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The manipulation of the anomalous Hall effect (AHE) by controlling magnetization is of great interest in con-
densed matter physics due to its potential application for the practical design of spintronic devices. In this study,
we report a combined experimental and theoretical investigation of the AHE in the MnSb manganese pnictide.
Temperature-dependent magnetization measurement indicates spin reorientation transition (SRT) temperature at
~ 120 K (Tsg). Magnetotransport data shows that negative magnetoresistance increases from room temperature
up to SRT temperature 120 K, then decreases and becomes positive at very low temperatures. The anomalous
Hall conductivity (AHC) shows temperature-independent behavior from room temperature to Tsg followed by
a drop and sign reversal at low temperatures. Detailed scaling analysis of anomalous Hall data suggests that the
AHE above Tgg is primarily governed by the intrinsic Berry curvature and the obtained value of intrinsic AHC
is about 310 S/cm. In contrast, below Tsg, the extrinsic skew scattering becomes the dominant contributor to
the AHE compared to the intrinsic Berry curvature and the obtained value of intrinsic AHC is about-28 S/cm.
The first-principles calculations reveal that changes in the sign and magnitude of the intrinsic AHC are attributed
to modifications in the Berry curvature when the magnetic moment undergoes rotation from the c-axis to the
ab-plane. Our study yields a compound exhibiting large AHC and offers an insightful comprehension of the

anisotropic behavior of AHE due to the modification of Berry curvature.

DOI: 10.1103/PhysRevB.109.245136

I. INTRODUCTION

The anomalous Hall effect (AHE) describes the appear-
ance of additional Hall voltage in the magnetic materials
due to the interplay between the magnetization and spin-orbit
coupling (SOC) [1-3]. The AHE is valuable for spintronics,
characterizing magnetization in small devices, and developing
materials for data storage, magnetic sensors, and magne-
toresistive random-access memory by enabling electron spin
measurement and manipulation [1,2,4-6]. The AHE arises
as a result of two qualitatively different microscopic mech-
anisms, an extrinsic mechanism that includes skew scattering
and side jump, and an intrinsic mechanism that is related to
the effect of SOC on the band structure of materials [1,2,7-9].

The skew scattering and side jump mechanisms are de-
scribed as the asymmetric scattering and sudden transverse
jump in the propagation direction of an electronic wave from
spin-orbit coupled magnetic impurities, respectively, which
creates extrinsic AHE in the system [10,11]. The intrinsic
mechanism is independent of any kind of scattering, unlike the
extrinsic mechanism, and merely depends on the electronic
band structure of the material [1]. The intrinsic mechanism
was first proposed by Karplus and Luttinger in terms of the
anomalous velocity of electrons due to the effect of SOC
on the band structure [12], and later it was formulated in
terms of the Berry curvature associated with Bloch bands
[2]. The Berry curvature acts as a pseudomagnetic field in
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the momentum space and leads to the intrinsic AHE [1,2,12—
15]. The Berry curvature significantly enhances wherever two
electronic bands approach each other energetically and hy-
bridize as a consequence of the combined effect of SOC and
broken time-reversal symmetry [16—18]. The interband mix-
ing under the influence of SOC may create band degeneracy
or band splitting, and when the Fermi level resides within the
SOC-induced band splitting, the Berry curvature experiences
a sharp enhancement [16,19-21]. Binary compounds such
as MnzSn [9], Mn3Ge [22], FezSn, [23-26], FesSns [27],
and Mn3Pt [28] show a large AHE due to the nonvanishing
Berry curvature associated with the nontrivial electronic band
structure. Recently, extensive research has been carried out
to unravel the sign reversal of AHE due to many factors
such as spin orientation [28-31], the value of magnetization
[32], and the interface-induced SOC or breaking inversion
symmetry [33].

The Mn pnictides such as MnBi, MnSb, and MnAs with
NiAs-type hexagonal structure have gained renewed recog-
nition in high-temperature spintronics research due to their
peculiar band structure, high Curie temperature, spin reorien-
tation transition (SRT), and large uniaxial magnetocrystalline
anisotropy with the magnetic easy axis parallel to the c-axis of
the crystal system [34—41]. A most recent study on the MnAs
compound demonstrated the SOC-induced band splitting and
enhanced intrinsic anomalous Hall conductivity (AHC) de-
pending on the magnetization orientation [19,20]. A neutron
diffraction study [40] and a recent magnetotransport study
[37] in a composition close to MnSb indicates the presence
of SRT and AHE, respectively. Nevertheless, the influence
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of SRT on the electronic band structure and its consequent
impact on AHE is missing in the literature.

In this work, we present a comprehensive study of the AHE
in the MnSb compound through experimental and theoretical
approaches. Temperature-dependent magnetization data indi-
cates a magnetic transition at ~120 K, which is expected due
to the SRT [40]. Magnetotransport data indicates that negative
magnetoresistance (M.R.) first increases from room temper-
ature to the SRT temperature (Tsgr) ~120 K, and afterward
decreases and becomes positive in a very-low-temperature
region. The AHC shows temperature-independent behavior
from room temperature to Tgsgr, followed by a drop and
sign reversal at low temperatures. A detailed scaling analy-
sis of anomalous Hall data indicates that the intrinsic Berry
curvature is predominantly responsible for the AHE above
Tsg and the obtained value of the intrinsic AHC is about
310 S/cm. However, below Tsg, the AHE is mainly governed
by the extrinsic skew scattering mechanism and the obtained
value of the intrinsic AHC is about-28 S/cm. First-principles
calculations reveal that changes in the sign and magnitude
of intrinsic AHC originated from the modification in Berry
curvature linked with the band splitting near the Fermi level.
The modification in Berry curvature arises due to the recon-
struction of the electronic band structure when the magnetic
moment undergoes rotation from the c-axis to the ab-plane.

II. METHODS

The polycrystalline MnSb binary compound is prepared by
the standard arc-melting method [42,43]. The constituent ele-
ments (purity higher than 99.9%) of the intermetallic system
are melted in a water-cooled copper hearth under argon atmo-
sphere (purity better than 99.999%). The sample is remelted
5 times to ensure homogeneous mixing of the constituents.
A negligible weight loss of 1% was noticed after the melting
of the sample. The obtained ingot was then vacuum sealed
in a quartz tube, followed by annealing at 1073 K for three
days to achieve good homogeneity. The chemical composition
is verified using the energy dispersive analysis of x-ray tech-
nique. The average composition is found to be Mng ¢9Sb; oo,
which corresponds to MnSb. A small piece of the sample is
powdered, and room temperature x-ray diffraction (XRD) is
performed in the Rigaku X-ray diffractometer (wavelength
~1.54 A) for structural analysis. The direct current magneti-
zation measurements are performed using a physical property
measurement system (PPMS) and the Magnetic Properties
Measurement System (MPMS) of quantum design. The pol-
ished rectangular piece of the dimension 4 x 2 x 0.7 mm?
was used for temperature and magnetic field—dependent trans-
port measurements using a cryogen-free measurement system
(Cryogenic, CFMS). The transport measurements are per-
formed by the four-probe method. To remove the longitudinal
resistivity contribution in the Hall data due to voltage probe
misalignment, we have antisymmetrized the Hall resistivity
data by using the formula pyy = [oxy(+H)- pxy(-H)]/2. How-
ever, we have symmetrized the M.R. data by using the formula
Oxy = [oxy(+H) + pxy(=H)]/2 to remove the transverse resis-
tivity contribution in the M.R.

The electronic band structure and magnetic properties
of the MnSb compound were calculated by employing
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FIG. 1. Rietveld profile fitting of the room temperature XRD
pattern of the MnSb compound. The observed (L), calculated
(Ica1), and the difference between observed and calculated profiles
(Iobs — Icar) are shown by black sphere, red continuous line, and green
continuous line, respectively. The blue tick bars indicate the Bragg
peak positions. The inset displays crystal structure of MnSb. The blue
and magenta spheres indicate the Mn and Sb atoms, respectively.

pseudopotential (PP)-based density-functional theory and
plane-wave basis sets as implemented in QUANTUM
ESPRESSO (QE) [44], whereas exchange-correlation poten-
tial is approximated by a Perdew-Burke-Ernzerhof general-
ized gradient approximation approach [45] through optimized
Norm-conversing Vanderbilt PPs [46]. The kinetic energy
cutoff of 80 Ry is used for the calculation. The Gaussian
smearing value (0.01 Ry) is used both for the self-consistent
(SC) and non-self-consistent (NSC) calculations to carry out
electronic integration over the Brillouin zone (BZ). We have
used the WANNIERO0 tool (implemented within QE) to com-
pute the Wannier interpolated bands, Berry curvature, and
AHC [44,47-49]. The Monkhorst-Pack k-grid of 8 x 8 x 8
of the BZ is considered for calculations, namely SC, NSC,
and WANNIER90. We found that the Mn d-orbitals and Sb
p-orbitals used as the projection for the WANNIER90 cal-
culations provide good interpolation. A denser BZ Kk-grid
of 100 x 100 x 100 is taken to calculate the intrinsic AHC.
Through the adaptive refinement technique, a further fine
mesh of 5 x 5 x 5 is added around the points wherever the
mode of the Berry curvature (|2(k)|) exceeds 100 bohr?.
The calculations are carried out by using the refined lattice
parameters obtained from the experiment.

III. RESULTS AND DISCUSSION
A. Structural characterization

The XRD data at room temperature was collected to in-
vestigate the crystal structure of the MnSb. We performed
Rietveld refinement of the XRD data considering a hexagonal
structure with space group P6;/mmc (Fig. 1) as reported in
the literature [50,51]. The refinement was performed using
the FULLPROF software package [52]. In the refinement, the
Mn and Sb atoms were considered at 2a (0, 0, 0) and 2c
(0.67, 0.33, 0.75) Wyckoff positions, respectively. It can be

245136-2



SPIN REORIENTATION AND SIGN REVERSAL OF BERRY ...

PHYSICAL REVIEW B 109, 245136 (2024)

@0.1T (a) (b)
——300K
-~ J ~ 2L 4 230K —e— 160K
= = 260K *— 140K
« 120K & |  —e—120K
= | 6 = 20K g
2 2 —e-20k T o HOK
S FCC = —<-200K 80K
2| > 180K . oK
FCW “ 40K
20K
1.4 4!
0 80 160 240 320 400 2 0 2
T (K) uH (T)
[-— 300K
|- 260K
@-220K r
= |Fo— 180K
g @ IA .
G
3
N
&

112 119 126
T (K) 3
50 100 150 200 250 300 -4 -2 0 2 4

T (K)

FIG. 2. (a) Temperature-dependent magnetization curve at 0.1 T.
(b) Isothermal field-dependent magnetization at different tempera-
tures. (c) Resistivity (pxx) versus temperature (7) plot in the cooling
and heating sequence. The inset shows a zoomed view of the py
versus T data around SRT. (d) Plot of M.R. at different tempera-
tures. The inset shows the variation of M.R. at 4 T as a function
of temperature.

noticed from Fig. 1 that the observed and calculated peak
profiles match well with each other, and there is no evidence
of any impurity peaks in the XRD pattern, which suggests that
the MnSb compound crystallizes in a single-phase hexagonal
structure. The refined lattice parameters a and ¢ are found
to be ~4.14 A and ~5.76 A, which are in good agreement
with the literature [50]. The inset of Fig. 1 shows the crystal
structure of MnSb, built-in VESTA software [53].

B. Magnetization and resistivity measurements

The temperature variation of magnetization [M(7T)] data
[Fig. 2(a)] was recorded in a temperature range of 2 -390 K
under a 0.1 T magnetic field in field cooled cooling (FCC)
and field cooled warming (FCW) protocols. The M(T) curve
shows a magnetic transition around 120 K shown by an
arrow in blue color. A magnetic transition close to 120 K
has been observed previously in a similar composition, and
this transition has been assigned as the SRT through neutron
diffraction study [40]. The reported neutron diffraction study
indicates that the spin associated with Mn atoms changes its
orientation from the magnetic easy axis parallel to the c-axis
to the ab-plane at low temperatures. Figure 2(b) presents
the field-dependent magnetic isotherms in the temperature
range of 20-300 K. The negligible hysteresis is due to the
soft magnetic nature of the MnSb compound. The saturation
magnetization of the present compound is found to be ~ 3.3
ug/f.u. at 20 K, which agrees well the value reported in the
literature [54-56].

Figure 2(c) shows the monotonous increase in the lon-
gitudinal resistivity with temperature, which illustrates the
metallic behavior of the present compound. We have collected
the resistivity data in both cooling and heating mode of tem-
perature variation, which exhibits a thermal hysteresis above
Tsr ~120 K. The thermal hysteresis in the pre-SRT region

confirms the thermally driven and first-order nature of spin
reorientation phase transition [57,58]. Fig. 2(d) displays the
M.R. at different temperatures calculated by performing the
field-dependent resistivity measurement. The M.R. is calcu-
lated by using the following relation [41]:

pxx(H) - pxx(o)
Pxx(0)

where pyx(H) and px(0) are longitudinal resistivities at a
particular field and zero field, respectively. The maximum
value of M.R. is ~1.7% at temperature 20 K. The inset of
Fig. 2(d) indicates that the negative M.R. at 4 T increases
with the lowering of the temperature, but below Tgg, it started
to decrease and becomes positive in a very-low-temperature
region, which might be originated from the spin orientation
from the c-axis to the ab-plane below Tsg, as a similar unusual
behavior of M.R. is anticipated around the SRT [25,28,59,60].
In the high-temperature region above Tsg, the orientation of
spin associated with the Mn atom is restricted along the easy
axis, i.e., the c-axis, and upon the application of a magnetic
field the fluctuations of magnetic moments decrease, which
may give rise to negative M.R [28,59]. However, in a low-
temperature region below Tsr, the negative M.R. decreases
and becomes positive at very low temperatures, which might
be related to the orientation of Mn spin in the ab-plane or
out of the direction of the easy axis. The spin oriented out of
the direction of the easy axis may experience an increase in
fluctuations on the application of a magnetic field and give
rise to positive M.R. [28,59,61]. The literature suggests exotic
effects of the spin reorientation on the Hall effect such as ma-
nipulation of the sign and magnitude of the AHE as a function
of temperature [28-31]. Therefore, further, we investigated
the Hall effect in the MnSb compound.

MR. = ; ey

C. Anomalous Hall measurement

The Hall resistivity (pxy) data was recorded in the temper-
ature range of 20-300 K and the magnetic field up to £4 T.
The separate plots for pxy above and below Tsg are shown in
Fig. 3(a) and the inset of Fig. 3(a), respectively. Above the
Tsr, the pyy is positive, whereas it turns negative below Tsg.
In general pyy consists of two parts, namely ordinary Hall and
anomalous Hall, and can be written as [26,62]

Pxy = RoH + R;Mj, ()

where Ry, and R, are the ordinary and anomalous Hall
coefficients, respectively. M; corresponds to the saturation
magnetization, and R;M; represents the magnitude of anoma-
lous Hall resistivity (pan). The pxy increases steeply up to
the ~1 T field, which is observed due to the presence of
AHE. At the higher field region (> 1 T), pxy changes linearly
and shows a positive slope with the magnetic field, which is
due to the ordinary Hall effect [63]. To separate the ordinary
and anomalous Hall contributions, we performed fitting of the
Pxy versus H data by using Eq. (2) in the higher field region
(> 1 T). The fitting of the px, versus H at different temper-
atures provides the value of Ry and R;M; that corresponds
to the slope and intercept of the fitted line. The temperature
variation of Ry is shown in Fig. 3(b). The high field Hall resis-
tivity data tend to be nearly flat above 200 K [see Fig. 3(a)],
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FIG. 3. (a) Hall resistivity curves above SRT. The inset shows the Hall resistivity curves below SRT. (b) Variation of the ordinary
Hall coefficient with temperature. The inset shows carrier concentration versus temperature plot. (c) AHC curves at different temperatures.
(d) Variation of the AHC and the anomalous Hall resistivity with respect to temperature.

resulting in Ry also being nearly constant above this tempera-
ture. The positive value of Ry in the whole temperature range
(20-300 K) reveals that holes are the dominating charge car-
riers in transport. The carrier concentration (n) as depicted in
the inset of Fig. 3(b), determined by the expression n = R

was found to be ~0.7x10*'¢cm™3 and ~3x10?'cm™3 at 20 K
and 300 K, respectively. There is a monotonous change in
the value of Ry and n around Tsg, which may be related to
the SRT. The AHC has been calculated by using the relation
[64,65]

PAH

_ AR 3)
p/ZXH + IO)%X

OAH =

The field-dependent pay at different temperatures are cal-
culated by subtracting the ordinary Hall contribution from the
field-dependent pyy,. The calculated field-dependent AHC by
using Eq. (3) at different temperatures is shown in Fig. 3(c),
which clearly demonstrates the sign change below Tsg. The
value of AHC at 20 K and 300 K is 322 S/cm and 332 S/cm,
respectively. Fig. 3(d) shows that the AHC is nearly inde-
pendent of the temperature above Tsg, whereas below Tgg,
it shows temperature-dependent behavior as compared to the
pan- This observation suggests that above Tsg, the intrinsic
Berry curvature is primarily attributed to the AHE, whereas
the extrinsic skew scattering is the dominating mechanism
below Tsgr.

To quantitatively reveal the contributions of the intrinsic
and extrinsic mechanisms to the AHE, the |pan| versus pxx
data [black hollow spheres in Fig. 4(a) and inset of Fig. 4(a)]
is fitted [red continuous line in Fig. 4(a) and inset of Fig. 4(a)]
by using the conventional scaling relation [21,63,66—69]

|IOAH| =da.pxx + b-pxx2~ (4)

where parameters a and b contain information about extrinsic
skew scattering and the combined effect of extrinsic side jump
and intrinsic contribution, respectively. The fitting by using
the preceding scaling relation in a high-temperature region
above Tsr [see Fig. 4(a)] indicates good fitting, whereas in
a low-temperature region below Tsg [inset of Fig. 4(a)], the
scaling relation shows appreciable deviations from the trend
of experimental data, which indicates the breakdown of the
conventional scaling relation below Tsgr. A similar breakdown
of the conventional scaling relation in the low-temperature
region has been observed in the Mn; sGa film, where the
pan does not show significant change as a function of the
pxx [70]. This deviation of the conventional scaling relation
from the experimental data has found its root in the negligi-
ble temperature-dependent component in the skew scattering
mechanism as compared to the impurity component [70].

Tian et al. argued that the conventional scaling relation
shows significant deviation from the experimental data for
those systems, where the temperature-dependent component
(phonons) have a negligible effect to the skew scattering
mechanism in the AHE compared to the impurity [66].
For such systems, they have derived a new scaling rela-
tion (|pau| = @'.pxx0 + b. pfx) from the conventional scaling
relation, after considering the phonon and impurity as an in-
dependent source of the skew scattering mechanism (a.p,, =
d .peo + a” . por, Where pyxo and pxr are the residual resis-
tivity and phonon-induced resistivity, respectively) and taking
the coefficient a” ~ 0 for the negligible phonon contribution
in the skew scattering [71]. This new scaling relation is widely
termed as the TYJ scaling relation [66,72—74].

Therefore, we have used the TYJ scaling relation in the
low-temperature region of the MnSb compound, where pay
does not exhibit significant variation with the pxx. Remark-
ably, we found a good fit [blue continuous line in Fig. 4(b)],
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FIG. 4. (a) Fitting of anomalous Hall resistivity (|pan|) vs longitudinal resistivity (o) data above the SRT temperature (Tsg) using the
conventional scaling relation. The inset shows the same fitting below Tsg. The black hollow spheres and the red continuous line represent the
experimental data and the fitted curve obtained by the conventional scaling, respectively. (b) Comparison between the fitting of [pan| VS oxx
data below Tsr using conventional scaling and TY]J scaling relations. The inset shows the fitting of |pag| Vs pxx data above Tsg using the
conventional scaling relation. The black hollow spheres and the red and blue continuous lines represent the experimental data and the fitted
curves obtained by conventional scaling and TYJ scaling, respectively. (c), (d) Different contributions in AHC (o ay) above and below Tgg,
respectively. (e), (f) Variation of o oy with longitudinal conductivity (o) above and below Tsg, respectively. The black hollow spheres and
the red continuous line represent the experimental data and the fitting using the relation o o< o .

which is clearly reflected by the comparison of the fitted
curves obtained by both scaling relations [see Fig. 4(b)]. The
TY]J scaling model perfectly follows the experimental data not
only below Tsr but also above Tsg, as shown in the inset of
Fig. 4(b). This finding suggests that the extrinsic contribution
to skew scattering from the temperature-dependent compo-
nent is negligible in the case of the MnSb compound and
the AHE is originated by impurity-induced skew scattering,
and the combined side jump and intrinsic mechanisms. The
value of @'.pxxo and the coefficient b in the high-temperature
region are ~8.86x107® Q cm and ~ 310 S/cm, respec-
tively, whereas in the low-temperature region, they are a’.pxxo
~1.25x1077 Q cm and b ~28 S/cm. The value of parameter
b contains the contributions in AHC due to both side jump
and momentum space Berry curvature. So far, it has been
experimentally infeasible to separate the contributions of a
side jump and the intrinsic mechanism in AHC. However, the
AHC due to the side jump mechanism can be estimated by
using an expression (e? /(ha)(Ego/EF), where Eq, is the spin-
orbit interaction energy and Eg is Fermi energy [68,75,76].
The physical quantities e, h, and a are the electronic charge,
Planck’s constant, and lattice parameter, respectively. For
most of the ferromagnetic metals, Eg,/Er is an order of 10?
[69], and hence a very small contribution of AHC is expected
due to a side jump in comparison to the intrinsic part of AHC.

By using the value of a’pxxo and coefficient b, we calcu-
lated the temperature-dependent magnitude of extrinsic skew
scattering AHC (|oskeV| = d;’%) and the magnitude of intrin-

sic AHC (|O‘X}:I| = b) and plotted it on same scale above and

below Tsg, as shown in Fig. 4(c) and Fig. 4(d), respectively.
We can clearly see that the intrinsic contribution dominates
over the skew scattering contribution in the overall AHE in
the high-temperature range above Tsgr. In comparison, the
skew scattering contribution is dominating over the intrinsic
contribution in a low-temperature region below Tsg, which is
consistent with the literature [37].

The dominating mechanism in the AHE can be alterna-
tively evaluated by the exponent « using the scaling relation
|oaf| o x*. In metallic conductors, if @ = 0, the intrinsic
mechanism contributes largely to the AHE [66,75,77,78], and
if o is 2, the skew scattering mechanism dominates in AHE
[66,67,72,78,79]. The exponent « determined by fitting is
~0.2, close to 0 above Tsr [see Fig. 4(e)], whereas below
Tsr, the o is 1.8, close to 2 [see Fig. 4(f)], which further
supports the observation that in a high-temperature region, the
AHE is primarily governed by the intrinsic Berry curvature,
whereas in the low-temperature region, it mainly originates
by an extrinsic skew scattering mechanism. Above Tgsg, the
obtained value of intrinsic AHC along with the sign is about
310 S/cm, whereas below Tsg, the value is about-28 S/cm.
To explore the possible reason behind the change in sign and
magnitude of intrinsic AHC, we performed the first-principles
calculations for the different spin configurations expected
around Tsg.

D. First-principles calculations

The theoretical calculations of the MnSb compound have
been carried out by using lattice parameters obtained from the
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FIG. 5. Spin-polarized electronic band structure of MnSb com-
pound. The red and blue lines represent the majority and minority
spin states. The red circles represent the region of our interest around
high symmetry point I".

Rietveld refinement of XRD data. Our calculated magnetic
moment for the stoichiometric MnSb is found to be about
3.43 pg/f.u., which is in good agreement with the experi-
mental value. The spin-polarized band structure of the MnSb
compound is shown in Fig. 5. The red and blue colors repre-
sent the band structure resulting from majority and minority
spin states, respectively. An interesting linear touching point
between the valence and conduction band is observed along
the T'-A direction from the majority spin states, as shown in-
side the red circle in Fig. 5. Figs. 6(a) and 6(d) show the crystal
structure with the inclusion of magnetic spin of the Mn atom
along the c-axis and within the ab-plane. These structures are
built in VESTA software [53]. Since SOC plays an important
role in determining the AHC for ferromagnetic materials, we
calculated the band structure of MnSb with the SOC and
by setting the magnetization along the c-axis, as depicted in
Fig. 6(b). In the electronic band structure for this magnetic
configuration along the c-axis, a red circular region highlights
band splitting, accompanied by linear band crossings near the
Fermi level in proximity to the high symmetry I point. This
band splitting produces the substantial Berry curvature [see
Fig. 6(c)] in the BZ, which may lead to the large intrinsic
AHC. To calculate the Berry curvature and intrinsic AHC,
the tight binding Hamiltonian is constructed using maximally
localized Wannier functions [47,49]. The intrinsic AHC was
calculated using the Kubo formula [80]

&2 4’k "

where Berry curvature 2 can be written as a sum over the
eigenstate using the Kubo formula [2]

=iy

n#n'

210y (0| 2 1) — (a0 <> B)

(€n —€,)?

. Q)

where |n) and €, are the energy eigenstate and eigenvalue
of Hamiltonian H, respectively. f, is the Fermi distribution
function.

From the integration of the Berry curvature in the BZ, we
found the large intrinsic AHC to be about ~625 S/cm [Fig. 7].
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FIG. 6. (a) Crystal structure with the magnetic spins aligned
along the c-axis. (b) The electronic band structure of MnSb con-
sidering the magnetic spin aligned along the c-axis. The red circle
represents the region of our interest around high symmetry point I".
(c) Distribution of the Berry curvature along a high symmetry path
in the Brillouin zone for the magnetic spin aligned along the c-axis.
(d) Crystal structure with the magnetic spins within the ab-plane.
(e) Electronic band structure of MnSb considering the magnetic
spin within the ab-plane. The red circle represents the region of our
interest around high symmetry point I". (f) Distribution of the Berry
curvature along a high symmetry path in the Brillouin zone for the
magnetic spin within the ab-plane.

Notably, this value is larger as compared to the other binary
compounds [9,22,25]. As this compound undergoes the SRT
around 120 K, characterized by the rotation of spins from the
c-axis to the ab-plane [see Fig. 6(d)], we incorporated this
phenomenon in the theoretical calculation. We calculated the
band structure of MnSb in the presence of SOC by setting the
magnetization direction within the ab-plane [see Fig. 6(e)].
This differs from the electronic band structure upon consid-
ering the magnetization along the c-axis. Interestingly, the
preexisting band splitting is reduced and the linear touching
points near the high symmetry I" point disappear. The domi-
nated Berry curvature has an opposite sign near the I point
[see Fig. 6(f)] in contrast to the Berry curvature assuming
the magnetic spin in the c-direction. Interestingly, we found
the intrinsic AHC to be about-162 S/cm [see Fig. 7]. This
value is nearly 4 times lower and possesses an opposite sign
when compared to the intrinsic AHC calculated considering
the magnetic moment in the c-direction. The decrease in AHC
is attributed to the negligible band splitting as well as the van-
ishing of linear band crossings, which were present in the band
structure when considering the moment in the c-direction
[see Fig. 6(b)]. The sign reversal of AHC is attributed to the
reversal of the sign of Berry curvature, a consequence of the
electronic band structure upon rotation of magnetization from
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FIG. 7. Variation of intrinsic AHC as a function of energy. The
black and blue curves represent the AHC variation with Fermi energy
when the magnetization is fixed along the c-direction and ab-plane,
respectively The Fermi energy is set to 0 eV.

the c-axis to the ab-plane. The experimentally determined
intrinsic AHC values are comparatively smaller than the theo-
retically calculated ones, although they are of the same order
of magnitude.

IV. CONCLUSIONS

We investigated the AHE in the MnSb compound us-
ing experimental techniques and theoretical calculations. The
detailed scaling analysis of the anomalous Hall data in dif-
ferent temperature regions reflects that an AHE above Tsg
is mainly governed by the intrinsic Berry curvature and the
calculated value of intrinsic AHC ~310 S/cm. In contrast,
below Tsg, the AHE mainly originates by skew scattering
and the obtained value of intrinsic AHC is about-28 S/cm.
The first-principles calculations reveal that sign reversal of
AHE is attributed to the Berry curvature modification that
emerges from the reconstruction of the electronic band struc-
ture when the magnetic moment undergoes rotation from the
c-axis to the ab-plane. Our study yields a compound ex-
hibiting large AHC and offers an insightful comprehension
of the anisotropic AHC due to Berry curvature modification,
stringently tested through theoretical calculation.
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