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Effects of partial Eu filling in the unfilled skutterudite CoP;
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The unfilled skutterudite CoP; hosts extremely large magnetoresistance (~2 x 10*% at 30 T and 2 K), large
hole mobility (~2 x 10* cm®> V~'s~!, 2 K), and a fourfold quadratic contact point (QCP) above the Fermi
level in the electronic structure. We unveil herein that the partial filling of Eu onto the icosahedral void sites
of CoP; can shift the QCP to lie below the Fermi level while retaining the high carrier mobility (~1.6 x 10*
cm? V~!s7!, 2 K). Unlike nonmagnetic CoPs, partially filled skutterudite Eug4;,Co4P)5 is a soft ferromagnet
with almost isotropic magnetism. Additionally, an intriguing topological Hall effect is observed, likely hinting
an unusual spin texture. In this paper, we provide useful insights into the interplay between magnetism and the
nontrivial feature of the electronic band structure, which would guide more efforts in studying this issue.
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I. INTRODUCTION

The interplay between magnetism and nontrivial topolog-
ical band structure in magnetic topological phases is one of
the research frontiers in topological physics. It can produce
fantastic bulk transport properties [1-8] and anomalous sur-
face or edge states [9-21]. Furthermore, the interplay offers
an opportunity for magnetic control of different topological
phases [22-32]. Unfortunately, the number of natural mag-
netic topological phases is still very limited, thus hindering
the study of this crucial issue as well as the exploration of
exotic topological properties. An alternative way to design
magnetic topological phases is to dope magnetic elements into
nonmagnetic topological phases. An explicit example is the
Cr-doped topological insulator (TI) (Bi, Sb),Tes; thin film [6],
in which the Cr doping breaks the time-reversal symmetry
T and opens a small Dirac mass gap (5-10 meV) in the
topological surface state associated with the quantum anoma-
lous Hall (QAH) effect, i.e., the anomalous Hall conductance
reaches an e?/h quantization plateau, through finely tuning
the Fermi level (Ef) into the surface gap. Since nonmagnetic
topological phases usually host rich unique properties, such
as various intriguing quasiparticles (Weyl, Dirac, Majorana,
nodal line, etc.) [33—42], extremely large magnetoresistance
(EXMR) [43], chiral anomaly [44-46], and the quantum
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spin/anomalous Hall effect [6,47—49], the introduction of
magnetism into them offers extraordinary opportunities to
study the interplay between magnetism and nontrivial topo-
logical states.

In the unfilled skutterudite CoPs, the electronic band struc-
ture hosts degenerate bands with a quadratic dispersion along
all directions in the momentum space and hence a fourfold
quadratic contact point (QCP) at the I' point of the Brillouin
zone (BZ) above Er of ~0.146 eV [50]. The QCP phase with
a topological number C = 0 could be viewed as a parent
phase for a variety of topological phases, such as the Weyl
semimetal, the Z, TI/metal, and the Dirac semimetal. Addi-
tionally, CoP3; has an EXMR of ~2 x 10°% at 30 T and 2 K
and very large hole mobility of ~2 x 10* cm?> V~!s~ ! at 2 K.
These virtues would find potential applications in topological
devices. The unit cell of CoP; consists of eight tilted but
corner-connected octahedra formed by P atoms, as shown in
Fig. 1(a). The most intriguing aspect of this structure is the
presence of two large lattice voids, i.e., the icosahedral voids,
with each being surrounded by 12 P atoms. It offers an op-
portunity to fill these voids by using magnetic elements. It has
been demonstrated that filling the voids with small-diameter,
large-mass interstitials such as trivalent rare-earth ions in the
binary skutterudites MX3; (M = Co, Rh, or Ir; X = P, As, or
Sb) can result in low thermal conductivity and hence high
thermoelectric efficiency [51]. It has also been unveiled that
filled skutterudite compounds with nanostructure display even
better thermoelectric performance than conventional bulk
material [52].
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FIG. 1. Views of the schematic crystal structures of (a) CoP; and (b) Eug41,Co4P,. (c) Temperature-dependent longitudinal resistiv-
ity pu of Eug412Co4Py, with the current along the [001], [001], and [—111] directions. (d) Temperature dependence of magnetizations
along the [100], [110], and [111] directions at B = 500 Oe. The insets of (c) and (d) show the enlarged views of the low-temperature

data.

In this paper, we report on the synthesis of single-
crystalline Eug4;2Co4Pj, with all Eu atoms filling the
icosahedral voids of CoPs. In this paper, we unveil that
Eug412Co4P1> is a soft ferromagnet with 7¢ of 4.2 K,
which retains large carrier mobility and shows intriguing
topological Hall effect (THE) near 7c. Our first-principles
calculations indicate that the QCP is tuned to lie below Eg
with slight splitting due to the strong crystalline field of Eu
ions.

The details for the morphology of the single crystals,
single-crystal x-ray diffraction (SXRD) data, magnetotrans-
port, method of the two-band model fitting, and first-
principles calculations of Eug4;,Co4P)> are presented in the
Supplemental Material (SM) [53].

II. EXPERIMENT AND METHODS

Here, Eug412Co4P1, single crystals were grown by us-
ing the flux method. Starting materials Eu (99.5%, Macklin)
blocks, Co (99.99%, Macklin) plates, P (99.999%, aladdin)
powder, and Sn (99.99%, Aladdin) granules were mixed in a
molar ratio of 1:4:20:50 and placed into an alumina crucible,
which was then sealed into a quartz tube in vacuum. The
assembly was heated in a furnace up to 1100 °C within 10 h,

kept at the temperature for 10 h, and then slowly cooled
down to 700 °C at a temperature decreasing rate of 2 °C/h.
The excess Sn was removed at this temperature by quickly
placing the assembly into a high-speed centrifuge, and black
crystals with shining surface in a typical dimension of 2 x 2 x
2 mm? were obtained. The crystallographic phase and quality
examinations of Eug 41,Co4P;, were examined on a Bruker D8
single-crystal x-ray diffractometer with Mo K1 (A =0.71073
A) at 278 K, as shown in Figs. S1(a)-1(c) in the SM [53].
The collected SXRD data were analyzed by using the OLEX2
software [54]. The electrical transport measurements, includ-
ing the resistivity and Hall effect measurements, were carried
out by using a standard Hall bar geometry in a commer-
cial DynaCool Physical Properties Measurement System from
Quantum Design. The magnetic susceptibility measurements
were measured on a Quantum Design Magnetic Properties
Measurement System.

The first-principles calculations are carried out within the
framework of the generalized gradient approximation func-
tional [55] of the density functional theory in VASP [56]. We
employ the Hubbard parameter U = 5 eV on the f orbitals of
Eu atoms. To study the Eu filling effect, we use the EuCogP,4,
EuyCoy4oP129, and EusCoygP144 supercell model and calculate
their energy bands.
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TABLE 1. Atom occupancy determined for the Eug4;2CosPin
unit cell.

Site  Wyckoff by y Z Occupancy Uy
Eu 2a 0 0 0 0412 0.007

Co 8¢ 0.75 0.25 0.25 1 0.004
P 24¢g 0.5 0.35408 0.14861 1 0.005

III. RESULTS AND DISCUSSION

The crystal structure of the grown crystals is drawn based
on the SXRD data refinement, as illustrated in Fig. 1(b). The
diffraction patterns could be well indexed based on a cubic
unit cell in the space group Im3 (No. 204) with the lattice
parameters a =b=c =7.768A and « = B = y = 90°.
Because of the partial filling of Eu onto the void sites, the
refined unit cell volume is slightly larger than that of the par-
ent phase CoP3. The occupancy of each atom derived from the

refinement is given in Table I, which shows that all Eu atoms
are situated at 2a (0, 0, 0), and its occupancy is 0.412, nearly
approaching the maximal occupancy in the parent lattice, such
as the cases of CoSbs and FeSbs [57,58].

The temperature-dependent longitudinal resistivity p,(7)
of Eug412Co4P1, with the electrical current along the [001],
[001], and [—111] directions is depicted in Fig. 1(c), which
unveils the semimetallic nature of Eug41,Co4P;, in the tem-
perature range of 2-300 K. The p,.(7) curves exhibit a sharp
peak at 4.2 K signifying the ferromagnetic (FM) order caused
by the filled Eu in Eug 41,Co4P,, which is consistent with the
result of magnetization measurements presented in Fig. 1(d).
The temperature dependence of magnetization M(T) curves in
Fig. 1(d) for Eug4;2Co4P;, under an external magnetic field
B of 500 Oe along the crystallographic axes [100], [110], and
[111] also expose the FM order.

To elucidate the relationship between the magnetization
and magnetotransport properties, the isothermal magnetiza-
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FIG. 2. The measurement configurations for p,, of Eug412Co4P;> when (a) B//[100], (b) B//[110], and (c) B//[111]. (d)-(1) The field
dependence of longitudinal resistivity p,, transverse resistivity p,,, and magnetizations M at various temperatures for B along the [100],

[110], and [111] directions, respectively.
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FIG. 3. The hole (u;) and electron (u.) mobilities at different temperatures for (a) B//[100], (b) B//[110], and (c) B//[111] directions. The
hole (n;,) and electron (n,) carrier densities at different temperatures for (d) B//[100], (e) B//[110], and (f) B//[111] directions. The error bars

are enlarged by a factor of 5.

tion M(H) curves and the corresponding Hall resistivity oy,
are shown in Fig. 2. The measurement configurations are illus-
trated in Figs. 2(a)-2(c). The field dependence of p,., oy, and
M for Eug 412Co4P), at various temperatures when B//[100],
[110], and [111] are presented in Figs. 2(d)-2(1), respectively.
Apparently, each set of data shows similar behavior, suggest-
ing the weak anisotropy in Eug4;2Co4P>. The M(H) curves
clearly demonstrate that Eug 412,Co4P15 is a soft ferromagnet,
as shown in Figs. 2(j)-2(1). The saturation magnetic moments
at 2 Kreach ~2.90, 2.72, and 2.69 ug/f.u. for B//[100], [110],
and [111] directions, respectively. This is consistent with the
fact that divalent Eu (~7 ug/f.u.) is filled with the occupancy
number of 0.412. The magnetoresistance (MR), defined as
[p(B) — p(0)]/p(0) x 100%, where p(B) and p(0) represent
the resistivity with and without B, respectively, reaches ~20—
30% at 2 K and 7 T for B//[100], [110], and [111] directions,
as shown in Figs. S3(a)-3(c) in the SM [53], respectively.
The values are much smaller than that of CoP3, ~3.5 x 10°%
at 2 K and 9 T. Another clear difference is that the MR of
Eug 412Co4P, already displays saturation behavior before 7
T, while that of CoP; nearly shows a quadratic evolution with
the magnetic field B, i.e., MR ~u,u.B* [59,60], without any
sign of saturation at 9 T.

To investigate the Hall effect in Eug412Co4Py2, oy, was
measured with the magnetic field along [100], [110], and
[111] directions at 5 K, as shown in Figs. 3(a)-3(c), respec-
tively. Generally, p,, can be expressed as

Pry = Py + Py + Doy

where p}(\{, represents ordinary Hall resistivity; ,ofy (= Rs4n M)
is anomalous Hall resistivity, with Rg denoting the anomalous
Hall coefficient; and p[ represents the topological Hall re-
sistivity [61,62]. To quantitatively estimate the densities and
mobilities of the carriers, ,og, was fitted by employing the
conventional two-band model [63]:

N (mp = nep) + i (ny — no)B> B
v (Mepte + nhl'Lh)2 + M%Mz("h - ne)sz e’

where n, (n;) denotes the carrier density for the electron
(hole), and w, (up) is the mobility of the electron (hole).
The fitting at 2 K yields u; of 1.46 x 10* cm>V~!s~!
and j, of 39.4 cm?> V~!'s~! when B//[100], unveiling high
hole mobilities close to that of the parent phase CoP; and
largely reduced electron mobilities. It unambiguously indi-
cates the variation of the electronic band structure around
Eg. The corresponding carrier densities are 1.97 x 10'® and
2.28 x 10*! cm ™3 for holes and electrons, respectively. The
fitting results at different temperatures along the three direc-
tions are summarized in Figs. 3(a)-3(f). The hole mobilities
are approximately three orders of magnitude larger than that
of the electrons below 20 K, while the carrier densities for
holes are approximately three orders of magnitude smaller
than that of electrons. For B along different directions, the
mobilities and carrier densities of holes (electrons) each are
at the same magnitude, which exhibit similar evolution trends
with temperature, indicating weak anisotropy in the electronic
band structure of Eug 412Co4P15.

It is obvious that Rg ~ 0 in Eug 412,Co4P12, as discussed in
the SM [53]. The topological Hall resistivity pry is derived
by subtracting p}c\; from py,, which is presented in Figs. 4(d)-
4(f) below 20 K for the [100], [110], and [111] directions,
respectively. It is apparent that the THE is more pronounced
at 5 K for all three directions. In addition, the ,oxTy curves along
three different directions are nearly copied one by one with
the peak values being very close; those are 1.8 u€2cm for
B//[100] at B =035 T, 1.6 ©2cm for B//[110] at B = 0.33
T, and 1.8 uQcm for B//[111] at B = 0.35 T. In this case,
Eug.412Co4P;; is centrosymmetric and magnetically isotropic,
which excludes the helical topological magnetic structures,
i.e., the magnetic skyrmions, as the source for the THE be-
cause such a unique magnetic structure is usually stabilized in
noncentrosymmetric structures with Dzyaloshinskii-Moriya
interaction or, alternatively, by the competition between mag-
netic dipole interaction and strong perpendicular uniaxial
anisotropy. Other possibilities, including the domain wall
skew scattering which is irrelevant to spin chirality [64,65],
etc., should be carefully examined in the future.
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FIG. 4. (a)—(c) Hall resistivity py,, fitted ordinary Hall resistivity pg, and topological Hall resistivity pry after subtracting other signals
at a temperature of 5 K for B//[100], [110], and [111], respectively. (d)—(f) Topological Hall resistivity pry vs B at various temperatures for

B//[100], [110], and [111], respectively.

To study the Eu filling effect on the electronic band struc-
ture of CoPs, first-principles calculations on Eug 412Co4P;; are
carried out. The results reveal that the magnetic anisotropy
of Eug412Co4Py, is only 2 peV per Eu atom, implying that
its spin direction can be easily tuned by applying an exter-
nal magnetic field. As shown in Figs. 5(a)-5(b), compared
with bulk CoP3 in which the QCP is above Eg, the QCP
of Eug412Co4P;5 is tuned to lie below Er due to electron
transfer between P and Eu atoms and the enhanced crystalline

field of Co ions. It is crucial because, in such a case, the
QCP could dominate the low-energy electronic structure. The
electronic states near the QCP in three Eu filling cases are
also calculated and presented in Figs. 5(e)-5(h). In the pristine
bulk CoP; with 7, point symmetry, the energy bands near
the QCP belong to I'; and I'y irreducible representations,
which have different eigenvalues of Cs operation and hold the
symmetry-protected QCP, as shown in Fig. 5(e). When Eu is
filled, it is noted that the QCP is somewhat broken by the
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FIG. 5. (a) The energy bands of bulk CoP;. The projected density of states (DOS) contributed by d orbitals of Co and p orbitals of P
are present in (b). The unfolded energy bands of EuysCo4P;, are shown in (c), and projected DOS are present in (d). The on-site Hubbard
interaction is chosen as U = 5 eV on the f orbitals of Eu atoms. The Eu-f orbitals are mainly located ~1.8 eV below Eg. The electronic
states near the quadratic contact point (QCP) of bulk CoP; are present in (e). Three possible Eu filling cases are also shown as (f) Euy 5Co4P)5,

(g) Eug4Co4P12, and (h) Eug416Co4P5.
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crystalline field of Eu ions, as shown in Figs. 5(f)-5(h), but
the dispersionless cones contributed by p orbitals of P near Er
are negligibly influenced by the crystalline field of Eu ions.
Thus, it still holds the carriers with small effective electron
masses and high mobilities like those of bulk CoPs.

Our magnetization measurements indicate divalent Eu ions
in Eug412Co4P),. Usually, the crystalline field effect in Eu?t
compounds can be ignored due to the 47 electronic configu-
ration of Eu’* ions with an orbital angular momentum L =
0. However, as shown in Figs. 5(e)-5(f), the energy bands
contributed by the d orbitals of Co atoms shift downward,
indicating that Eu doping induces the electron transfer be-
tween the Eu atom and neighboring P atoms. Thus, the P
atoms with more electrons lead to the enhanced crystalline
field near the Co atoms. Furthermore, comparing Fig. 5(a) and
Fig. S5 in the SM [53], the influence of the lattice expansion
and displacement of Co atoms on the dispersion of the energy
bands contributed by the d orbitals of Co atoms near the
Fermi level could be excluded. Considering the more complex
situation in Eug 4;2Co4P12, Eu ions occupy specific positions
in the lattice, and Co atoms are influenced by the inhomo-
geneous electrostatic field of the surrounding coordinating
atoms, forming a low-symmetry crystalline field. This crys-
talline field breaks the nontrivial topological electronic band
structure, i.e., the QCP in Eug 41,Co4P5, which could explain
the largely reduced MR as compared with CoP3. Conversely,
the dispersionless band cones contributed by p orbitals of P
atoms near Ep are negligibly influenced by the crystalline
field. Thus, it still holds the characteristics of carriers with
small effective electron masses and high mobilities, which are
like those of bulk CoP3. The THE observed in Eug 41,Co4P12
is difficult to be explained through large-scale first-principles
calculations. This observation suggests a promising avenue
for future investigations on the magnetic structure. Further
experimental and theoretical studies are necessary not only
to elucidate the origin of the THE in Eug41,Co4P;;, but also
to gain a deep understanding about the interplay between the

magnetic structure and the nontrivial topological electronic
band structure in Eug 412Co4P5.

IV. SUMMARY

To summarize, the partially filled skutterudite
Eup412Co4P; is a soft ferromagnet with 7c of 4.2 K
and weak magnetic anisotropy. The Eu filling shifts the QCP
to lie below the Fermi level, which is crucial to dominate
the low-energy electronic properties. The QCP is somewhat
broken due to the inhomogeneous crystalline field induced by
Eu ions, while the dispersionless band cones formed by the
p orbitals of P near the Fermi level are negligibly affected,
which is the reason that high carrier mobilities and small
effective mass are still retained. Moreover, Eug 412,Co4P15 also
exhibits THE, which provides an opportunity to study the
intriguing magnetic structure. In this paper, we offer useful
insights into the coupling between magnetism and electronic
band structure in topological materials.
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