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Tunable goniopolarity of graphenelike boron layers in metal diborides
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The orientation-dependent conduction polarity, e.g., p-type conduction along one direction and n-type con-
duction along another direction, namely “goniopolarity,” observed in highly anisotropic materials brought us
an alternative concept for novel electronic devices. But goniopolarity has hardly been utilized due to the rarity
of goniopolar materials. Here, we associate goniopolarity with the saddle points in electronic band structure
and the hyperbolic Fermi surface of materials and highlight the potential of layered metal diboride (MB,)
materials in achieving this interesting phenomenon using first-principles calculations. We demonstrate that the
electron-doped MgB,, CaB,, and SrB, can exhibit remarkable orientation-dependent conduction polarity with
opposite Seebeck coefficients which are detectable in verifying goniopolarity. We attribute the goniopolarity
with the p, , orbitals of the boron layers of these materials which constitute anisotropic electronic states along
in-plane and out of plane directions. Moreover, their anisotropic Seebeck coefficients can be efficiently enhanced
by applying tensile strain. This work offers a promising strategy for design of goniopolar materials and regulation

of goniopolarity.
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I. INTRODUCTION

The conversion of the electric energy and thermal energy
arising from the orientation movement of carriers has been
a key subject in both scientific research and practical appli-
cations [1,2], where carrier modulation plays a crucial role.
Conventional semiconducting materials are either p type or
n type, depending on the polarity of the majority carriers.
The integration of p-type and n-type semiconductors in het-
erojunctions [3,4] constitutes the basis of modern electronic
technologies, such as diodes [5,6], photodetectors [7], and
solar cells [8]. Representative examples are the silicon-based
semiconductors where the polarity of the majority carriers ex-
hibit isotropic features and can be regulated by dopants [9,10].

Interestingly, opposite signs of Hall coefficients in differ-
ent directions have been found in recent experiments [11],
suggesting the orientation-dependent conduction polarity in
these materials. In other words, these materials can be fea-
tured by n-type semiconductors along one direction but p-type
semiconductors along another direction, which is named as
“goniopolarity.” The coexistence of intrinsic n and p types of
semiconducting features in these goniopolar materials alters
the conventional concept in developing multifunction elec-
tronic devices. Moreover, the anisotropic Seebeck coefficients
arising from the orientation-dependent carrier polarity bring
us new possibilities for transverse thermoelectrics [12]. For
example, the heat flow transverse to electrical current in go-
niopolar materials in the absence of external magnetic fields
holds great potential in cryogenic temperatures.

Layered materials with distinguishable anisotropy along
the in-plane and out of plane directions are naturally consid-

“zmw @sdu.edu.cn

2469-9950/2022/106(16)/165204(6)

165204-1

ered as promising candidates of goniopolar materials. Despite
the abundant layered materials, only a few of them have been
demonstrated to show strong anisotropic thermoelectric prop-
erties, such as SnSe [6], NaSnAs; [11], Ti,SiC; [13], Mg,Sn
[14], BaF,As; [15], CsBisTes [16], and hexagonal group-II
metals (Mg, Zn, and Cd) [17] suggesting the strict require-
ments of achieving goniopolarity. The rarity of goniopolar
materials and the unclear relation between goniopolarity and
lattice characteristics (e.g., atomic orbitals) highly limit the
investigation and application of goniopolarity.

The discovery of superconducting MgB, with a high
critical temperature (7)) around 39 K almost reaching the
McMillan limit has attracted great attention [18-20]. MgB,
has graphitelike B layers intercalated by hexagonal stacked
metal atoms, as shown in Fig. 1(a). The interband anisotropy
enhances the coupling constant from the isotropic dirty-limit
value to clean-limit value [21]. The zone-center phonon fre-
quencies, transport properties, and broadband hyperbolic light
dispersion of MgB, and other metal diborides (MB;) have
been intensively explored [22,23]. The Seebeck effects in
MgB, have been intensively investigated both theoretically
and experimentally [24-28]. The sign change of Seebeck co-
efficients in electron-doped MgB, has been predicted [27],
suggesting the potential goniopolarity in MB, materials.
However, the correlation between the orientation-dependent
conduction polarity and the electronic band structures of MB;
materials remains unclear. There have been few reports of the
Seebeck coefficients of the M B, materials beyond MgB,.

In view of the correlation between goniopolarity and
anisotropy of materials [29], in this contribution, we con-
duct extensive investigation on the goniopolar properties of
14 MB, materials, from which we highlight the role of the
saddle point of electronic band structures in the goniopolar-
ity of MB, materials and propose two promising candidates
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FIG. 1. (a) Crystal structure of metal diborides (M B,). (b) Fourteen MB, materials selected from the Materials Project database. Orange

and green balls indicate metal and B atoms, respectively.

(CaB, and SrB,) in addition to MgB, with remarkable
orientation-dependent conduction polarity and Seebeck effect.
Our calculations reveal the existence of saddle points in the
electronic band structures and the hyperbolic Fermi surfaces
of MB, (M = Mg, Ca, Sr), which is associated with the p, ,
orbitals of the graphenelike boron layers. The goniopolarity
of these MB, materials was further verified from the Seebeck
coefficients with opposite polarity along the in-plane and out
of plane directions. Moreover, the goniopolarity can be effi-
ciently enhanced by applying tensile strain. This work offers
a universal strategy for design and regulation of goniopolarity,
as well as promising candidate goniopolar materials.

II. METHOD AND COMPUTATIONAL DETAILS

Our calculations are performed by the QUANTUM EX-
PRESSO package using the framework of functional theory
(DFT) [30]. The electron-ion interaction is described by
projector-augmented wave (PAW) potential and the gen-
eralized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof (PBE) is adopted for the exchange-
correlation functional [31]. The electrons wave functions are
expanded using the plane-wave basis with the energy cutoff
and the charge density cutoff of 50 and 500 Ry, respectively
[32]. The self-consistent electron density is evaluated by a
k-point mesh of 12x12x12. The lattice constants are fully
optimized with the energy convergence set to 107 eV and
force convergence set to 5x107* eV/A [33]. The electron
doping effect is simulated by adding electrons to the supercell,
while a homogeneous background charge with opposite sign
is assumed to keep the electrical neutrality of the system.
The mechanical properties are calculated from the strain in
response to the out of plane lattice distortion.

The wave vector dependent electron relaxation time t (k)
is calculated from the electron-phonon coupling matrix el-
ements via the Wannier interface [34,35]. More than twice
as many bands as orbitals are considered to construct the
real-space Hamiltonian in the Wannier basis [36,37]. The
electron-phonon interaction and the phonon dispersion scat-
tering matrix elements are calculated first on a 6x6x6 k and
q mesh [38—40]. A dense 20x20x20 mesh for k and ¢ is
adopted in the calculations of carrier relaxation time due to

the electron-phonon interaction by using the EPW package
[41]; also see the Supplemental Material [42].

III. RESULTS AND DISCUSSION

The metal diborides investigated in this work have lay-
ered configurations with honeycomb B and hexagonal M
layers stacking alternatively along the z direction, as shown
in Fig. 1(a). We consider fourteen MB, materials, as shown
in Fig. 1(b), selected from the Materials Project database. The
unit cell contains one M and two B atoms with a P6/mmm
space group. M atoms reside on the vertices of the unit cell,
while B atoms occupy the sites right above the center of M
regular triangles constituting a graphenelike layer. The opti-
mized lattice constants of these MB, materials are presented
in Table S1 in the Supplemental Material [42], which are con-
sistent with the experimental data and other theoretical results
[18,22]. The lattice constants decrease (increase) as M varies
from the left side (top) to the right side (bottom) of the period
table, which can be correlated to the trend of covalent radii
of the M atoms. Charge density plots show that the bonding
in the boron layer is typically covalent and a large amount of
valence charges of M atoms distribute homogeneously over
the crystal [43,44]. It is worth noting that although 4d and 5d
transition metal (TM) atoms have similar covalent radii, MB,
materials possess smaller lattice constants for 5d TM atoms
than those for 4d TM atoms, suggesting stronger interaction
between the M and B layers. In the following discussion, we
take MgB, without d electrons as an example to explore the
electronic properties and the Fermi surfaces of MB, materials.

We start from the relationship between the electronic struc-
ture and goniopolarity of MgB,. The electronic band structure
along highly symmetric directions of MgB, is presented in
Fig. 2(a). The bands near the Fermi level can be featured by
the o bands arising from the p, , orbitals of the B atoms and
the 7 bands donated by the p, orbitals of the B atoms, as
labeled in Fig. 2(a). Notably, the o bands form a ‘“saddle”
point in the region ~0.4 eV above the Fermi level at the I
point (the dotted box). The saddle point joints two segments
of a band line with opposite signs of electron effective masses
(m*). The band curves downward along the I'-K (in-plane)
direction with a negative m*, but upward along the I"'-A (out of
plane) direction with a positive m*. Therefore, the anisotropic
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FIG. 2. (a) Electronic band structure of MgB,, the band structure
projected by p,, (o bonds, orange color) and p, (7 bonds, green
color) orbit of B atom. The Fermi level is set to zero. The box
with dotted lines indicates the position of the saddle points. (b)
First Brillouin zone of MgB,. (c), (d) Orbital-resolved band structure
and isoenergetic surfaces of the two ¢ bands at the saddle point,
highlighting the goniopolar mechanism.

electronic structure near the saddle point can be described by
a simple expression according to the effective mass approxi-
mation (EMA) where m* has opposite signs along the in-plane
and out of plane directions. In sharp contrast to the model for
conventional semiconductors, this model gives a hyperbolic
Fermi surface which reflects the highly anisotropic electronic
properties (see Supplemental Material [42]).

The band structures of the other 13 MB, materials are plot-
ted in Fig. S2 [42]. Despite the complicated band lines of these
materials, the saddle points at the I" point that arise from the
in-plane and out of plane coupling of B, bands are preserved,
but have different positions relative to the Fermi level, due
to the different amount of valence electrons of the M atoms.
Similar to the case of MgB,, CaB, and SrB, have the saddle
points near the Fermi level, as shown in Fig. 3, and thus are
expected to contribute to the orientation-dependent conduc-
tion polarity properties upon electron doping. Additionally,
the band structure in the region near the saddle point should be
as “clean” as possible to avoid the contributions of other trivial
bands which may suppress the goniopolarity. Therefore, in the
following section, we focus on the goniopolarity of MgB,,
CaB,, and SrB,. Notably, the orbital-resolved electronic band
structures near the saddle point of these three M B, materials
show the same features contributed by the p, and p, orbitals
of the B atoms (see Supplemental Material [42]).

Thermoelectric materials are the functional materials that
can directly convert temperature difference to electric voltage
and vice versa via a thermocouple. The thermoelectric per-
formance is usually characterized by Seebeck effects, which
reflect the thermopower of charge carriers from the hot side
to the cold side. The electric potential is built up across a
temperature gradient, and the Seebeck coefficient measures
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FIG. 3. The band structures of (a) MgB,, (b) CaB,, and (c) SrB,
and the Seebeck coefficients along the in-plane (S, and S,,) and
out of plane (S,;) direction at 300 K. The shaded areas highlight
the saddle points in the band structures corresponding to goniopolar
regions with the opposite in-plane (S, and S,,) and out of plane (S.;)
Seebeck coefficients.

the magnitude of the induced thermoelectric voltage. The
sign of the Seebeck coefficient is determined by the type of
majority carriers, i.e., negative for electrons and positive for
holes. Therefore, the orientation-dependent conduction polar-
ity properties can also be described by the Seebeck coefficient
along different directions.

To demonstrate the goniopolarity of these materials, we
evaluated the Seebeck coefficients. The variation of Seebeck
coefficients as the Fermi level moves upward (e.g., by electron
doping) at room temperature is plotted in the right-hand panel
of Fig. 3. Sy, S,y, and S, represent the Seebeck coefficients
along the x, y, and z directions, respectively. It can be seen
that S,, and Sy, show similar variation trends, indicating the
weak in-plane anisotropy of these materials. However, the
variation of S, differs significantly from S,, and Sy, exhibit-
ing a sign opposite to both §,, and Sy, in specific energy
windows, as indicated by the shaded areas. These energy
windows are in good consistence with the positions of the
saddle points. MgB, has the largest difference of Seebeck
coefficient between in-plane (48 ©V/K) and out of plane
(=63 nV/K), which is much larger than those of NaSn,As,
(-2, 20 uV/K) [45], BaCuAs (24, -39 uV/K) [29], and
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TABLE I. The effective masses of electrons at the saddle points
and the maximal Seebeck coefficients in the goniopolar regions at
300 K. The Seebeck coefficients are in 1V /K; my represent the mass
of a free electron. The two saddle points of SrB, are indicated by L

(low energy) and H (high energy), respectively.

Material my,./my my/mo  mp/mo Swe Sy S,
0% -0.2239 -0.4645 3.4627 38 48 -63

MgB, 1% -0.2248 -0.4656 3.5673 72 60 67
2%  -0.2259 -0.4667 37266 96 96 -60

CaB, -0.2566  -1.0003 2.0288 29 31 -22
SIB -0.2367 -1.1623 2.0568 10 22 46
2 -0.3746 03746 33207 53 53 -89

Al;3Co4 (19, —17 uV/K) [46]. The signs of the Seebeck co-
efficients are also consistent with the curvatures of the bands
along the in-plane direction (I'-K and I'-M) and out of plane
direction (I"-A), which lead to negative m}, and m;“,y, and posi-
tive m;‘z. Similar results are also found in CaB, and SrB,. It is
interesting to see that SrB, has two saddle points at the ener-
gies of 0.71 and 0.92 eV, resulting in two goniopolar regions,
respectively. The largest difference between in-plane and out
of plane Seebeck coefficients is142 £V /K for the high energy
saddle point. For the other MB, materials, the anisotropic

features of the Seebeck coefficients are un-noticeable due to
the contributions of the trivial bands without saddle points
which suppress the goniopolarity.

It is noteworthy that the Seebeck coefficients of MgB, have
been calculated within a rigid band strategy [27], similar to the
method used in this work. The scenario of S,, = Sy, > 0 and
S.. < 0 was also predicted in a specific electron doping range.
However, the results of Ref. [27] differ significantly from
those of the present work in the following aspects. Firstly,
[Syc| > |S;;| was predicted in that work, but our calculations
give the opposite order. This may be related to the assumption
of constant electron relaxation time t (k) adopted in Ref. [27].
In the present work, however, t(k) is calculated from the
electron-phonon coupling matrix elements [34,35] which are
obviously k dependent. Secondly, the in-plane Seebeck tensor
of MgB, was proposed to be isotropic (Sy, = S},), but our
calculations reveal the difference between S,, and S,. We
attribute the weak in-plane anisotropy of the Seebeck tensor
in MgB, to the different band profile along the I'-K and I'-M
directions, as shown in Fig. 2(a), which leads to different
effective masses of electrons (my, and mj, ), as listed in Table L.

We certainly need to emphasize that the MB, materials
have to be doped by electrons to achieve anisotropic Seebeck
effects in experiments because the saddle points are in the
conduction band regions. The electronic band structure
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FIG. 4. The electronic structures of MgB, under uniaxial tensile strain along the z direction. (a) The enlarged band structures near the
saddle points. (b) The effective mass of the bands at the I' point along the I'-K line and the I'-A line. (c) The in-plane (S, and S,,) and out of

plane (S;;) Seebeck coefficients at 300 K.
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calculations of the electron-doped M B, materials show that
the electron doping concentrations of 0.30, 0.34, and 1.25
electrons per unit cell for MgB,, CaB,, and SrB; are required
to push the Fermi level to the saddle points, as shown in
Fig. S3 [42]. The electronic band structures near the saddle
points are preserved in these electron-doped MB, materials
except for the position of the Fermi level. This can be achieved
by substitutional doping of MB, with C atoms in the form
of M(B1_,Cy),. The dynamics stability of the electron-doped
MgB, and CaB,; is also verified from the phonon spectra
which are free from imaginary frequency (see Supplemental
Material [42]). It has been confirmed experimentally that
the sign of the Seebeck coefficient changes from positive
to negative in the electron-doped Mg(B;_.Cy), materials
[25-28], which was attributed to the electron filling in the
m bands [27]. These experimental advances suggest the
plausibility of achieving anisotropic goniopolarity of MB,
via electron doping. The CaB, phase considered in this work
has been predicted to be a superconductor with a T, higher
than MgB, [21,47]. However, the realization of goniopolarity
in CaB, material remains a challenging task due to the
difficulty in synthesis of stable CaB, samples at ambient
and high pressure [48]. For StB,, the plausibility of such a
high electron-doping level in experiments remains an open
question. Anyway, our work offers a general strategy for
design of goniopolar materials, as well as potential candidate
goniopolar materials beyond MgB,.

Furthermore, we consider the variation of the Seebeck
coefficients in response to the strain along the z direction.
For the layered materials, the structural anisotropy can be
regulated by applying strain along the out of plane direction,
which is expected to tune the relevant properties [49-51].
Therefore, we calculate the electronic band structures and
Seebeck coefficients of MgB, under tensile strains of 1%
and 2% as examples to demonstrate this interesting feature.
The variation of the band structure, effective mass, and the
Seebeck coefficients are exhibited in Fig. 4. The saddle point
is preserved under the strain, but is pushed upward with the
increase of strain, as shown in Fig. 4(a). With the increase
of the tensile strain, the effective mass of the band along
the z direction increases slightly, whereas effective masses
along the in-plane direction (I'-K) exhibit the opposite trend,
as shown in Fig. 4(b). This implies that the anisotropy in

electronic structure is enhanced under tensile strain. From the
variations of the Seebeck coefficients, as shown in Fig. 4(c),
one can see that the minimal value of S,, (~60 uV/K) is
insensitive to the tensile strain, but the changes of S, and
S,y are more remarkable. The maximal values of S,, and S,
increase to 96 'V /K under the tensile strain of 2% (Table I).
The enhanced anisotropy of Seebeck coefficients under tensile
strains offers a promising strategy to modulate goniopolar-
ity, which is quite crucial for transverse thermoelectrics.
Additionally, the ability of MgB, for carrier concentration
optimization and phonon-scattering strengthening has been
demonstrated in experiments. For example, the thermoelectric
performance of Ing 1 Sb; 9Tes [52] and GeTe-based alloys [53]
can be enhanced as MgB, is introduced.

IV. CONCLUSION

In summary, we demonstrate the goniopolar properties of
MgB,, CaB,, and SrB; from first-principles calculations. We
correlated the goniopolarity to the p, , orbitals of graphene-
like boron layers which form highly anisotropic electronic
states along the I'-K and I'-A directions along with a saddle
point at the I point and the hyperboloid-shaped Fermi sur-
face. For these three metal diborides, the bands exhibit p-type
(hole) characteristics with negative effective masses along the
I'-K (in-plane) direction and n-type (electron) features with
positive effective masses along the I'-A (out of plane) direc-
tion. The goniopolar properties are verified by the anisotropic
Seebeck coefficients, which are positive along the in-plane
directions and negative along the out of plane direction. The
largest difference between the in-plane (48 wV/K) and out
of plane (63 uV/K) Seebeck coefficients is 111 uV/K in
MgB,. Moreover, the anisotropy of the Seebeck coefficients
can be enhanced by applying tensile strain. The specific in-
trinsic goniopolar property leads to the discovery of unique
electronic properties and provides a promising strategy for
designing novel electronics and thermoelectric applications in
the future.
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