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Anomalous Hall effect triggered by pressure-induced magnetic phase transition in «-Mn
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Recent interest in topological nature in condensed matter physics has revealed the essential role of Berry
curvature in the anomalous Hall effect (AHE). However, since a large Hall response originating from Berry
curvature has been reported in quite limited materials, the detailed mechanism remains unclear at present. Here,
we report the discovery of a large AHE triggered by a pressure-induced magnetic phase transition in elemental
a-Mn. The AHE is absent in the noncollinear antiferromagnetic phase at ambient pressure, whereas a large
AHE is observed in the weak ferromagnetic phase under high pressure despite the small magnetization of
~0.02u5/Mn. Our results indicate that the emergence of the AHE in «-Mn is governed by the symmetry of the
underlying magnetic structure, providing a direct evidence of a switch between a zero and nonzero contribution
of the Berry curvature across the phase boundary. «-Mn can be an elemental and tunable platform to reveal the

role of Berry curvature in AHE.
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I. INTRODUCTION

The anomalous Hall effect (AHE) in systems with broken
time-reversal symmetry is one of the fundamental transport
phenomena in condensed matter physics [1]. In general, the
Hall resistivity p, is represented as py, = pj\ + o5, [2,3].
Here, p;‘)’c is the normal component due to the Lorentz force,
whereas pfx represents the anomalous component observed in
an magnetically ordered phase, which becomes empirically
larger when the system has a larger spontaneous magneti-
zation (M). Conventionally, it is widely acknowledged that
spin-dependent scattering processes in the presence of M (so
called “extrinsic” origins) result in the AHE [4-6]. On the
other hand, recent interest in topological nature in condensed
matter physics has provided insight into the “intrinsic” origin
of the AHE [7], which is reinterpreted to be Hall response due
to the Berry curvature in the momentum space [8—12]. The
anomalous Hall conductivity G;‘y is represented by the Kubo
formula as [10,11]

e’ dk .
o = -7 Z / mf[en(k)]b;,(k), (1

where e, i, n, k, €,(k), and f represent the elemental charge,
reduced Planck constant, band index, wave vector, eigenval-
ues of the Hamiltonian, and Fermi-Dirac distribution function,
respectively. b7 (k) represents the z component of the Berry
curvature [13], which acts like a magnetic field in the momen-
tum space. The norm and direction of b, (k) are determined
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only by the Bloch state of the corresponding energy band. As
Eq. (1) presents, o4 becomes nonzero when the integration of
the Berry curvature over the occupied states in the momentum
space remains finite, regardless of the net M or scattering
events.

This mechanism is expected to cause a large Hall response
in antiferromagnetic (AFM) systems with certain symme-
try conditions. A cubic noncollinear antiferromagnet Mnslr,
whose Mn sublattice can be regarded to as stacked kagome
lattice along the [111] direction, is theoretically expected to
show large anomalous Hall conductivity 0'3, ~200Q ' em™!
for its triangular spin order [14]. This value is not at all
inferior to that in elemental ferromagnet Fe (1000 Q' cm™")
[15] despite the absence of net magnetization. Although this
prediction has not fully been verified, a recent experiment
on Mn;Ir thin film reported anomalous Hall conductivity as
large as 024, ~40Q~!" cm™" at room temperature [16]. Sim-
ilar large intrinsic AHE has been theoretically expected in
hexagonal noncollinear antiferromagnets Mn3Sn and Mn3;Ge
[17], which have an inverse triangular spin structure with
quite small ferromagnetic components. Actually, subsequent
experiments [18-20] revealed that the anomalous Hall con-
ductivity is strongly anisotropic and reaches approximately
0, ~150Q" cm™' and 400Q~' cm™' in Mn3Sn and
Mn;Ge, respectively. Interestingly, recent progress has re-
vealed possible large AHE even in collinear antiferromagnets
[21-23]. In this context, the search for a large intrinsic Hall
response has attracted attention not only for understanding
the long-standing issue in condensed matter physics but also
for identifying an application for a novel sensor and memory
device. However, such a large intrinsic AHE is reported in
quite limited materials at present. Thus, a model material
that enables us to flexibly control the electronic structure by
external parameters is desired.

Here, we report the discovery of a large AHE in «o-Mn,
a stable form of elemental Mn at room temperature and
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FIG. 1. (a) Crystal structure of &-Mn. Blue, green, red, and pur-
ple spheres represent sites I, II, III, and IV, respectively. [(b)—(d)]
Atomic configurations around site I. For sites I and II, the orien-
tation of the magnetic moments in the antiferromagnetic phase is
also illustrated based on Ref. [28]. (e) P-T phase diagram of «-Mn
reprinted from Ref. [31]. Ty and T, represent the antiferromagnetic
transition temperature and pressure-induced phase transition temper-
ature, respectively. The red and blue symbols are from resistivity
measurements and the green symbols are from ac-susceptibility mea-
surements. The color plot displays the anomalous Hall resistivity ,OQK
obtained by the present study (see main text).

ambient pressure. «-Mn forms a body centered cubic (bcc)
structure that consists of 58 atoms in the bcc unit cell with
four nonequivalent Mn sites referred to as sites I, II, III,
and IV [Figs. 1(a)-1(d)]. It belongs to the noncentrosymmet-
ric space group /43m. a-Mn is known to exhibit an AFM
transition at Ty = 95 K [24,25], in which the magnetic mo-
ments on each Mn site (1.9, 1.7, 0.6, and 0.2 ug for sites
I, II, III, and IV, respectively) form a noncollinear AFM
spin structure [26—30]. Here, up represents a Bohr magneton.
Ty is rapidly suppressed by the application of pressure, and
another pressure-induced phase characterized by the transi-
tion temperature T, appears above 1.4 GPa, which results
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FIG. 2. Temperature dependence of the resistivity at zero field
p at several pressures. All curves are vertically shifted for clarity.
Antiferromagnetic transition temperature 7y and pressure-induced
phase transition temperature 7 are indicated by red and blue arrows,
respectively. The inset shows a single crystal of «-Mn utilized in the
present study.

in a double-stage structure in the pressure-temperature (P-7')
phase diagram as shown in Fig. 1(e). Recently, a significant in-
crease in the ac susceptibility in this high-pressure phase was
reported [31]; however, the details of the magnetic structure
remains uncertain. In the present study, we identified that the
high-pressure phase has a weak ferromagnetic (WFM) nature
with quite a small magnetization. An significant jump of py,,
which is ascribed to be the AHE, was observed only within
the WFM phase. Our results indicate that the occurrence of
the AHE is determined by the symmetry of the underlying
magnetic structure, which is a remarkable evidence of the
switch between the zero and nonzero contributions of the
Berry curvature across the phase boundary.

II. EXPERIMENTAL METHODS

Single crystals of «-Mn were synthesized by the Pb-flux
method. Mn (99.999%) and Pb (99.9999%) with a molar
ratio of 2:98 were placed in an alumina crucible and sealed
in a quartz ampoule with argon gas. After the mixture was
initially heated to 800 °C, the melt was cooled to 320 °C for
over 300 h. Then, the flux was removed using a centrifuge
separator. A picture of the as-grown crystal is shown in the
inset of Fig. 2. The top surface of this sample was confirmed
to be (101) plane by means of x-ray diffraction analysis. It
was shaped by mechanical polishing into a rectangular cube
(0.5 x 0.1 x 0.1 mm?>) for precise determination of resis-
tivity. The resistivity of the sample at ambient pressure was
197 and 11.6 2 cm at 300 and 1.7 K, respectively, and the
resulting residual resistivity ratio was 17.

The electrical transport measurements under high pressure
were performed by indenter-type pressure cell (P < 4 GPa)
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[32]. Temperature dependence of the resistivity at zero field
was measured by using a gas-flow-type optical cryostat (Ox-
ford Instruments, 7 > 2 K) and by a standard four-terminal
method with 2400 sourcemeter and 2182A nanovoltmeter
(Keithley Instruments). The effect of thermal electromotive
force by temperature gradient was removed by inversion of
the current (/) direction. Magnetoresistivity py, and Hall re-
sistivity p,, in a static magnetic field were measured using a
superconducting magnet (Oxford Instruments, B < 8 T) and
variable temperature insert (Oxford Instruments, 7 > 1.6 K).
Pxx and py, were measured on an identical sample shown in
the inset of Fig. 2 by a standard four-terminal method with
LR-700 AC resistance bridge (Linear Research). In p,, and
Pyx measurements, B were applied parallel to the [101] direc-
tion, and the currents were injected within the (101) plane. All
data in Figs. 3(c) and 3(d) are antisymmetrized as a function
of B to remove the effect of misalignment of the voltage
contacts, whereas data shown in Fig. 4(a) are raw data without
antisymmetrization to show the finite hysteresis. Silver epoxy
and paste (Epo-tek H20E and Dupont 4922N) were used to
form electrical contacts.

Magnetization measurements under high pressure were
performed by ceramic-anvil pressure cell (P < 3 GPa) [33].
Magnetization was measured by a superconducting quantum
interference device (SQUID) magnetometer (MPMS, Quan-
tum Design, B < 1 T). A single crystal was mechanically
shaped into a rectangular cube and placed in the hole of
NiCrAl gasket together with a small piece of Pb pressure
marker (the sample space is 0.5 mm in diameter and 0.5 mm
high). Since the signal from the sample was relatively smaller
than that from the pressure cell itself, we measured the back-
ground magnetization from the pressure cell without a sample
and subtracted it from the net signal. The volume of the
rectangular sample was estimated by measuring the length
of the sides. (Data in Figs. 3(a) and 3(b) were measured on
separate samples with their volumes of 8.3 x 107 ¢cm? and
1.3 x 10~ cm?®, respectively). The pressure in the sample
space was determined by the superconducting transition tem-
perature of Pb at zero field.

In all high-pressure measurements mentioned above,
Daphne oil 7474 [34] was used as a pressure medium.

III. RESULTS AND DISCUSSION

In Fig. 2, we first show the temperature dependence of the
resistivity at zero field (p) at several pressures. / was injected
in the (101) plane. We observed clear anomaly at the transition
temperature of the antiferromagnetic phase (7y) and pressure-
induced phase (73 ), which is denoted by red and blue arrows,
respectively. We confirmed that the pressure dependences of
Ty and T, agree with the previous result [31].

Next, we present the magnetic properties in the pressure-
induced phase. As shown in Fig. 3(a), a small magnetization
M ~ 0.02up/Mn at B = 100 mT and P = 2.0 GPa was iden-
tified, indicating the WFM nature of this phase. As shown
in Fig. 3(b), M in the WFM phase is suppressed by further
application of pressure.

Subsequently, the Hall resistivity (o) in magnetic fields
along [101] direction is focused. Figure 3(c) shows p,, at
ambient pressure. The nonlinear B dependence and sign
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FIG. 3. (a) Magnetization M at P =2.0 GPa and T =15 K.
(b) Temperature dependence of M at 1.4, 1.9, and 2.6 GPa. External
magnetic field of 20 mT was applied during the measurements.
Hall resistivity p,, at ambient pressure (c) and at 2.9 GPa (d) with
B | [101] and I L B. Magnetoresistivity normalized by zero-field
value [0, (B)/p.(0T)] at ambient pressure (e) and at 2.9 GPa (f)
with B || [101]and I L B.

inversion are assumed to be a trivial contribution in a system
in which electrons and holes with different mobilities coexist.
Pyx €xhibits a remarkable nonlinearity at low temperatures,
whereas it becomes almost linear above 15 K. At ambient
pressure, oy, does not display any qualitative difference when
T passes through Ty = 95 K. On the other hand, a remarkable
jump in py, was observed in the WFM phase, as shown
in Fig. 3(d). This strongly indicates that p,, acquired an
anomalous Hall resistivity p;‘x associated with the
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FIG. 4. (a) Raw signal of Hall resistivity p}j}" at 2.9 GPa at
several temperatures. o%" is not antisymmetrized as a function of
B and vertically shifted for clarity. Vertical broken lines indicate
B = +10 mT. (b) Temperature dependence of the anomalous Hall

resistivity (p?) at several pressures.

pressure-induced magnetic phase transition. The weak B
dependence of p,, after the jump is considered to be due to
the normal components ,oy]\)’c, as the qualitative trend is identical
to that described in Fig. 3(c). We simultaneously performed
magnetoresistivity measurements, whose results are shown
in Figs. 3(e) and 3(f). Figure 3(e) shows magnetoresistivity
normalized by zero-field value [p,(B)/p.(0T)] at ambient
pressure. Positive nonsaturating magnetoresistance effect of
Pux(B)/ p:x(0T) = 2 was observed at 1.7 K, and it was rapidly
suppressed as temperature increased. As with Hall resistivity,
magnetoresistivity also did not show any qualitative difference
when the temperature got across Ty =95 K. Figure 3(f)
shows 0, (B)/px(0T) at 2.9 GPa. Compared with Fig. 3(e),
the positive nonsaturating magnetoresistance at 1.7 K was
slightly enhanced to 2.5. At intermediate temperature, small
negative magnetoresistance was observed (= 3% decrease at
B =8Tand T = 40 K), whose origin is unclear at present.

‘We further focus on the anomalous Hall part pﬁx and the de-
tailed temperature dependence. Figure 4(a) shows pi" within
+50 mT at 2.9 GPa. Note that p/* shown in Fig. 4(a) is not

antisymmetrized as a function o}f B. A jump in the vicinity
of the zero-field occurs as the temperature increases and ap-
proaches the maximum at 35 K. Subsequently, it is suppressed
as the temperature increases and vanishes with Ty ~ 47 K
as the boundary. The sign inversion with a finite hysteresis
loop can be realized by the application of |B| < 10 mT, in-
dicating quite a small switching field. This switching field is
smaller than that reported for Mn3Sn and Mn;Ge, typically
10-100 mT [18,20]. Within £50 mT, the contribution of p;‘)’c is
negligibly smaller than the magnitude of the jump. Therefore,
p(,‘x can be defined as [,o;iw (50 mT) — p;ﬁ‘cw (=50 mT)]/2.
The temperature dependence of p;‘x at several pressures were
determined in the same manner. As summarized in Fig. 4(b)
and color plot in Fig. 1(e), ,o;“x in the WFM phase can be
extensively controlled by P and T'. p;?x reaches the maximum
near the boundary between the AFM and the WFM phases,
and subsequently decreases as the pressure increases.

Here, a possible magnetic structure realized in the WFM
phase is discussed. In the AFM phase, the moments at sites
I and II are relatively larger than those at the other sites,
and thus these two major sites are focused for simplicity. As
shown in Fig. 1(b), site I, whose moment is parallel to [001]
direction, is included in a tetrahedron formed by site II. The
moments of site II are directed nearly opposite but slightly
deviate from [001]. The moments owing to the tetrahedron
located at the corner and center of the bcc unit cell cancel
each other, which results in a noncollinear AFM phase at
the ambient pressure. As the magnetization in WFM phase
is small compared to those of each Mn sites in AFM phase,
a simple ferromagnetic order, in which all of the moments
at each site align the same direction should be excluded
from possible candidates. Since previous theoretical calcula-
tion [29] suggests compression-dependent change of the AFM
configuration, it is reasonable to regard the WFM phase as a
magnetic order with a slight change from the AFM phase. One
of the possible candidates for WFM phase can be considered,
in which the tetrahedra at the center and corner of the bcc unit
cell ferromagnetically align. Considering the observed small
magnetization, the moments by sites I and II should mostly
cancel each other, whereas the residual magnetization can
emerge as the cancellation between the center and the corner
of the bec lattice is disabled in this configuration. The above
picture is proposed as a possible candidate of the WFM phase,
which should be clarified by further studies in the future.

Subsequently, the AHE observed in the WEM phase is
discussed. As mentioned above, the AHE can be caused by
both extrinsic and intrinsic origins. In the present case, it is
unlikely that a drastic enhancement of impurity scattering ef-
fect occurs only in the WFM phase. Thus, our results strongly
indicate that the WFM phase possesses a large nontrivial
contribution of the Berry curvature that does not cancel out
by the integration in Eq. (1), in contrast with the AFM phase.
In the following, we quantitatively demonstrate that the large
AHE observed in the WFM phase originates from the intrinsic
effect.
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FIG. 5. (a) Log-log plot of the anomalous Hall resistivity p;‘x as
a function of resistivity p. Broken lines represent the slope of n = 2
and n = 1 cases assuming p? o p". (b) Anomalous Hall conductiv-
ity (Ufy) as a function of cohductivity (0,x). Horizontal broken line
indicates o7, = €*/(ha) =440 Q™' cm™" using a = 8.841 A (see
main text).

According to a previous study [7], the intrinsic mechanism
predicts that pfx o p2, where p represents the resistivity at

zero field. Figure 5(a) shows the variation of pfx as a function
of p. The traces at 2.4, 2.9, and 3.4 GPa are better applied to
the quadratic relation rather than linear one, which is consis-
tent with the intrinsic mechanism. At 3.8 GPa in Fig. 5(a), p;‘x
deviates from the quadratic relation and approaches p-linear
relation.

To obtain further insight, we discuss the anomalous Hall
conductivity ofy, which is connected with the Berry curva-

ture by Eq. (1). As described above, the intrinsic va should

be independent of T as it depends only on the Bloch state.

Figure 5(b) shows o, = p;\./ (p* + ,o;.*xz) as a function of

O = p/ (0> + p;*xz) ~ 1/p o t. Although o,, varies nearly

an order of magnitude, oA remains almost constant except

X,

at 3.8 GPa, indicating that the AHE is irrelevant to 7. In
the present understanding of AHE, the dominant mechanism

varies depending on the relationship between Fermi energy
Er, spin-orbit interaction energy €sp, and relaxation time
T of the system [35-37]. The skew scattering [4,5] can be
dominant in a superclean case (i/t < €s9) and decays as
i/t increases compared to €5¢. In the intermediate scattering
strength (esp < i/t < EF), the a;*y is mainly governed by the

Berry curvature and takes almost universal value e?/(ha) ~
100-1000 ' em™!, where « is a lattice constant. This value
is qualitatively explained by assuming the existence of band
anticrossing point in the vicinity of the Fermi level, which acts
as a magnetic monopole in the momentum space [11,35,37].
In the present case, the obtained crfy in the WFM phase is

less sensitive to pressure and consistent with ¢?/(ha) = 440
Q1em™! using a = 8.841 A [38] at 3.2 GPa [depicted with
broken line in Fig. 5(b)]. afy in the WFM phase of «-Mn
is comparable to those of Mn3Sn (=150 Q™' cm™!), Mn3Ge
(400 Q~' cm™"), and approximately half of that in elemental
Fe (~1000 ! cm™"). We also note that Fig. 5(b) is quanti-
tatively in agreement with the unified diagram of anomalous
Hall physics [35-37,39]. At 3.8 GPa in Fig. 5(b), o2 slightly
deviates from the constant, which may relate on the crossover
from intrinsic to skew scattering mechanism.

IV. CONCLUSION

In conclusion, a large anomalous Hall effect accompanied
by the pressure-induced magnetic phase transition in «-Mn
was discovered, which is the direct experimental evidence
of Berry-curvature-associated anomalous Hall effect. Despite
the small spontaneous magnetization of ~ 0.02 pz/Mn, the
anomalous Hall conductivity reaches 400-600 ! cm™! in
the weak ferromagnetic phase under pressure, which is com-
parable to noncollinear antiferromagnets Mn3;Sn and Mn3Ge.
The anomalous Hall resistivity can be inverted by a miniscule
switching magnetic field less than 10 mT, and its magni-
tude can be widely controlled by external parameters. The
anomalous Hall conductivity is nearly independent of the
relaxation time of impurity scattering, which supports the
dominant contribution of the Berry curvature in the weak
ferromagnetic phase. @-Mn provides an elemental and tunable
platform to unravel the large intrinsic Hall response by Berry
curvature. The present situation appears to be quite similar to
that in Mn3Sn and Mn3Ge, in which a large intrinsic AHE
emerges under a small but finite M. In recent studies related
to Mn3Sn, the existence of the Weyl point in the momentum
space [40,41] and a concept of cluster multipole moment [42]
are proposed to explain the giant Hall response. The specific
origin of the nonzero contribution from the Berry curvature in
pressurized o-Mn remains an open question for future studies.
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