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Abstract
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Based on first-principles calculations, the anomalous Hall conductivity (AHC) and anomalous
Nernst conductivities (ANCs) of the XMnP (X = Ti, Zr, Hf) compounds are evaluated, and the
possibility to tailor such properties in compounds susceptible to changing the magnetization
directions is also investigated. We observe large changes in the calculated AHC and ANC for

different magnetization directions that are originating from changes in the band structure all
over the whole Brillouin zone. Our study gives a promising clue on engineering magnetic
intermetallic compounds for tunable transverse thermoelectric applications.
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1. Introduction

The anomalous Hall effect (AHE) describes the generation
of a transversal current, perpendicular to the electric field, in
the absence of an external magnetic field [1, 2]. Its thermal
counterpart, dubbed anomalous Nernst effect (ANE) [3, 4], is
achieved if the electric field is replaced by a thermal gradient.
Ferromagnetic materials were the first observed to possess non
zero AHE and ANE. It was later found that antiferromagnetic
materials with noncollinear structure can exhibit large anomal-
ous Hall conductivity (AHC) and anomalous Nernst conduct-
ivities (ANCs) with the most representative examples being
the Mn3 X with X = (Ge,Ga,Sn,Rh,In) [5-15] and the Mn3 XN
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with X = (Ga,Zn,Ag,Ni) [16—18] families. Very recently, it
was proposed that the collinear antiferromagnet RuO, can
induce nonzero AHC [19]. The existence of such topolo-
gical properties in these magnetic materials can be traced
back to the appearance of Weyl nodes and nodal lines to the
electronic structure [9], being non-accidental linear touching
points (Weyl semimetals) or lines (nodal semimetals) close to
the Fermi energy, that cause non zero Berry curvature, acting
as a fictitious magnetic field, leading to non vanishing effects.
From the practical point of view, compounds with large val-
ues of AHC and ANC are promising candidates for data stor-
age [20] and data transfer [21] devices that can lead to further
spintronics applications.

The MM’X (X = main group element, M and M’ = metal)
are a widespread class of compounds that can form in
orthorhombic TiNiSi, along with the less common NiyIn
and LiGaGe hexagonal structures. They accumulate several
intriguing properties such as the martensitic transition [22-24]
and have attracted scientific attention due to interesting prop-
erties such as magnetoresistance [25, 26], magneto-strain
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effect [27-29] and magnetocaloric effect [30-33], making
them promising candidates for solid-state magnetic cooling
applications [34-36]. Besides, the members of the MM'X
family have been reported to host large AHC and (ANC),
such as the primordial research on their topological proper-
ties of ZrMnP and HfMnP compounds, showing large AHC
values of the order of 1000S cm™! and 1500 S cm™! respect-
ively [37], due to the presence of nodal lines, rendering them
as promising materials [38]. It is noted that the AHC is parsed
in intrinsic and extrinsic contributions, the latter of which is
further decomposed in side jump and skew scattering. From
the theoretical perspective, the side jump contribution is cal-
culated following the procedure described in [39] while that of
skew scattering in [40]. More insights on the experimental pro-
cedure of determining both the intrinsic and the extrinsic con-
tribution can be found in [41]. Non negligible extrinsic contri-
butions of 1100 S cm™"' and 1440 S cm~! have been measured
for HfMnP and ZrMnP respectively [37]

In this work, we applied first principles calculations to
evaluate the intrinsic part of AHC and ANC of XMnP (X =
Ti,Zr,Hf) compounds and altered the magnetization direction
to tune such transport properties. Our results demonstrated that
both AHC and ANC originated from the combination of nodal
lines and small gap areas present in the whole Brillouin zone.
It was further observed that the magnetization direction signi-
ficantly affected the evaluated AHC and ANC with their differ-
ences being distributed throughout the whole Brillouin zone

2. Numerical details

Our first principle calculations were performed using the pro-
jector augmented wave method, as implemented in VASP
software  [42]. The exchange-correlation functional was
approximated using the generalized gradient approxima-
tion as parameterized by Perdew—Burke-Ernzerhof [43].
A T'-centered kmesh sampling of density 50 in respect to all
lattice dimensions as well as an energy cutoff of 500eV were
used. Spin orbit coupling was included in all calculations. The
DFT-Bloch wave functions were projected on maximally loc-
alized Wannier functions, using the wannier90 software [44].
The MLWFs were constructed for spd-orbitals of Mn, Ti and
Hf, sp-orbitals of spd-orbitals of Zr, generated on a kmesh of
40 and the frozen window was computed based on the par-
tial density of states, according to the methodology described
in [45]. The AHC was evaluated using Wanniertools [46] by
integrating the Berry curvature according to the formula:

o-,»,.:ji/(jng[qk)—ﬂ]m,g(k), (1

n|u;|km) (km|u;|kn)
[em (K) — e, (K) ]

where f is the Fermi distribution function, p the Fermi
energy, n and m the occupied and empty Bloch band with

Qi (k) = —2Im» {k

m#n

€2 (k) and ¢, (k) being their energy eigenvalues and v; the
velocity operator. The ANC was computed using an in-house
developed python script based on the formula [47]:

"
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where e is the charge of the electron, T the temperature and
€ the energy point within an energy grid of 1000 points at a
range [ - 0.5,0.5] eV in respect to the Fermi energy.

3. Results and discussion

The transition metal pnictides under consideration crystallize
in the orthorhombic Pnma (No. 62) space group with lattice
parameters being equal to a =6.43 A, b=3.63A, c=7.51A
for ZtMnP and a=6.37 A, b=3.60 A, c =7.45 A for HfMnP
and a=6.15A, b=3.47A, c=7.20A for TiMnP. The lat-
tice constants of all compounds were obtained from high
throughput calculations. The values obtained for the former
two, agrees with the x-rays experiments in [37, 38]. The mag-
netic moments originate exclusively from Mn atoms and have
been calculated to be 1.74up, 2.06u5 and 1.95u5 for TiMnP,
ZrMnP and HfMnP respectively, in reasonable agreement with
the values of 1.8up and 2.0up at T=2K for ZrMnP and
HfMnP respectively, calculated in [37]. The input values of
the lattice constants and the magnetic moments of Mn atoms
are summarized in the table 1. Our DFT calculations were per-
formed on two magnetic configurations, namely with magnetic
moments aligned along [100]- and along [001]-axis, as illus-
trated in figure 1. Changes in the band structure due to magnet-
ization direction is illustrated in figure S1 of supplementary.
These two discrepant energetically distinguishable magnetic
configurations exhibit a magneticrystalline anisotropy energy
of 0.165 meV per Mn atom and 0.43 meV per Mn atom in favor
of [100]-direction for ZrMnP and HfMnP respectively. Our
results are in good agreement with the values of 0.136 meV
per Mn atom and 0.47 meV per Mn atom reported in [38]
for ZtMnP and HfMnP respectively, where from the applica-
tions point of view, altering the magnetization direction is pos-
sible by means of externally applied magnetic field [48], spin
orbit torque [49], spin transfer torque [50] and other mech-
anisms [51]. Recent studies demonstrate that the anisotropic
fields required to switch the magnetization directions from the
hard [001]-axis to easy [100]-axis in (Zr,Hf)MnP have been
calculated to be 4.6 T and 10 T respectively [38], making them
within the current experimental capabilities [52]. It is further
noted that since the magnetiocrystalline anisotropy of TiMnP,
being 0.05 meV per Mn atom, is substantially lower than that
of HfMnP and that of ZrMnP (0.43 meV and 0.165 meV per
Mn atom respectively), a smaller anisotropic field is expected
to be sufficient to control the magnetization directions.
Significant changes in AHC and ANC values are observed
by altering the magnetization direction of the system. A
schematic illustration of a thermopile is shown in figure 2. The
direction of the induced ANC is depicted for fixed directions
of thermal gradient, magnetization and electric current. The



J. Phys.: Condens. Matter 51 (2023) 025703

| Samathrakis et al

Table 1. Summary of lattice constants used as input to our calculations and calculated output of magnetization, AHC, ANC and 7.s

compared to the existing literature for TiMnP, ZrMnP, HfMnP.

Compound Lattice constant A Magnetization (ug) AHC (Sem ™) ANC (AmK ™) Curie temp.
a b c Calculated Theory oy, M||[100] oy (theory) o, M||[001] ., M]||[100] o, M]||[001]  T¢ (K)
TiMnP 6.15 347 7.20 1.74 — 624 — 224 —2.08 0.02 420
ZrMnP 643 3.63 751 2.06 1.80 [37] 962 1000 [37] 778 0.21 —3.43 545
HfMnP 6.37 3.60 7.45 1.95 2.00 [37] 1516 1500 [37] 769 0.01 —-2.97 550

® X=(Ti,Zr Hf)

@ Mn
e P
m=e- M||[100]
oo | o OQ

+ I8

Figure 1. Crystal structure of XMnP (X = Ti,Zr,Hf) with magnetic
moments of Mn atoms pointing along [100]-direction (red) and

along [001]-direction (green).
S ¥ VT,

)—’X
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Figure 2. Schematic illustration of the induced anomalous Nernst
conductivity direction change for (a) magnetization direction
parallel to [001] axis (b) magnetization direction parallel to [100]
axis.

same principles apply to AHC with the electric field replacing
the thermal gradient, demonstrating the geometry in which
the induced AHC/ANC is parallel to the magnetization. An
interesting question is weather the AHC and ANC vectors of
the XMnP (X = Ti,Zr,Hf) compounds of the MM'X family
are modified by altering the magnetization direction. In order
to address, we calculated AHC and ANC for the magnetiz-
ation direction being along [100] and [001], as illustrated in
figure 1. An increase of AHC with changing the magnetization

direction from [001] to [100] is observed in all compounds.
Namely, for TiMnP there is an almost three times increase
(from 224 S cm~! with M||[001] to 624 S cm~! with M||[100]).
More interestingly, the calculated value of 778 Scm™! with
M|[[001] jumps to 962 S cm~! with M||[100] in ZrMnP and
the 769 S cm~! with M||[001] skyrockets to 1516 S cm~! with
M||[100] for HfMnP, being in excellent agreement with the
reported theoretical (experimental) values of 1000Scm™!
(900S cm™!) and 1500 Scm ™" (1400 S cm™!) for ZrMnP and
HfMnP respectively [37], calculated for M||[100], as shown in
figure 4(b) and table 1. It is further noted that the calculated
value of AHC of HfMnP is larger than many compounds dis-
cussed in [53] including the reported value of —1310S cm™!
for Co3Sn,S; in [54] and many Heusler compounds reported
in [55].

Surprisingly, the calculated ANC exhibits a peculiar beha-
vior, where for TiMnP the finite value of —2.08 AmK~' for
the [100] direction becomes 0.02 A mK ! for the [001] direc-
tion. The opposite behavior is observed in HMnP and ZrMnP
where the small values of 0.21 AmK~' and 0.01 AmK~!
respectively increase (in absolute value) to —2.97 AmK™!
and —3.43 AmK~!, which is among the largest reported in
[54]. Similar ANC changes have been studied in non-collinear
antiperovkites in [56]. These discrepant AHC/ANC values
serve an interesting playground for AHC/ANC manipulations
by altering the magnetization direction of the compounds, as
illustrated in figure 2, that can be useful for transverse thermo-
electric generation having great potential for energy harvesting
and heat sensing applications [57-61].

To estimate the Curie temperatures (7;) we calculate the
magnetic exchange interactions (J/;;) using the Liechtenstein
formula [62] as implemented in the juKKR code [63] using
Perdew Burke Ernzerhof (PBE) and full-potential approxim-
ation (see figure 3(a)). The T.s were then calculated using
Metropolis Monte Carlo method to solve the Heisenberg
model, and the values taken from the Binder cumulant. All
three simulated compounds show ferromagnetic behavior and
finite temperatures as shown in figure 3(b), all 7, values
were larger than room temperature, being 420, 545, 550K for
TiMnP ZrMnP and HfMnP respectively. This is attested by the
strong ferromagnetic (positive J;) interactions between Mn—
Mn in the nearest and next-nearest neighbors, with subsequent
interactions also being mostly FM in nature.

It is observed that the symmetry of the Berry curvature
plays the predominant role in determining the numerical
values of the AHC and ANC tensor elements, given by
equations (1) and (3) respectively. Since the Berry curvature
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Figure 3. Exchange interactions (J;;) as a function of distance (a) to evaluate the Tt (b).

behaves as a pseudovector under symmetry operations, it is
possible to predetermine its value based on the magnetic point
group of the compound, according to the formula [64]:

sQ (k) = tdet (D (R))D(R)Q (s 'k), )
where €2 (r) denotes the pseudovector Berry curvature, D (R)
the three-dimensional matrix representation of a symmetry
operator without the translation part and finally s the matrix
representation of an arbitrary symmetry operation. The under-
lying compounds of XMnP (X = Ti,Zr,Hf) with the magnet-
ization direction parallel to [100]-axis, belong to the magnetic
space group Pnm’a’ (62.447), in which the presence of 29
symmetry operation, after summing over all Brillouin zone,
forces 2, = ), = 0, following the relations:

Qx (kx» _ky7 _kz) = Qx (kxakyvkz) y
Qy (kx, _ky> _kz) = _Q}’ (kxakyakz) 3
Qz (kxa _kyv _kz) =, (kxa kya kz) .

&)

On the other hand there is no condition implying vanishing
value for ), meaning that o, is allowed to have finite value,
as it happens. By changing the magnetization direction par-
allel to [001]-axis, the resulting magnetic space group alters
to Pn'm’a (62.446), in which the presence of 2¢y; leads to
Q, =€ =0 and leaving €2, unrestricted, after summing over
all Brillouin zone, according to:

Qx (7kx7 *kyakz) = 7QX (k)ﬁkyakz) )
Q}’(_kxa_k}wkz) = _Qy (kxaky7kz)7 (6)
Qz (7an *kya kz) = Qz (kxa kya kz) .

Since the AHC depends on the Berry curvature, according to
equation (1), its corresponding tensors for the different orient-
ations of the magnetization are summarized in table 2. It is
noted that the absence of symmetry operations forcing a spe-
cific component to vanish, does not necessarily guarantee its
finite value, as it was found for Co,NbAl in [53].

Negligible ANC values are allowed even in the presence of
finite AHC values evaluated at the Fermi energy. The shape
of the AHC tensor is determined by the Berry curvature, as

Table 2. AHC tensors for different magnetic space groups.

AHC tensor for Pn'm’a
(BNS: 62.446) M|| [001]

AHC tensor for Pnm’a’
(BNS: 62.446) M| [100]

0 0 0
o=1|0 0 Oy
0 —0oy O

described by equation (4). The same principles apply to the
ANC tensor therefore one would expect the same non van-
ishing components in both AHC and ANC tensors. While
this is in principle true, there are certain conditions in which
the ANC exhibits an incidental vanishing value in the pres-
ence of a finite AHC value. The first, trivial case, appears
when the AHC is a finite constant for a wide range of ener-
gies around the Fermi energy. In this case, the derivative of
a constant vanishes, giving negligible ANC values, as occurs
in TiMnP for magnetization parallel to [001]-axis (see blue
AHC curve in figure 4(b) and the resulting blue ANC curve
in figure 4(d)). Another, less obvious, case happens if the
AHC curve as a function of energy is symmetric (or almost
symmetric) for a certain range around the Fermi energy. In
this case, the contribution from the range below the Fermi
energy will cancel out the one from the range above the Fermi
energy, giving rise to vanishing ANC value, as observed in
HfMnP for magnetization parallel to [100]-axis (see black
AHC curve in figure 4(a) and the resulting black ANC curve in
figure 4(c)).

The AHC exhibits a disperse nature originating from the
whole Brillouin zone. In order to identify the regions of dom-
inant AHC contribution, we split the Brillouin zone of each
of the underlying MM’X compounds, with magnetization dir-
ection fixed along [100]-direction, in 6 X 6 x 6 cubes, within
each of which the o, component of the AHC tensor was
calculated. The results are illustrated in figures 5(a)—(c) for
TiMnP, ZrMnP and HfMnP respectively. We observe that
the hot spot contributions in figures 5(b) and (c) correspond
to nodal lines in figures 6(d)—(f) and (g)-(@i) for (Zr,Hf)MnP
respectively, in complete agreement with [37]. Unlike the
other two compounds, a direct comparison of figure 5(a) with
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Figure 4. (a) o, for XMnP (X = Ti,Zr,Hf) with magnetization direction parallel to [100]-axis. (b) o for XMnP (X = Ti,Zr,Hf) with
magnetization direction parallel to [001]-axis. (¢) a,x for XMnP (X = Ti,Zr,Hf) with magnetization direction parallel to [100]-axis.
(d) a; for XMnP (X = Ti,Zr,Hf) with magnetization direction parallel to [001]-axis.

figures 6(a)—(c) for TiMnP, reveals the presence of several
nodal lines as the main origin of the enhanced AHC for the
range k, € (0.00, 0.33), however, small gap areas that contrib-
ute, alongside nodal lines, are found within the range (k,, k) €
(0.00,0.16) , &, (0.33,0.500) of figure 6(c). That is, for TiMnP
the total AHC value originates from a combination of nodal
lines and small gap areas. Discrepant neighboring AHC values
affect the ANC that is calculated in a similar way by integrat-
ing the AHC within the specified limit of each cube, as shown
in figures 5(d)—(f). Similarly, the contribution originates from
a wide range of Brillouin zone.

Large changes of AHC & ANC values calculated for
the different magnetization directions can occur even in the
absence of localized contributions. Since altering the mag-
netization direction affects the finitte AHC component, based
on the geometry of figure 2, the calculated AHC changes
reflect the AHC vector. Our calculations verify an increase of
441Scm™!, 182Scem~! and 693 S cm~! in the AHC vector
when the magnetization is altered from [001]-axis to [100]-
axis for XMnP (X = Ti,Zr,Hf) respectively. Therefore, one
interesting question is whether, by tuning the magnetization
direction, there are emerging localized contributions origin-
ating from weyl nodes that compose the main difference in

the calculated values or not. In order to identify the origin
of the main difference, we split the Brillouin zone in 50
parallelepipeds for k, € [0.0,0.50] and compute the AHC &
ANC vector change within (see figure 7). It is highlighted that,
for all compounds, even though there are notable differences
among the contributions of several k, ranges, there is no dom-
inant contribution, resulting in the almost uniform distribution
of figures 7(a)—(f). As a result, it is demonstrated that large
AHC and ANC differences are originating from small changes
throughout the whole Brillouin zone instead of gigantic local-
ized contributions.

What affects the AHC sign? Comparing the distribution
of o, component in all MM’X compounds, illustrated in
figures 5(a)—(c), we came across an interesting observation.
The strong disperse negative-sign area of TiMnP within the
rectangle (ky,k,) € [ —0.166,0.166], k. € [0.333,0.500] (see
figure 5(a)) does not exist in any of the other compounds.
In order to investigate the origin of this contribution, expli-
cit band structure search was performed, revealing that the
presence of a nodal line at the spatial vicinity of (ky,k,) ~
0.03,k, € [0.420,0.500] is responsible for this enhanced
value, by contributing (including the symmetry equivalent
parts) 5.6% (35S cm™! out of 624 S cm™") to the total value.
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Figure 7. Percentage of AHC vector change between magnetization directions [001] and [100] for &k, € [O.OO7 0.50] for (a) TiMnP,
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The reason of the negative sign contribution though is unclear
and it might be an interesting topic for further research.

4. Conclusion

Using first principles calculations, we evaluated the AHC and
ANC of XMnP (X = Ti,Zr,Hf) compounds of the MM'X fam-
ily and altered the magnetization direction to tune such trans-
port properties. The detailed symmetry analysis based on the
magnetic point group of the compounds indicated the van-
ishing and finite values of AHC and ANC tensors, verify-
ing the validity of our results. It is noted that altering the
magnetization direction from [001] to [100]-axis, significantly
affects the AHC & ANC values with their differences origin-
ating from band structure changes throughout the whole Bril-
louin zone. The observed AHC/ANC enhancements due to
the change in the magnetization direction make an interesting
opportunity for using materials susceptible to changing mag-
netization direction to transverse thermoelectric generation
applications.
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