My, ), Mn—Mn distances (d,, d,), and Martensite Fraction

(Wt(Ort)) from NPD at 120 K under Different Pressures”

pressure 0 kbar 2 kbar 4 kbar 6 kbar
NPD spin structure CyS-AFM® CyS-AFMP CyS-AFMP 45°-CoS-FM*

0 90° 90° 90° 0°

® 90° 90° 90° 0°

W 90° 90° 90° 45°

Min(re) () 2.80(3) 2.78(3) 2.79(3) 2.08(3)

d, (A) 3.175(7) 3.173(9) 3.171(11) 3.155(11)

d, (A) 3.158(12) 3.154(14) 3.152(14) 3.156(15)

Wtoy, (%) 99(1) 99(1) 98(1) 98(1)

Rwp 5.70 6.67 7.12 7.15

Ve 3.86 1.66 2.02 2.11
M-H pressure 0 kbar 1.8 kbar 6 kbar

Mg () 2.83 2.83 2.07

“M; from M—H curves at 120 K is listed for comparison.

greater than that of Mn;GaggsNygy while the temperature
range (0—250 K) is also significantly wider (Figure 3f). For
Mn;GagosNgoy the maximal AMyp is ~+14.4 emu/g at 130
K/7.5 kbar, equivalent BMC d ~1.92 emu-g~"-kbar™' within
temperature window ~115 K (75—190 K) (see SI—l).12

To reveal the mechanism of large BME in Mn, g,Fe,3NiGe,
NPD under variable hydrostatic pressure was performed at 120
K in CyS-AFM® 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 y
= 45° 60 = 0° and @ = 0°, corresponding to a conical spiral
structure, we name it 45°-CoS-FM* (Figure 3c) (see details in
SI-10). Meanwhile, the refined moment drops from 2.80(3) 5

6801

(0 kbar) to 2.08(3) g (6.0 kbar). All these are in line with the
macroscopic magnetic measurements (Figure 3a), noting that
the refined moments (My,(ge)) from NPD are nearly the same
as the saturation moments (M,) 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-AFM” (Figure 3b) to 45°-
CoS-FM* (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 (d;) and Mn—Mn (d,)
distances between 4 and 6 kbar (Figure 3g), although no
obvious anomaly can be identified in the lattice parameters
(Figure S9). The Mn—Mn (d;) and Mn—Mn (d,) distances
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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 PWO91 generalized gradient approxima-
tion’>*” for CyS-AFM® and the derived 45°-CoS-FM* 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
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Figure 4. (a) Difference between the total energies of CyS-AFM® and
45°-CoS-FM*. (b) Partial electronic density of states of high spin state
at Aa/a = 0% and low spin state at Aa/a = —5%.

the energy difference per formula unit(AE = Ese.cospn’ —
Ecys. AFMb) against lattice strain Aa/a between 0 and —6%. The
results demonstrate that the 45°-CoS-FM® with compressed
lattice is more stable than the CyS-AFMP, noting an energy
gain of 1.5 meV/fu. 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 Aa/a = 0% and low spin state at Aa/a = —5%,
where Mn(Fe) magnetic moment at 5 K was adopted, that is,
Miyto(re) ~ 3.06 pp (0 kbar) and Myg,ge) ~ 2.37 py (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 Aa/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 Aa/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
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the Mn 3d states become weaker, hence leading to reduction of
magnetic moments.”*"*!

To conclude, a new spiral spin structure(CyS-AFM®) with
AFM nature was found in Fe-doped Mn, g,Fe,3;NiGe 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-AFM® transform to a conical spiral FM with
angle 70° (70°-CoS-FM®), accompanied by a step rise of
magnetization. More importantly, the new CyS-AFM" 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-AFM" into a conical spiral ferromagnetic configuration
(45°-CoS-FM?) 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~"-kbar™' under 0.35 T while
~9.03 emu-g "kbar™' under 2.2 T in a wide temperature
range, which all far exceed those of the previous reported
Mn3GaggsNyo,. ' 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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