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SrPd, a candidate material with extremely large magnetoresistance

Xiao-Qin Lu,' Peng-Jie Guo,? Jian-Feng Zhang,' Kai Liu®,"" and Zhong-Yi Lu®!f
' Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials & Micro-nano Devices,
Renmin University of China, Beijing 100872, China
2Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China

® (Received 23 January 2020; revised manuscript received 26 March 2020; accepted 27 March 2020;
published 15 April 2020)

The extremely large magnetoresistance (XMR) effect in nonmagnetic semimetals has attracted intensive
attention recently. Here we propose an XMR candidate material SrPd based on first-principles electronic
structure calculations in combination with a semiclassical model. The calculated carrier densities in SrPd
indicate that there is a good electron-hole compensation, while the calculated intrinsic carrier mobilities are
as high as 10° cm? V~'s~!. There are only two doubly degenerate bands crossing the Fermi level for SrPd,
thus a semiclassical two-band model is available for describing its transport properties. Accordingly, the
magnetoresistance of SrPd under a magnetic field of 4 Tesla is predicted to reach 10°% at low temperature.
Furthermore, the calculated topological invariant indicates that SrPd is topologically trivial. Our theoretical
studies suggest that SrPd can serve as an ideal platform to examine the charge compensation mechanism of

the XMR effect.
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I. INTRODUCTION

The magnetoresistance (MR) is defined as the change in
electrical resistance with applied magnetic field, which has
promising applications in magnetic sensors, hard drives, and
other electronic devices [1-3]. The MR phenomena have been
intensively studied in magnetic compounds, which include
anisotropic magnetoresistance in ferromagnetic metals [4],
giant magnetoresistance in magnetic thin-film superlattices
[5], colossal magnetoresistance in rare-earth doped oxides
[6,7], and tunneling magnetoresistance in ferromagnetic tun-
neling junctions [8,9]. On the other hand, the conventional
MR in many nonmagnetic metals originating from the Lorentz
force only shows a small value of a few percentage [10,11].
Recently, several studies revealed an extremely large magne-
toresistance (XMR) as high as 10°%-107% in nonmagnetic
materials with distinct topological properties, such as topo-
logically trivial semimetals LaSb [12—-15] and YSb [16,17],
Dirac semimetals Cd;As, [18] and NbSb, [19], and Weyl
semimetals WTe, [20-22] and TaAs [23]. The mechanism
underlying such an XMR effect is still an ongoing research
project [24].

The exploration of the XMR mechanism has motivated
many experimental and theoretical studies. One explanation
is the backscattering protection mechanism. Due to the exis-
tence of topological protection, the electrons’ backscattering
is suppressed at zero magnetic field [18,20,21,25,26] but
opens under magnetic field. Another scenario is the electron-
hole compensation mechanism, which is based on the semi-
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classical two-band model [20,27]. The XMR phenomena in
type-II Weyl semimetals WTe, [20-22] and WP, [28-30]
were explained by both of the above scenarios. Recently, it
was found that topologically trivial semimetal LaSb and non-
trivial semimetal LaBi both show nonsaturating XMR effect
[12—15,31]. The common feature between these two rare-earth
pnictide materials is the electron-hole compensation, indicat-
ing a key role that it may play in the XMR effect. Never-
theless, these XMR materials are actually not exact two-band
systems since there are three doubly degenerate bands across
the Fermi level. To further ascertain the charge compensation
mechanism, it is important to find more materials with XMR
effect but trivial electronic structure.

In this paper, we have theoretically studied the electronic
structures, the topological properties, and the magnetoresis-
tance properties of SrPd and BaPd. The electron-hole compen-
sation and high carrier mobilities in SrPd have been derived
from first-principles electronic structure calculations. More-
over, SrPd is found to be a trivial semimetal. As there are only
two bands crossing the Fermi level, SrPd is predicted to be a
good candidate of XMR material that can be well described
by a semiclassical two-band model.

II. CALCULATION METHOD

The first-principles electronic structure calculations were
carried out by using the projector augmented wave method
[32,33] as implemented in the VASP package [34-36]. The
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) type [37] was adopted for the exchange-
correlation functional. The kinetic energy cutoff of the plane-
wave basis was set to be 350 eV. A 16 x 16 x 20 k-point mesh
was used for the Brillouin zone (BZ) sampling of primitive
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cell. The Gaussian smearing method with a width of 0.01 eV
was adopted for the Fermi surface broadening. Both cell
parameters and internal atomic positions were fully relaxed
until the forces on all atoms were smaller than 0.01 eV /A. To
compare with the PBE results at the GGA level, the strongly
constrained and appropriately normed (SCAN) [38] semilocal
density functional at the meta-GGA level of the Jacob’s ladder
[39] was also used. Once the equilibrium structures were
obtained, the spin-orbit coupling (SOC) effect was included
in the electronic structure calculations. To analyze the Fermi
surface, the maximally localized Wannier functions’ (MLWF)
method [40-42] was employed. The topological invariant Z,
[43] was calculated based on the Wilson loops [44] (equiv-
alent to Wannier charge centers [45]) method by using the
WannierTools package [46].

The intrinsic carrier mobilities were studied based on the
semiclassical Boltzmann transport equation and self-energy
relaxation-time approximation, as implemented in the EPW
package [47,48] that interfaces with Quantum ESPRESSO (QE)
software [49]. The specific formulas are as follows. By ignor-
ing the impurity scattering, we can obtain the intrinsic electron
mobilities as [50,51]

—e dk 310 .
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where n, is the electron-type carrier density, 2 and Qpz
are, respectively, the volumes of unit cell and the first BZ,
,?k is the Fermi-Dirac distribution of electrons, €, is the
electronic eigenvalue, v,k , = %k'; is the band velocity, and
o (B) means the direction of electric current. The electron-

phonon relaxation time 79 has the following form:
1 2 dq ) 0
ﬁ = 7 ;/ Q_Bz|gmnv(k,q)| [(1 - fmk+q + nqv)

x 8(€nk — €mk+q — ha)qv) + (fngk—&-q + nqv)
X S(Enk — €mk+q + hqu)]5 (2)

where gnuk,q) = (Umk+ql AquVser |ini) 1s the electron-phonon
coupling matrix element, Ay, Vi is the variation of Kohn-
Sham potential, and ng, is the Bose-Einstein distribution of
phonons. In the expression of relaxation time, the first and sec-
ond terms describe the emission and absorption of phonons,
respectively. In the calculation, we used the 6 x 6 x 9 k mesh
and the 2 x 2 x 3 g mesh as coarse grids and then interpolated
to the 24 x 24 x 36 k mesh and the 12 x 12 x 18 ¢ mesh
as dense grids for the BZ sampling instead of integrations in
Egs. (1) and (2).

III. RESULTS AND ANALYSIS

The crystal structure of SrPd has the Cmcm space group
symmetry [52] as shown in Fig. 1(a), in which the centrosym-
metry can be perceived. The lattice vectors of the primitive
cell of SrPd are labeled as a;, a,, and a3, respectively. The
angle between the a; and a, vectors is 40°, while the as
vector is perpendicular to both of them. Figure 1(b) dis-
plays the Brillouin zone of the primitive cell. The calcu-
lated lattice constants of SrPd are a = 4.219 10\, b=11.3094A,
and ¢ = 4.526 A, which agree well with the corresponding
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FIG. 1. (a) Crystal structure of SrPd and BaPd with the Cmcm
symmetry. The lattice vectors a;, a,, and a3 of the primitive cell are
also labeled. (b) Bulk Brillouin zone (BZ) for the primitive cell of
SrPd or BaPd. The red dots represent the high-symmetry k points
in the BZ. The reciprocal vectors ki, k,, and k., correspond to the
orthogonal a axis, b axis, and ¢ axis in real space, respectively.

experimental values (a = 4.190 10%, b=11.310 10\, and ¢ =
4.520A) [52].

The band structure of SrPd along the high-symmetry paths
in the BZ of the primitive cell is shown in Fig. 2(a). The
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FIG. 2. (a) Band structures of SrPd along the high-symmetry
paths of the primitive cell calculated with the PBE functional (blue
solid line) and the SCAN functional (red dashed line) including the
spin-orbit coupling (SOC) effect. The valence band (VB1) and the
conduction band (CB1) are marked. (b) Hole-type and (c) electron-
type Fermi surface sheets of SrPd in the primitive cell calculated with
the PBE functional including the SOC effect.
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TABLE 1. Carrier densities n, (n,) (in units of 10 cm™3) of
SrPd and BaPd calculated with the PBE functional and the SCAN
functional, respectively.

SrPd BaPd
PBE SCAN PBE SCAN
n, 1.21 0.84 1.01 1.01
n, 1.30 0.78 1.05 1.05

results calculated respectively with the PBE functional at the
GGA level (blue solid line) and the SCAN functional at the
meta-GGA level (red dashed line) are both presented. We can
see that the band dispersions have no essential changes for
these two different functionals, thus we only concentrate on
the PBE results in the following. Since SrPd is a nonmagnetic
material with centrosymmetry, its electronic bands are all
doubly degenerate. In comparison with LaSb and LaBi that
have three doubly degenerate bands crossing the Fermi level
[14], SrPd has only two doubly degenerate bands crossing the
Fermi level, as shown in Fig. 2(a). Substituting Sr with Ba,
BaPd has similar characteristics as SrPd (see Fig. 5 in the Ap-
pendix). Thus, both SrPd and BaPd can be well described by
a semiclassical two-band model for their transport properties,
as shown in the following Eq. (3).

The Fermi surface of SrPd calculated with the PBE func-
tional including the SOC effect is also shown in Fig. 2.
There are two hole-type pockets looking like curved bread
slices along the I'-Z direction and two other pillowlike ones
along the I'-X direction [Fig. 2(b)]. The electron-type pockets
are around the BZ boundaries [Fig. 2(c)]. From the shapes
of these Fermi pockets, we can learn that SrPd exhibits a
highly anisotropic property. Furthermore, the carrier densities
can be obtained by calculating the volumes of these Fermi
surface pockets. We have tested the 16 x 16 x 20 and 20 x
20 x 26 k-point meshes, which give consistent and converged
results. As listed in Table I, the hole-type and electron-type
carrier densities of SrPd are 1.21 x 10 cm™3 and 1.30 x
10%° cm~3, respectively, indicating that SrPd is a semimetal
with a good electron-hole compensation. Similarly, BaPd is
also a charge-compensated semimetal.

The electrical resistivity of SrPd under a magnetic field can
be described by the following semiclassical two-band model
[53,54]:

. (Mefbe + nppp) + (neﬂh"'_nhﬂe)ﬂe:uth
(ne:ue + nh,uh)ze + (ne - Ilh)zl,l%/,l,zeBz ’

p(B) &)

where n, (ny,) is the electron-type (hole-type) carrier density,
We (up) is the electron-type (hole-type) carrier mobility, e is
the charge unit, and B is the magnetic field perpendicular to
the current direction. According to the above calculations, we
learn that SrPd is a charge-compensated semimetal with equal
electron-type and hole-type carrier densities (Table I). With
n = n, = ny, the electrical resistivity can be expressed as
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FIG. 3. Temperature-dependent hole-type and electron-type car-
rier mobilities of SrPd and BaPd.

The MR can thus be reduced to
_ pB) = p0)
p0)
= pepnB® x 100%. 5)

MR

From this equation, we can see that for a charge-compensated
semimetal, the MR is proportional to the product of carrier
mobilities and exhibits a quadratic dependence on the mag-
netic field.

Figure 3 shows the calculated hole-type and electron-type
carrier mobilities for both SrPd and BaPd according to Eqs.(1)
and (2). At low temperature (10 K), SrPd has a similar hole
mobility compared with BaPd, but a much higher electron
mobility (2.28 x 10° ¢cm? V~!s~!). Empirically, the carrier
mobility is inversely proportional to the effective mass. We
have thus examined the mass of electronic density of states my
of the valence (VB1) and conduction (CB1) bands in the prim-
itive cell of SrPd (Fig. 2), which are 0.203m and 0.177my
(Table II with the description in the Appendix), respectively.
The tiny effective mass of the conduction band of SrPd may
be responsible for its rather high electron mobility. With
increasing temperature, the carrier mobilities show a dramatic
reduction, which is in good accordance with the experimental

TABLE II. Calculated effective mass my/my along the 8 direc-
tion and the corresponding mass of electronic density of states m, for
SrPd in the primitive cell. Here m; is the mass of free electron.

SrPd a b c my
VBI1 —-0.075 —0.039 2.844 0.203
CB1 0.056 0.052 1.912 0.177

165115-3



LU, GUO, ZHANG, LIU, AND LU

PHYSICAL REVIEW B 101, 165115 (2020)

6X105 T T T T T T T T T
—=— SrPd 1
—a— BaPd 4

5x10°

4x10° | :

3x10° -

MR (%)

2x10° | -

1x10° | :

—1X105 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
10 8 6 4 2 0 2 4 6 8 10
B(T)

FIG. 4. Calculated magnetic-field dependence of magnetoresis-
tance for SrPd and BaPd at 10 K.

observations on the temperature-dependent carrier mobilities
of XMR materials [13].

With the calculated carrier mobilities for SrPd and BaPd,
we then plot the magnetoresistance as a function of magnetic
field in Fig. 4 based on Eq. (5). Here, the direction of the
magnetic field is perpendicular to the transport direction. As
we can see, the magnetoresistance of SrPd under 4 T and 10 K
can reach as high as 10°%, whereas that of BaPd is in the
order of 10*%. Our calculations thus suggest that both SrPd
and BaPd would exhibit the XMR effect.

The topological property of SrPd and BaPd has also been
examined using the Wilson loops method [44,45]. The calcu-
lated topological indexes of both SrPd and BaPd are (0; 000),
which suggests that they are both topologically trivial [55].
These findings are consistent with the catalog of topological
materials in previous theoretical studies [5S6-58].

IV. DISCUSSION AND SUMMARY

Both the topological protection and the charge compensa-
tion mechanisms have been proposed for the XMR effect. To
further ascertain the electron-hole compensation mechanism
underlying the XMR effect, we need to find more XMR mate-
rials with the following properties: (1) good charge compen-
sation; (2) high carrier mobilities; and (3) trivial topological
property. Here, based on first-principles electronic structure
calculations, we find that SrPd meets the requirements just
mentioned. Our calculations show that both the electron-type
and hole-type carrier densities of SrPd are in the order of
10%° cm~3, which are in good electron-hole compensation.
Meanwhile, the calculated electron-type and hole-type car-
rier mobilities at low temperature are as high as 2.28 x
10° cm®>V~'s7! and 5.37 x 10* ecm? V™' s™!, respectively.
Moreover, the calculated topological invariant indicates that
SrPd is topologically trivial. Notably, SrPd is a two-band
semimetal with only two doubly degenerate bands crossing
the Fermi level, which can be more precisely described by
the semiclassical two-band model than previous topologically
trivial XMR materials LaSb and YSb [13-16]. According
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FIG. 5. (a) Band structures of BaPd along high-symmetry paths
of the primitive cell calculated with the PBE functional (blue solid
line) and the SCAN functional (red dashed line) including the SOC
effect. The valence (VB2) and the conduction (CB2) bands are
marked. (b) Hole-type and (c) electron-type Fermi pockets of BaPd
in the primitive cell calculated with the PBE functional.

to the two-band model, the good charge compensation with
rather high carrier mobilities leads to an XMR of 10°% in
SrPd. Likewise, we find that BaPd is also a topologically
trivial material with charge compensation, while its relatively
lower carrier mobilities than those of SrPd may lead to a
smaller MR of 10%%.

In summary, our first-principles electronic structure cal-
culations show that both SrPd and BaPd are semimetals
with good electron-hole compensation as well as high carrier
mobilities. Moreover, there are only two bands crossing the
Fermi level. Based on the two-band semiclassical model, we
predict that both SrPd and BaPd will demonstrate extremely
large magnetoresistance. The calculated topological indexes
also indicate that the electronic band structures of both SrPd
and BaPd are topologically trivial. These results suggest that
both SrPd and BaPd can serve as an ideal platform to examine
the charge compensation mechanism for the XMR effect with
excluding nontrivial topological property, which waits for
further experimental verification.
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APPENDIX

The band structures along the high-symmetry paths in the
BZ of the primitive cell and the Fermi surface of BaPd are
shown in Fig. 5. Both the results calculated respectively with
the PBE functional at the GGA level (blue solid line) and the
SCAN functional at the meta-GGA level (red dotted line) are
presented.

The effective mass is an important indicator for transport
properties. If the Fermi surface is anisotropic, the effec-
tive mass m* should be replaced by /|mgm,|, where myg =

") [0%e(kg)/ Bkﬁz] is the effective mass along the transport

direction B and m, =J|m;m;m}| is the mass of electronic
density of states [59-63]. Generally, the effective mass m/’g is
calculated at the valence band maximum (VBM) for the holes
and at the conduction band minimum (CBM) for the electrons.
Nevertheless, the global VBM of SrPd is not on the high-
symmetry line, but locates at an ordinary point in the recip-
rocal space [64—66] with the coordinate (0.17, —0.17,0.12).
The highest-energy valence band along the high-symmetry
line of the primitive cell is marked by VB1 in Fig. 2(a). Corre-
spondingly, the CBM locating at (0.70, 0.30, 0.00) along the
Y-X1 line is marked by CB1 in Fig. 2(a). Then we select the
VBI1 for the holes and the CB1 for the electrons to calculate
my. The calculated my/my along different directions of the
primitive cell are presented in Table II. The my/mq for both
holes and electrons are in the order of 1072 along the a axis
and b axis, but with much larger values along the c¢ axis.
The anisotropic effective mass also reflects the anisotropic
transport property of SrPd.
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