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The a-Mn phase exhibits a large anomalous Hall effect (AHE) in its pressure-induced weak ferromagnetic
(WFM) state, despite its relatively small spontaneous magnetization of ~0.02 ug/Mn. To understand the
underlying mechanism behind this AHE, we performed single crystal neutron diffraction measurements at
2.0 GPa to determine the magnetic structure of the WFM phase. Our investigation reveals a ferrimagnetic
structure characterized by nearly collinear magnetic moments aligned along the [001] direction at sites I, IT, III-1,
and IV-1. In contrast, the small moments at sites III-2 and IV-2 lie within the (001) plane. The calculated net
magnetization of this magnetic structure, (—0.08 £ 0.10) ug/Mn atom, is in agreement with the experimentally
determined spontaneous magnetization. The observation of a magnetic reflection at ¢ = (0, 0, 0) satisfies a key

condition for the emergence of the AHE.

DOI: 10.1103/PhysRevB.110.094420

I. INTRODUCTION

o-Mn exhibits antiferromagnetic (AFM) order below the
Néel temperature Ty = 95 K. Applying pressure rapidly sup-
presses Ty, leading to a high-pressure phase above 1.4 GPa
with the transition temperature 7o ~ 50 K [1-4]. Within this
high-pressure phase, we recently discovered a large anoma-
lous Hall effect (AHE) and a weak ferromagnetic (WFM)
character [3,4]. Despite a significantly reduced spontaneous
magnetization (~0.02 ug/Mn) compared to individual Mn
moments in the AFM phase, the anomalous Hall resistivity
py’i reaches approximately half that of elemental Fe, a well-
known ferromagnet. Similar large AHEs have been observed
in noncollinear antiferromagnetic systems such as Mn3;Sn and
Mn;Ge, where Berry curvature effects are the driving force
[5,6]. Since the AFM phase of ¢-Mn exhibits no AHE, a
nonzero contribution from the Berry curvature is anticipated
in the WFM phase. The Berry curvature arises due to broken
symmetry, similar to ferromagnetic ordering with a magnetic
propagation vector ¢ = (0, 0, 0) [7].

a-Mn crystallizes in the cubic space group 143m (No. 217,
Td3) with four distinct Mn sites (I, II, III, and IV) occupying
Wyckoff positions 24, 8c, 24g, and 24g, respectively. The unit
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cell contains 58 Mn atoms in total. Despite its complexity, the
o-Mn structure exhibits remarkable stability, remaining intact
even under extreme pressures of up to 200 GPa [8].

Neutron diffraction reveals magnetic reflections at g =
(0, 0, 1) within the AFM phase [9—14], consistent with a non-
collinear magnetic structure where each Mn site possesses a
distinct magnetic moment [13,14]. This structure, determined
by neutron diffraction, exhibits a splitting of sites III and
IV into two crystallographically inequivalent subsites. This
splitting breaks the threefold rotational symmetry along the
(111) direction, while sites I and II remain unsplit. The size
of magnetic moments have the ordering my > my > myy >
myy, where m; denotes the magnitude at site i. The largest
moment, my, aligns with the [001] direction, with reported
values ranging from 1.9 ug to 2.8 ug [13,14]. The second-
largest moment, myy, orients antiparallel to e with a slight tilt
from the [001] direction. While previous neutron diffraction
studies yielded distribution in tilt angles for my [13,14], a
recent NMR study determined it to be ~6° [15]. Furthermore,
the splitting of NMR spectra for site II suggests a lower-
ing of symmetry for this site as well in the AFM ordered
state [13,14].

Concerning the high-pressure WFM phase, zero-field
NMR measurements have been employed to investigate the
magnetic structure [16,17]. The NMR frequencies of sites [
and II were decreased in the WFM phase compared to the
AFM phase, indicating a reduction in the magnitude of the
magnetic moments at these sites. For sites III and IV, only
the high-frequency tail of the resonance signal was ob-
served, with the peak well below the minimum measurement
frequency of ~5 MHz. This suggests that the magnetic

Published by the American Physical Society
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moments at sites III and IV in the WFM phase are negligibly
small.

To elucidate the magnetic structure of the WFM phase in
a-Mn, we conducted neutron diffraction experiments under
pressure. Subsequently, the magnetization curve of the WFM
phase was measured.

II. EXPERIMENTAL

A large single crystal of «-Mn was grown by Pb flux in
a horizontal configuration [18]. The resulting single crystal
has dimensions of approximately 1-2 mm?, representing a
significant increase in size compared to our previous single
crystal grown by the conventional vertical flux growth method
(~0.1 mm?) [3,4].

Neutron diffraction measurements on a single crystal
were performed on the SENJU time-of-flight Laue diffrac-
tometer at BL18, MLF, J-PARC [19]. A hybrid-anvil-type
pressure cell was used to apply pressures up to 2.0 GPa
[20]. The single-crystal sample, polished to a size of 1.0 x
1.0 x 0.4 mm?>, was placed in an aluminum alloy gas-
ket with the (011) plane mounted on the culet surface
of the anvil. Glycerin served as the pressure-transmitting
medium [21]. The pressure was determined at room tem-
perature using the ruby fluorescence method. Magnetic and
nuclear diffraction data were collected at six crystal orienta-
tions near the (hkk) reciprocal lattice plane. Data collection
was performed at the lowest temperatures of 2.8 K in
the WFM phase and 60 K in the paramagnetic phase.
Two wavelength bands (second frame, A =4.4 ~ 8.8 A;
1.5 frame, A = 2.2 ~ 6.6 A) were used to maximize the col-
lection of magnetic Bragg intensities. The exposure times
for the second and 1.5 frames were 4 and 6 h, respectively.
Temperature evolution was also measured from 2.8-60 K with
a shorter acquisition time. Data reduction and correction were
performed using the software STARGazer [19].

Magnetization measurements under 2.1 GPa were con-
ducted using an indenter-type high-pressure cell with a
ceramic anvil and NiCrAl hole piece [22]. Approximately
1.4 mg of randomly oriented «-Mn single crystals were
loaded into the cell along with Daphne oil 7474 [23] as
the pressure medium. Magnetization was measured using a
superconducting quantum interference device (SQUID) mag-
netometer (MPMS, Quantum Design). The applied pressure
was estimated based on the loading force, using a calibration
derived from the superconducting transition temperature of
Pb. Magnetization measurements at ambient pressure were
conducted with the applied magnetic field aligned along the
[001] direction using a SQUID-VSM (Quantum Design).

III. RESULTS AND DISCUSSION

As a first step, the crystal structure at 2.0 GPa was ana-
lyzed using nuclear intensity data collected at 60 K (> Tj).
All observed peaks were successfully indexed to the reported
body-centered cubic (BCC) structure, without any sign of
secondary phase. The lattice constant was determined to be
a = 8.8284 A. The nuclear Bragg peak intensity, Ions(hkl), is
described by the following equation:

Lobs(hkl) = S A(h, hkD) E (A, BKL, |Fops|*) L(O) | Fops|*, (1)
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FIG. 1. Relationship between the observed structure factor
| Fobs|?, calculated from Eq. (1) at 60 K, with and without considering
the extinction effect. Filled circles represent | Fobs|> with the extinc-
tion correction, while open circles represent | Fyys|> without extinction
correction.

where S is the scale factor, A(A, hkl) is the absorption coef-
ficient, E (A, hkl, |Fyy|*) is the extinction parameter, L(6) is
the Lorentz factor, 0 is the scattering angle, and Fips is the
observed structure factor. The nuclear structure factor, Fgye,
calculated from the crystal structure, is given by:

Feae = _b;e®", )
J

where the summation is over the unit cell and b; = —3.73
fm is the Mn scattering length. Figure 1 shows a plot of the
square of observed and calculated structure factors (|Fops|?
and |Fuc|?) at 60 K, with and without extinction correc-
tion. The observed structure factors are well explained by
the reported BCC structure. Introducing extinction correction
further improves the fit for high |Feyc|® values (>10° fm?).
This refinement is not necessary for the subsequent magnetic
analysis. The obtained structure parameters, summarized in
Table 11, are consistent with those reported at ambient pressure
and 4.4 K [13].

Figures 2(a) and 2(b) show the intensity maps of the (hkk)
reciprocal lattice plane at 2.8 and 60 K, respectively. Upon
cooling, reflections with & = 2n (for all integer k) exhibit a
significant intensity increase compared to 60 K, correspond-
ing to the locations of nuclear Bragg peaks (highlighted by
bold circles). These reflections are consistent with those al-
lowed by the BCC crystal structure. Notably, no intensity
is observed at h = 2n + 1 at 2.8 K, where AFM peaks are
present at ambient pressure (highlighted by dotted circles).
Additionally, no superlattice reflections are observed as well.
These results indicate that the magnetic structure in the WFM
phase exhibits the same symmetry as the chemical structure,
with a magnetic propagation vector ¢ = (0, 0, 0).

Figures 2(c)-2(e) show the temperature dependence of
| Fyps|? at (200), (211), and (222) reflections, respectively. The
bold horizontal line represents | Fuyc|?, which is equal to | Fyp,|?
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FIG. 2. (a) and (b) Neutron scattering intensity map of the recip-
rocal (hkk) plane at 2.8 K (T' < Tp) and 60 K (T' > T,), respectively.
(c), (d), and (e) Temperature dependence of |Fyy|? at (20 0), (21 1),
and (2 2 2) reflections, respectively.

above Tx. Below T, |Fyps|? increases significantly for all
three reflections. However, the temperature variations differ,
particularly below 20 K, suggesting that the magnetic mo-
ments at sites I, I, III, and IV may have distinct temperature
dependencies.

Figure 3 shows the calculated and observed magnetic
Bragg peak intensities at 2.8 K, represented by |Fmag|2 =
| Fobs (2.8K)|? — | Fups (60K)|%, as magnetic peaks overlap with
nuclear ones. Although 23 reflections were observed, their
standard deviations are heavily influenced by the underlying
nuclear Bragg peaks, which are usually much stronger than
magnetic ones. To overcome these difficulties, we employed
complementary approaches to obtain reliable results, symme-
try analysis, magnetization measurements, and comparison
with NMR.

Figure 4 illustrates the possible magnetic space groups
derived from the parent /43m structure, assuming nonzero
magnetic moments on each Mn site [24-27]. Among the sub-
groups, the three highest-symmetry magnetic space groups
are rhombohedral R3m’, orthorhombic Fm'm2’, and tetrag-
onal [42'm’. The number of fitting parameters, X, for
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FIG. 3. Bragg peak intensity of magnetic reflections
(|Fnag(hkD)[?) at 2.8 K. Error bars represent the standard deviation
(o) of magnetic Bragg peak intensity. Blue bars represent the
calculated | Fy|* for the magnetic space group /42'm’.

FIG. 4. Possible symmetries for a magnetic structure with a par-
ent structure belonging to space group /43m and a propagation vector
q = (0,0,0), along with nonzero magnetic moments at each Mn
atom site [24-27].

each model is 18, 22, and 13, respectively. Since the
magnetic space group exhibits lower symmetry compared to
the chemical one, the formation of multiple (e.g., three in the
tetragonal case) magnetic domains is expected below the tran-
sition temperature (7). However, no experimental evidence
of anisotropic reflection intensities was observed. This sug-
gests the formation of magnetic domains with equal volume
fractions, which is assumed for the following analysis. To
identify the most plausible magnetic structure, we employed
a least-squares method that minimizes the R factor as follows:

(Vs (kD)2 — |Fcal<hkz)|2)2
Rres—hzkl< D) NG

where |Feq(hkD)|? is the calculated magnetic intensity of the
magnetic Bragg peak, given by:

|Fear (hkD))* o< f2(Q) IM1(Q)?, )

where f(Q) is the magnetic form factor of Mn** and M, (Q)
is the perpendicular component of the Fourier transform of
magnetic moments. The resulting R factors (R.s and the
weighted R factor, R,) are summarized in Table 1. The
142'm’ magnetic space group exhibits the lowest Ry (Ry)
with the minimum number of fitting parameters, suggesting it
as the most likely candidate for the WFM phase in o-Mn
among the three highest-symmetry magnetic space groups
considered.

Table II summarizes the extracted magnetic moments for
the WFM phase in «-Mn. Five of the 13 fitting param-
eters were found to be statistically indistinguishable from
zero within their respective error bars. Neglecting these

TABLE I. Typical reliability factors, magnitude of the magnetic
moments at sites I and II, and the net magnetization per Mn atom.

R3m’ Fm'm2' 142'm’'
Ries 8.0 19.2 2.3
Ry, (%) 2.2 3.1 1.4
my (ug) 1.6 0.9 1.84
mirq (,LLB) 1.1 2.0 0.83
myp (UB) 1.0 0.6
S m. (ju5/Mn) 0.23 0.38 —0.0840.10
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TABLE II. Atomic coordinates determined at 60 K and magnetic moments (x45) on each Mn site at 2.8 K.

Site Wyckoff Position X y m, my m, |m|

1 2a 0 0 0 0 +1.84(15) 1.84(15)
II 8i 0.318(3) 0.318(3) 0.318(3) —0.02 (10) —0.02(10) —0.83(14) 0.83(14)
III-1 8i 0.358(3) 0.358(3) 0.037(3) —0.08(9) —0.08(9) +0.14(11) 0.20(10)
1I1-2 16 0.358(3) 0.037(3) 0.358(3) —0.27(7) —0.23(13) +0.07(13) 0.39(9)
IV-1 8i 0.088(2) 0.088(2) 0.280(6) —0.04(11) —0.04(11) —0.42(11) 0.44(13)
V-2 16 0.088(2) 0.280(6) 0.088(2) —0.19(8) —0.15(8) —0.06(10) 0.28(6)

negligible values, the magnetic moments at sites I, II, III-1,
and I'V-1 exhibit collinear alignment along the [001] direction.
Conversely, the moments at sites III-2 and I'V-2 lie within the
(001) plane. For example, the magnetic moments of site II
are expressed as (my, my, m;), (—my, my, my), (my, —ny, m;),
and (—m,, —m,, —m;). Consequently, the in-plane (xy) com-
ponents of the magnetic moments at this site cancel each
other, resulting in zero net moment within the plane. How-
ever, a finite net moment remains along the z direction. This
scenario applies to the other sites as well, resulting in a net
magnetic moment with a finite z component only.

Figure 5(a) shows the crystal structure of «-Mn viewed
along the [100] direction. Sites I and III-1 (IT and IV-1) form
layers with z coordinates between —0.038 and 0.038 (0.182
and 0.318), respectively. These layers are highlighted in blue
(green) backgrounds. Sites III-2 and I'V-2 form a layer with z
coordinates between 0.088 and 0.142, highlighted in yellow.
Figures 5(c)-5(f) show the magnetic structure of each layer
perpendicular to the [001] direction.

Figure 5(f) presents the magnetic structure of the layer
containing site I (largest moment) and III-1. Their moments
align along [001], resulting in a total magnetic moment of
M, = (2.4 £ 0.6) ug/5Mn in this layer. Figure 5(d) depicts
the layer containing site II (second largest moment) and IV-1.
Their moments are aligned along [001], antiparallel to those
of sites I and III-1, with a total of (—5.0 £ 1.0) ug/8Mn.
Figures 5(c) and 5(e) show the layer containing sites I1I-2 and
IV-2. Their moments are perpendicular to the [001], resulting
in a near-zero total magnetic moment.

Figure 5(b) shows the M, of each layer as a function of its
z coordinate along the [001] direction. Note that the number
of Mn atoms varies across the different layers. M, alternates
in sign along [001]. The solid curve represents the best fit
of a sine function to this variation. The dotted line indicates
the non-zero net magnetization along [001]. This finite net
magnetization with error is calculated by summing up the
m, of each site listed in Table II, as (—0.08 £ 0.10) ug/Mn.
This nonzero net magnetization confirms the presence of
spontaneous magnetization within this magnetic structure.
Therefore, based on the results of this neutron scattering ex-
periment, the magnetic structure of the WFM phase in ¢-Mn
can be classified as ferrimagnetic.

Figure 6(a) shows the magnetization curve measured at
2.1 GPa. Due to the random orientation of the single-crystal
grains, the applied magnetic field effectively averages over
all crystallographic directions. The dashed line represents the
contribution of the NiCrAl pressure cell component [29].
This line closely resembles the magnetization curve measured
at 60 K (above T,), indicating negligible small magne-

tization of «-Mn at this temperature, consistent with the
magnetization observed at ambient pressure [triangle in
Figs. 6(a) and 6(c)]. Figure 6(b) highlights the emergence of
spontaneous magnetization below Tp = 52 K. The magnitude
of magnetization gradually increases with decreasing temper-
ature, reaching My = 0.016 ug/Mn at 4.2 K. This value is in
good agreement (within experimental error) with the net mag-
netization estimated from neutron diffraction for the 142'm’
space group, where the magnetic moments are aligned along
the [001] direction. Conversely, the net magnetization pre-
dicted for the R3m’ and the F'm'm2’ space groups, as presented
in Table I, are incompatible with the observed spontaneous
magnetization.

The validity of the proposed 142'm’ magnetic structure
model was further evaluated through comparison with NMR
spectroscopy. Figure 7 presents a plot of the resonance fre-
quency (f) of the NMR signal reported in Ref. [16] against
the magnetic moment (m) of each site in the WFM phase at
2.0 GPa, obtained from neutron diffraction. Notably, no NMR
signals were detected for sites III and IV in the WFM phase
[17]. For comparison, data for the AFM phase at ambient
pressure (f reported in Ref. [15], m reported in Refs. [13] and
[14]) are also included. Compared to the AFM phase, both
m and f for sites I and II in the WFM phase exhibit smaller
values. The near-identical f/m ratios for sites I and II in the
WEFM phase suggest a constant hyperfine coupling constant.
Note that the magnetic moments determined for the R3m’ and
Fm'm2’ space groups, as shown in Table I, are inconsistent
with the f values obtained from the NMR study.

Despite some data dispersion in the AFM phase, the f/m
values exhibit a remarkable similarity between the AMF and
WEFM phases. This suggests that the hyperfine coupling con-
stants for sites I and II are nearly identical and independent
of pressure. Note that the observed decrease in f for sites
I and II with increasing pressure [16] directly reflects a
pressure-induced decrease in their magnetic moments. While
neutron diffraction measurements revealed nonzero magnetic
moments at sites III and IV in the WFM phase, no corre-
sponding NMR signals were observed. This suggests that the
hyperfine coupling constant for sites III and IV is significantly
smaller than that for sites I and II. A possible explanation for
this difference lies in the hyperfine field from neighboring Mn
sites, as proposed in an NMR study of the AFM phase [15].

a-Mn exhibits pressure-induced weak ferromagnetism
(WFM) and antiferromagnetism (AFM) at ambient pressure.
Neutron diffraction measurements revealed that the magnetic
space groups for the WFM and AFM phases are 142'm’ and
Ip42'm’ [13,14,30], respectively. Notably, both phases share
the same crystallographic point group 42m, which supports
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FIG. 5. (a) @-Mn crystal structure viewed along the [100] direction, with a unit cell outlined by a square. Different colors represent atoms
occupying distinct sites within the /42’'m’ magnetic space group. Large (small) spheres represent atoms with x coordinates of —0.25 < x < 0.25
(0.25 < x < 0.75). (b) Total magnetic moment component along the [001] direction (M) within the layer perpendicular to [001] in the unit cell
(indicated by the colored background). (c)—(e) Magnetic structure within each layer, perpendicular to [001], as indicated on the right side of the
(b). Almost collinear magnetic moments (sites L, II, III-1, and I'V-1) reside within a broken square surrounding (0 0 z) and (0.5 0.5 z). Sites III-2
and IV-2 are located outside of the square. (g)—(i) Magnetic structure viewed along the [100] and [001] directions, and a three-dimensional
(3D) view, respectively. These crystal structure illustrations were generated using VESTA [28].

the plausibility of the determined magnetic structure of the
WFM phase in this study. The magnetic propagation vec-
tors are ¢ = (0, 0,0) for WFM and ¢ = (0,0, 1) for AFM.
Consequently, only the WFM phase fulfills the necessary con-
ditions for a finite AHE [7]. Large AHEs have been recently
reported in materials with weak ferromagnetism, such as
NbMnP [31,32], CoNb3S¢ [33], Mn3Sn [5], and Mn3Ge [6].
These materials exhibit a small ferromagnetic component (on
the order of 1073 uup) arising from underlying Dzyaloshinskii-
Moriya (DM) interactions within their noncollinear magnetic
structures. The emergence of a large AHE is highly depen-
dent on the magnetic structure’s symmetry. The present result
provides valuable constraints on the possible origins of the

large AHE observed in high-pressure o-Mn. Furthermore, this
work also opens avenues for theoretical studies on the possible
emergence of nonlinear charge transport phenomena in «-Mn
under high pressure.

IV. CONCLUSION

Our study reveals a ferrimagnetic structure in the a-Mn
WFM phase, characterized by a magnetic propagation vec-
tor ¢ = (0, 0, 0) and belonging to the /42'm’ magnetic space
group. This configuration fulfills a key requirement for a
nonzero anomalous Hall response. The magnetic moments
at sites I, II, III-1, and IV-1 exhibit collinear alignment
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FIG. 6. Magnetization of «-Mn. (a) Isothermal magnetization
curves at 2.1 GPa for various temperatures. The curve at 0 GPa
is included for comparison. (b), (c) Temperature dependence of
magnetization at 2.1 GPa (b) and ambient pressure (c). The applied
magnetic fields are 200 Oe and 1 kOe, respectively.

along the [001] direction. In contrast, the moments at sites
III-2 and IV-2 are perpendicular to this axis. Site I possesses
the largest magnetic moment (1.84 ug), followed by site II
(0.83 ugp), with these moments being antiparallel. Although
relatively small, the magnetic moments at sites III and IV
are definitively nonzero, reaching approximately ~0.3 ug.
The net magnetization for the ferrimagnetic structure is

250 T

200

150

/(MHz)

100} Site II -
AN

0 GPa

50 B Lawson |
Yamada
0 | L | L
0 1.0 2.0 3.0
m (pg)

FIG. 7. Relation between the resonance frequency of NMR
signal and the magnetic moment determined from the neutron
diffraction measurement. The resonance frequency at 2.0 GPa is
taken from Ref. [16]. The magnetic moment at O GPa is taken from
Refs. [14] and [13]. The resonance frequency at 0 GPa is taken from
Ref. [15].

(—0.08 £0.10) ug/Mn atoms, which is consistent with the
observed spontaneous magnetization.
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