PHYSICAL REVIEW B 103, 134408 (2021)

Anomalous Hall effect in MnAs: Intrinsic contribution due to Berry curvature
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We present an experimental and theoretical study of the anomalous Hall effect (AHE) in MnAs epilayers
grown over GaAs, with the aim to identify the intrinsic contribution to the AHE, which can be accurately
evaluated using ab initio electronic structure calculations. Our magnetotransport measurements show a quadratic
behavior of the Hall resistivity with longitudinal resistivity, characteristic of scattering-independent processes,
thus enabling the comparison with our ab initio calculations. The calculated Berry phase contribution to the
AHE is in quantitative agreement with the measured AHE in these epilayers. Moreover, the predicted anisotropic
dependence of the experimental AHE on the magnetization is well reproduced.

DOLI: 10.1103/PhysRevB.103.134408

I. INTRODUCTION

The anomalous Hall effect (AHE) has been a means to
characterize the magnetization in spintronic devices com-
posed of very thin magnetic layers, in which standard
magnetometry measurements are not suited to the small
magnetic volumes [1,2]. It can also explore magnetization
dynamics, using rectifying effects [3]. Beyond being a charac-
terization tool, the AHE has emerged as an experimental probe
of the Berry phase [4]. It is characterized by the appearance
of a spontaneous Hall current in an out-of-plane magnetized
ferromagnet in response to an electric field [5]. Early theories
explain it from extrinsic origins as skew scattering [6] and side
jump [7] mechanisms due to the spin-orbit interaction (SOI).
Nevertheless, during the last decade, several works on metallic
ferromagnets with moderate conductivity reported an intrinsic
contribution to the AHE (i.e., arising from the band structure
of the perfect crystal) related to the Berry phase. This Berry
phase gives rise to a transverse velocity of the electrons and
hence to a Hall current [4].

Jungwirth et al. [8] presented a theory of the AHE in ferro-
magnetic (III, Mn)V semiconductors relating the anomalous
Hall conductivity (AHC) in a homogeneous ferromagnet to
the Berry phase. The quantitative agreement between theory
and experiment in both (In,Mn)As and (Ga,Mn)As suggests
that this disorder-independent contribution to the AHE dom-
inates in these systems. Later, a series of theoretical and
experimental works [9,10] led to a unified theory of the AHE
for ferromagnetic metals [11,12], revealing a crossover from
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extrinsic to intrinsic AHE behavior for increasing longitudinal
conductivity. Later, Nagaosa et al. [13] proposed to classify
the AHE in ferromagnets according to the following three
empirical regimes:

(i) A bad-metal regime with o,, < 10* ( cm)~!, where

the dependence of 027 on the longitudinal conductivity o, is

well described experimentally by o} oc ¢,[07"5.

(i1) The intermediate region with o, ~ 10*-10° (2 cm)~!
such as in pure metals where IOfyHI is fairly independent of
Oy, 1.€., Of the scattering time, and thus possibly of intrinsic
origin.

(iii) An extremely conducting case with oy ~
10° (2 cm)™!, where |0/| 0y, is dominated by the
skew scattering contribution.

Recently, Ma et al. [14] reported on the anisotropic Berry
phase contribution to the AHE in MnAs. They obtained exper-
imentally the intrinsic contribution to the AHE and ascribed
the anisotropic effect to an anisotropic SOI in the Berry
phase contribution but without the support from band structure
calculations. The anisotropy of the band structure is usually
reflected in the dependence of the intrinsic AHE on the mag-
netization orientation [15-17]. However, after studying both
the influence of the current (electron momentum) and magne-
tization direction, Ma and coworkers reported that the Berry
phase anisotropy is dominated by the current direction with a
relatively small dependence on the magnetization orientation.

In addition, it has been demonstrated that when the Fermi
energy lies within a SOI band splitting, the intrinsic AHC
cr;‘y” ~int js abruptly enhanced [11,12], and this enhancement
depends on the magnetization orientation by the magnetocrys-
talline anisotropy. To address these points, we show with
experiments and theoretical calculations that the AHE in
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FIG. 1. Epitaxial orientation of the samples: (a) MnAs/GaAs-
001, with i,//[0001], iz//[11-20], and (b) MnAs/GaAs-111, with
ix//[11-20] and ig//[-1100]. i4 and ip indicate the orthogonal current
directions used and were hence averaged to obtain the Hall magne-
toresistance pyy.

MnAs epilayers is dominated by the Berry phase contribution,
and we analyze its dependence on the magnetization orien-
tation by calculating the Berry curvature (BC) for relevant
magnetization directions.

II. SAMPLES AND EXPERIMENT

Epitaxial MnAs films on GaAs single-crystalline sub-
strates show the coexistence of a ferromagnetic hexagonal
o phase and a paramagnetic distorted orthorhombic 8 phase
around room temperature, from 250 to 325 K, depending on
growth conditions, substrate orientation, and sample thick-
ness [18-22]. Below 250 K samples are completely in the
o ferromagnetic phase, and above 325 K, they are in the
paramagnetic 8 phase. Two different MnAs films were grown
by molecular beam epitaxy on GaAs(001) and GaAs(111)B,
as depicted in Fig. 1. Samples will subsequently be named
MnAs-001 and MnAs-111, with their thicknesses being 33
and 15 nm, respectively. Above 6 nm Ma et al. [14] suggested
that the Berry phase conductivity o*H~1" attains a constant
value independent of the thickness, allowing us to com-
pare the transport properties of both samples. Sample growth
and characterization are reported in Refs. [23,24]. Sample
MnAs-111 shows an isotropic magnetic behavior in plane
and a hard magnetic axis along [0001]. Sample MnAs-001

has an easy magnetic axis along the [11-20] direction, an
intermediate anisotropy axis along [1-100], and a hard one
along [0001].

Magnetotransport data and magnetization measurements as
a function of external magnetic field and temperature were
done in a Quantum Design physical property measurement
system using the Van der Pauw electric contact configuration
[25]. Applying the field perpendicular to the plane allows us to
study the magnetotransport properties when the magnetization
is oriented parallel to the intermediate anisotropy [1-100] axis
[Fig. 1(a)] and parallel to the hard anisotropy [0001] axis
[Fig. 1(b)]. Previous works [14,26] reported that while the
magnetic properties are anisotropic in the plane of the epilay-
ers, the electronic transport properties within the plane show
negligible anisotropy, which allows us to average the longitu-
dinal resistivity [oxap = (0xxa + Oxxp)/2] and the transversal
(Hall) resistivity [pxyap = (x4 + Pxyp)/2] for two different
(ia, ip) current directions (indicated in Fig. 1) as performed in
Van der Pauw samples. We corroborated that both (0,4, Pxx8)
and (pyya, pxyg) pairs are within 10% agreement before
averaging.

In order to study the main characteristics of the AHE in
MnAs/GaAs a series of transport measurements was done
between 5 and 300 K with an applied magnetic field up
to 9 T perpendicular to the sample surface. The tempera-
ture dependence of the longitudinal resistivity py, at H =0
for both samples [insets of Figs. 2(c) and 2(f), respectively]
exhibits a metallic behavior, with the resistivity p,, decreas-
ing monotonically with decreasing temperature. Figure 2(a)
shows the temperature variation of the magnetoresistance,
MR = [p(H) — 02 (0)]/pxx(0), for sample MnAs-001 in
the 50-250 K range. We note a change in the high-field MR
from positive to negative around 7 ~ 80 K, with a weak
dependence on the applied field around this temperature. The
MnAs-111 sample shows negative MR in the whole tempera-
ture range, as displayed in Fig. 2(d). These MR features of
MnAs were already presented in [26-28], showing mainly
the same results, and will not be further discussed in the
present work.

The Hall resistivity in a ferromagnet can be expressed as

PHal = RyH + RyM(T, H), (1

where Ry is the ordinary Hall coefficient, H is the external
field, R, is the anomalous (or extraordinary) Hall coefficient,
and M(T, H) is the sample magnetization in the out-of-plane
direction. The second term is the spontaneous magnetization
contribution to the Hall effect [29]. Several mechanisms were
proposed in the literature to describe this last term, such as
skew scattering, side jump, and an intrinsic mechanism related
to the electronic band structure, Berry curvature [4,6,7].
Figure 2(b) displays py, in MnAs-001. It is dominated
by the anomalous Hall effect up to the saturation field of
the magnetization (~1 T), where the ordinary Hall contri-
bution appears as a linear behavior with the applied field.
For MnAs-111 the same behavior is observed in the Hall
magnetoresistivity versus field [Fig. 2(e)], albeit with a larger
saturation field (=4 T). This larger field is consistent with
the magnetic anisotropy of MnAs [30]. The field is applied
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FIG. 2. Top: MnAs-001 sample [see Fig. 1(a)]. (a) Magnetoresistance, (b) Hall magnetoresistivity, and (c) out-of-plane magnetization
(inset: longitudinal resistivity at uoH = 0). Bottom: MnAs-111 sample [see Fig. 1(b)]. (d) Magnetoresistance, (¢) Hall magnetoresistivity, and
(f) out-of-plane magnetization (inset: longitudinal resistivity at uoH = 0).

along the ¢ hard axis for MnAs-111 and along an intermediate
anisotropy axis for MnAs-001.

We restrict our analysis to the temperature range between
50 and 200 K, on the one hand, to avoid anomalies of the
Hall magnetoresistance at low temperatures, where a change
in the sign of Ry was ascribed to the presence of positive
and negative carriers [26], and, on the other hand, to avoid
the coexistence of ferromagnetic and paramagnetic phases at
higher temperatures. The anomalous Hall resistivity p** is
obtained as the zero-field extrapolation of the high-field linear
Pxy(H) data. It is presented in Fig. 3 for both MnAs-001 and
MnAs-111 samples.

For each temperature we calculate the AHC |0 (T)|
as a function of the longitudinal conductivity o, (T) us-
ing the tensorial relations |02 | ~ p2H /p2 and oy, X 1/pys.
Figure 3(b) shows that |afyH| is nearly constant for sam-
ple MnAs-100 [~1300 £ 100 (£2 cm)~!]. The same is found
for sample MnAs-111 with a smaller value [~750 %
100 (22 cm)~']. Note that in Fig. 3(b) we use the same scale
as in Ref. [10] to highlight the comparison with those ex-
periments, done in a wider resistivity range of 5 orders of

(a) (b)

magnitude. A constant o} means that p" oc p},. This is
confirmed independently by the linear fit of pi vs p?, shown
in Fig. 3(c),

P = A+ Bpl, )
where the first term is found to be negligible compared to
the second one (A ~ 102, B ~ 10%) for all values of p,(T)?
with 7 > 50 K. We now examine these results in the light
of the scaling of the anomalous Hall resistivity proposed in
Refs. [14,31], p;‘yH = apwo + bply + o p2 | where pyyo
is the T = 0 longitudinal resistivity, a is the skew scattering
contribution, b is the side jump one, and o4# =" is the strength
of the Berry phase related intrinsic AHC. From the results of
Figs. 3(b) and 3(c) discussed above we can thus safely identify
our experimental o/ with the intrinsic contribution oA =1,
We conclude that in the range of temperature investigated here
the intrinsic contribution to the AHE dominates. In order to
strengthen this conclusion by a quantitative comparison we
will now obtain theoretically the intrinsic contribution to the
AHC by calculating the Berry phase contribution.

(c)
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FIG. 3. (a) Anomalous Hall resistivity versus temperature, (b) anomalous Hall conductivity as a function of the longitudinal resistivity
extracted from data between 50 and 200 K, and (c) linear fit of the anomalous Hall resistivity versus the square longitudinal resistivity. The
fact that |o4" | ~ const in (b) comes from the quadratic dependence of pﬁv”' on p,, displayed in (c).
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FIG. 4. (a) and (b) The first row shows the detail of the band structure at specific points of the Brillouin zone close to the Fermi level ef.
Second and third rows correspond to the components of the BC 2,4 (k) with the magnetization oriented along the [1-100] orientation (green
lines) and [0001] orientation (red lines), respectively. Color map of the Berry curvature tensor corresponding to the magnetization saturated in
(c) the [0001] direction and (d) [1-100] direction. Black lines are the Fermi surface intersection with the (001) plane.

III. THEORETICAL ANALYSIS OF THE INTRINSIC AHE

The Berry phase contribution to o4 =" in a magnetic

material with a perfect crystal structure comes from features
of the electronic band structure and, being scattering indepen-
dent, can be evaluated using ab initio methods. Specifically,
the Berry phase of Bloch electrons is related to o# =" by
Berry curvature 2,4(k). Coming from the Kubo formula
derivation, Berry curvature can be expressed as [9,32,38]

S o= fi) P i v Vo) (U )

Qup (k) = s

3)
n#m

where f, is the Fermi-Dirac distribution function, 1, are
the eigenstates of the Bloch electrons, and indices n, m are
band labels. At T = 0 only occupied states contribute to the
summation.

The velocities v; = h—lak,.a,,,k and the energy levels g,
are obtained employing the QUANTUM ESPRESSO code [33]
in conjunction with maximally localized Wannier function
techniques. See the Appendix for details.

Finally, the anomalous Hall conductivity is calculated as

&2 dk
oME_ _C [ g, @)

i Jpz 2m)}

The BC has strong variations in reciprocal space, making
a very dense mesh necessary to achieve the convergence of
Eq. (4) [9]. To capture the fine details of the Berry curvature
(Fig. 4), we used an adaptive uniform mesh refinement of
103 points around special points where the absolute value of
the curvature is greater than unity. These special points with
their mesh refinement represent more than 70% of the total

points where we evaluate the Berry curvature. Convergence
was achieved with ~3 x 10° points in reciprocal space.

Since SOI is symmetry breaking, different magnetization
orientations are not equivalent. Calculations were made with
the magnetization parallel to the [1-100] and [0001] crystal
directions, corresponding to the measurement geometry at sat-
uration for samples MnAs-001 and MnAs-111, respectively.

Figure 4 shows details of the band structure (top row)
around the high-symmetry point I". In the middle row, €2.,(k)
(green dashed lines) and €2,.(k) (green solid lines) are dis-
played for the MnAs-001 sample configuration, with the
magnetization oriented in the [1-100] direction. The bottom
row shows €, (k) (red line) for the magnetization oriented
in the [0001] direction, which is the experimental geometry
of the MnAs-111 sample. The full band structure Fig. 5(b)
and the high-symmetry points [Fig. 5(a)] are displayed in the
Appendix.

All three components of the BC are negligible in most of
the momentum space except near I', where the bands show-
ing degeneracy or band splitting due to the SOI (commonly
referred to as band splitting [34]) lead to peaks in the BC.
Notice that the m, n bands contribute only to the BC on the k
points where they have different occupations.

When the magnetization is oriented along the [0001] direc-
tion, the band degeneracy in I' is lifted by the SOI, leading to
a small energy gap that gives a small denominator in Eq. (3),
making ,4(k) very large in a small interval. Also, there is
a peak in the I" to A path when the band crosses Er. On the
other hand, when the magnetization is saturated along [1-100],
there is a peak in I" due to the band (near) degeneracy. These
large peaks act as magnetic monopoles in k space [35] and
can be seen in ,4(Kk) [Figs. 4(c) and 4(d)] in regions where
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TABLE I. Intrinsic AHE conductivity: Experimental and calcu-
lated values.

Sample oot (Qem)! oAM=t (Q em)~!
MnAs-001 1300 % 100 1400 % 100
MnAs-111 740 + 100 780+ 100

the Fermi lines [intersection of the Fermi surface with (001)]
have (near) degeneracy or band splittings due to SOL

As gAH—int [Eq. (2)] is the integral of ,4(k), when Ep
lies within the SOI gap (Asop) or close to a band degeneracy,
oAt reaches a maximum due to the peaks in Qqp(K). If
both bands are empty (Er < —Agop) or occupied (Ep >
Asor), their f, ,, are equal, and their contributions are can-
celed in Eq. (3). Only when Ef lies within Agoy or a (near)
band degeneracy is the contribution due to the BC maximal

and o4~ “resonantly” enhanced [11,12].

IV. DISCUSSION

According to the classification proposed by Nagaosa
et al. [13], our samples with o = p.,! = 10° (2 cm)~!
fall into the so-called good metal regime with 10* < o, <
10° (2 cm)~!, which is an intrinsic or scattering-independent
regime where o7 is roughly independent of o,,, as can be
seen in our data analysis [Fig. 3(b)].

The fact that p* oc p2_ suggests that the extrinsic skew
scattering contribution (p, o p.) has already decayed in
this regime. In addition, the agreement of the experimental
and calculated values (Table I) enables the association of the
plateau region in our data with a regime dominated by the
intrinsic Berry phase contribution. The values reported in this
work for |oA#~"| are in agreement with the experimental
ones reported for pure metals like Fe, Co, and Gd [10] and
are also consistent with ab initio calculations for bcc Fe [9].
Nevertheless, our values are higher than the ones reported in
Ref. [14], which carried out a similar study on MnAs/GaAs.
We can say that the agreement between our experiments and
theoretical calculations supports our results. Moreover, our
experimental measurements and ab initio calculations show
that the system is fulfilling the conditions for the AHE to
be dominated by the intrinsic contribution, as discussed by
Onoda et al. [11,12]: (i) We showed that the Berry phase
contribution to the AHC is strong when the Ep level lies
on a splitting of the band structure due to the SOI or near
(nearly) degenerate bands (Fig. 4). (ii) Both experimental
and calculated o} are approximately 107(2cm)~', and
(iii) the longitudinal resistivity of our samples is within p,, ~
1 — 10 1 2 cm. Within these conditions the ab initio calcu-
lations give accurate values of o4 ~I" suggesting the AHE
can, indeed, be associated with the Berry phase contribution.
Moreover, our results show the dependence of 4%~ on
the magnetization direction, as the results summarized in Ta-
ble I show that for both experiments and theory the intrinsic
AHE is larger when the magnetization is aligned along the
intermediate easy axis than along the hard one. These are
consistent results, as both the AHE and the magnetocrystalline
anisotropy have the same origin in the SOL.

V. CONCLUSION

We have experimentally extracted the AHC in MnAs epi-
layers and theoretically calculated its intrinsic contribution
due to the BC of the dispersion bands. Our measurements
show a quadratic dependence of the anomalous resistivity on
the longitudinal resistivity (o4 o pfx) which is characteristic
of scattering-independent processes, allowing us to compare
them with our ab initio calculations. The experimental re-
sults and the theoretically calculated intrinsic conductivities
show good agreement, which makes it possible to attribute the
measured AHC in MnAs to the Berry phase related contribu-
tion (intrinsic) to the anomalous conductivity o*H=" These
results contribute to the experimental evidence of the Berry
phase mechanism in metals and could span the possibility of
band structure engineering of topological transport in MnAs
epilayers, provided the scattering-independent contribution
to the AHE is more controllable and reproducible than the
scattering-dependent one.
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APPENDIX: BAND STRUCTURE

Our calculations are done considering the MnAs to
be in the ferromagnetic o phase, which crystallizes for
temperatures lower than 300 K in the hexagonal NiAs
structure within the P63/mmc space group, with unit cell
parameters a = 3.73 A and c/a = 1.53 [36]. We use the
QUANTUM ESPRESSO code [34] in conjunction with the maxi-
mally localized Wannier function techniques implemented in
WANNIERIO [37].

Calculations in QUANTUM ESPRESSOwere performed by
using the projector augmented wave method with a fully rel-
ativistic pseudopotential for each atom (Mn and As), with
the generalized gradient approximation as the exchange-
correlation potential and SOI implemented in a nonlinear
approximation. For the electronic calculation (including SOI),
the convergence is achieved with a cutoff energy of 50 Ry for
the plane waves and a 20 x 20 x 16 mesh in reciprocal space.

Figure 5(b) shows the band structure along a path of high-
symmetry points [Fig. 5(a)], taking into account the SOl in the
calculations. The magnetization is saturated along the [0001]
direction [Fig. 5(b), red lines] and along the [1-100] direction
[Fig. 5(b), green lines]. For this last case, the band structure
fully overlaps with the spin-polarized calculation without tak-
ing into account the SOI, within the presented energy range.
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