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Borderline Magnetism: How Adding Mg to Paramagnetic CeCo3 Makes a 450-K
Ferromagnet with Large Magnetic Anisotropy
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A recent experimental study [Phys. Rev. Appl. 9, 024023 (2018)] on paramagnetic CeCo3 finds that
magnesium alloying induces a ferromagnetic transition with intrinsic properties large enough for per-
manent magnet applications. Here we explain these surprising results via a first-principles study of the
electronic structure and magnetism of magnesium-alloyed CeCo3. We find the origin of this magnesium-
induced ferromagnetic transition to be Stoner physics—the substantial increase in the Fermi-level density
of states N (EF) with Mg alloying. Our calculations suggest that both Ce and Co atoms are likely to be
important for generating large magnetic anisotropy suggesting the viability of Co-3d and Ce-4f interaction
for the generation of magnetic anisotropy in magnetic materials. These results offer a route to the discovery
of ferromagnetic materials and provide fundamental insight into the magnetic properties of these alloys.
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I. INTRODUCTION

Magnetism and magnetic materials have been known
colloquially since antiquity, with lodestone’s magnetic
properties, such as its attraction to iron, noted in ancient
texts [1,2]. More recently, with the industrial, scientific,
and technological revolutions occurring since the latter
half of the 19th century has come increasing interest in
explaining magnetic behavior. This has often been related
to the properties of exchange: the process by which the
Pauli exclusion principle, combined with local crystal
structure, results in the moments of magnetic ions such
as iron or manganese aligning parallel, or antiparallel, to
their nearest-neighbor magnetic ions. Noncollinear states
and more complex ordering patterns are also frequently
observed with neutron scattering [3–7].

Density-functional theory (DFT), as originally formu-
lated by Kohn and Sham [8–11] and implemented by
Perdew [12–14] and others [15,16], has become a useful
tool for the study of such systems, leading to the ability
to understand and even predict the behavior of magnetic
materials. This has led to increasing interest in “high-
throughput” calculations [17–20], in which a large number
of materials are rapidly screened via DFT in an attempt
to find properties technologically useful for applications
such as permanent magnets. In general, these calculations
usually predict the proper (or occurrence of a) magnetic
ground state and often attain good agreement (i.e., within
10%) with experimentally measured magnetic moment

*pandeyt@ornl.gov
†parkerds@ornl.gov

values, while calculations of magnetic anisotropy are more
difficult, particularly for rare-earth compounds such as the
permanent magnet workhorse Nd2Fe14B [21–24].

Recently, Canfield et al. [25] found ferromagnetic
behavior in the cerium-cobalt intermetallic CeCo3 upon
alloying with Mg. Perhaps surprisingly, despite contain-
ing 75 at. % of the ferromagnetic Co, which orders at 1388
K [26,27], CeCo3 does not order magnetically. However,
alloying of this compound with Mg not only renders it fer-
romagnetic, but does so with a Curie point TC as high as
450 K and a large 50-K magnetic anisotropy of 2.2 MJ/m3.
These Curie point and anisotropy values are in the range of
potential permanent magnets, although this specific mate-
rial would likely require substantial further optimization
for actual usage as a permanent magnet. How does adding
a nonmagnetic element to paramagnetic CeCo3 yield a
450-K ferromagnet with large magnetic anisotropy?

Here, we answer this basic question. We find its res-
olution in Stoner physics—the substantial increase in
the Fermi-level density-of-states N (EF) with Mg alloy-
ing—and in the magnetic anisotropy of the Ce-4f and
Co-3d orbitals. This study is organized as follows. First,
we describe the calculation methods, the essential input
parameters, and the approximations adopted to achieve
the desired numerical convergence. Next, we discuss the
calculated properties of the base compound CeCo3, find-
ing that the properties of CeCo3 are sensitive to the
exchange-correlation potential [local-spin-density approx-
imation (LDA) or generalized-gradient approximation
(GGA)]. We then describe the magnetic properties of
the Mg-substituted compound (Ce2Co9Mg). We show that
the experimentally observed enhancement in magnetic
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properties is described by the Stoner picture. The experi-
mental results on the Mg-substituted alloys are fully cor-
roborated by our first-principles calculations. Finally, we
show that these and related results [28] on Mg-alloyed
NdCo3 and other ferromagnets open a pathway for the
development of high-performance magnets.

II. THEORETICAL METHODS

The calculations are performed by using the all-electron-
density functional code WIEN2K [29] at the experimental
lattice parameters [25], which are listed in Table I. The
internal coordinates are relaxed until forces on all the
atoms are less than 1 mRy/bohr. Muffin-tin sphere radii
of 2.5 for Ce, 2.2 for Co, and 2.1 for Mg are used.
For good basis-set convergence, a RKmax value of 7.0 is
used. RKmax denotes the product of the largest plane-wave
expansion wave vector and the smallest muffin-tin radius.
The magnetic-anisotropy energy (MAE) is obtained by cal-
culating the total energies of the system with spin-orbit
coupling (SOC) as K1 = Ea − Ec, where Ea and Ec are
the total energies for the magnetization oriented along the
in-plane [11̄0] and out-of-plane [111] directions. For the
structure relaxation, 1000 k points are used in the full Bril-
louin zone. MAE as a small quantity (of the order of meV)
can sensitively depend on the number of k points used.
The difference in MAE calculated using 6000 and 4000 k
points is less than 4% and all the MAE results reported here
use 4000 k points. The convergence of MAE with respect

TABLE I. The experimental lattice constants from Ref. [25]
employed in our calculations along with the calculated spin
(within the sphere [44]) (μspin

Co/Ce), orbital magnetic moments
(μorb

Co/Ce), and magnetic anisotropy (K1). The experimentally mea-
sured magnetic moments (mexp

tot ) and magnetic anisotropy [K1
(exp.)] are also shown for comparison. The calculations for
CeCo3 are done within LDA, and calculations for Ce2Co9Mg
are done within LDA+SOC+U (UCe = 1.5 eV). KOC

1 denotes
the MAE value calculated within an open-core approximation,
where Ce-4f electrons are treated as core electrons.

Compound CeCo3 Ce2Co9Mg

a (Å) 4.94 4.92
c (Å) 24.64 24.01
c/a 4.98 4.87
Volume (Å3) 521.33 504.75
μ

spin
Co (μB) 0.33 1.17

μorb
Co (μB) 0.09

μ
spin
Ce (μB) −0.20 −0.51

μorb
Ce (μB) 0.23

mtot (μB/per f.u.) 0.71 10.04
mexp

tot (μB/per f.u.) 0 � 0.40 [25,42] 8.0 [25]
K1 (MJ/m3) 2.10
KOC

1 (MJ/m3) 0.22
K1 (exp.) (MJ/m3) 2.20 [25]

to k points is discussed in the Appendix. The accurate
calculation of MAE for rare-earth-transition-metal com-
plexes within the conventional LDA/GGA framework is
challenging. Within these DFT approaches, the partially
filled rare-earth f states are pinned at the Fermi level,
which results in incorrect properties. This problem can
be remedied by treating the f electrons as unhybridized
core states (the open core approximation [30]). However,
this approximation often results in the wrong value of the
MAE [31,32]. Another approach is to consider f elec-
trons as valence electrons and introduce a Hubbard U
correction to the f orbitals, which splits the f bands into
lower and upper Hubbard bands. This is known as the
LDA+U approach and we follow this approach here. Here,
LDA+U corrections are included for the Ce-4f orbitals
using the self-interaction correction (SIC) [33–36] for the
double-counting correction. In all the calculations, Hund’s
coupling parameter J is set to 0 eV. As the Co states in
Ce2Co9Mg are not localized, a U correction is not used
for Co sites. As discussed in the following sections, intro-
ducing a U for Ce-f orbitals is crucial in the prediction
of the correct magnetic anisotropy and orbital magnetic
moments. We find that MAE calculated with U = 1.5 eV
is in good agreement with experiments.

III. RESULTS AND DISCUSSION

A. Properties of CeCo3

The unit cell and primitive cell (used in our simulations)
are shown in Figs. 1(a) and 1(b). CeCo3 crystallizes in
a rhombohedral structure with space group R-3m. In this
structure Co atom has three independent sites, namely, 3b,
6c, and 18h, whereas Ce atom has two independent sites
(3a and 6c). As shown in Fig. 1, both Ce sites have differ-
ent arrangement of nearest neighbors. While the Ce-3a site
is surrounded by six Co-6c (first-nearest) and 12 Co-18h
(second-nearest) neighbors, the Ce-6c site has six first-
nearest (Co-18h) and only three (Co-3b) second-nearest
neighbors. Numerous prior studies [37–41] on the weak
itinerant magnetic systems have shown that the choice of
functional can be very important in predicting the correct
magnetic ground state. Hence, first a comparative analysis
of the LDA and GGA functional for CeCo3 is performed.
These results are discussed in the Appendix (Fig. 7). While
both LDA and GGA calculations favor a ferromagnetic
state, at experimental lattice parameters within LDA, the
energy difference between the ferromagnetic and nonmag-
netic state (EFM − ENM) is only −1.9 meV on a per-Co
basis. On the other hand, within GGA, this difference is
about −21 meV per Co atom. This result is consistent with
the well-known tendency of the GGA to exhibit stronger
magnetic instabilities than the LDA. Also, the Co mag-
netic moment calculated at experimental lattice parameters
within LDA (0.33 μB) and GGA (0.99 μB) functionals
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(a) (b)

FIG. 1. Schematic representation of the crystal structures of
CeCo3. Nonequivalent Ce atoms are shown in magenta (Ce-3a)
and cyan color (Ce-6c). The nonequivalent Co-3b, -6c, and -18h
sites are shown by orange, green, and blue spheres, respectively.
(b) The primitive cell used for calculating the properties.

is very different. Experimentally, CeCo3 is often charac-
terized as a Pauli paramagnetic [25,42], although there is
older literature [43] that has found evidence for a magnetic
character in CeCo3. This research suggests that CeCo3 is at
or near a magnetic instability, which is better represented
in this case by the LDA approach, with its much smaller
magnetic energy (−1.9 meV/Co). Unless otherwise stated,
all the calculations presented in the following sections are,
therefore, performed using the LDA at the experimental
lattice constants from Ref. [25].

B. Effect of Mg substitution on magnetic properties of
CeCo3

As mentioned previously, the primary question that the-
ory should answer is how Mg alloying transforms the
Pauli paramagnet CeCo3 into a ferromagnet with proper-
ties (Tc of 450 K and a low-temperature anisotropy field
of 10 T) comparable to those of known permanent mag-
nets. The basic reason for this behavior can, in fact, be
seen from Fig. 2. There, we plot the calculated nonmag-
netic density of states (DOS) of the base compound CeCo3,
calculated within the LDA approximation. For simplicity,
in this calculation, we omit the spin-orbit coupling and the
Hubbard U, which will play an important role in detailed
comparison with experiment later.

FIG. 2. The calculated nonmagnetic density of states of CeCo3
with LDA functional. For simplicity, neither the spin-orbit cou-
pling nor a Hubbard U is included. Note the rapid increase in
both total and Co DOS as the energy is reduced below EF (ver-
tical cyan line), which occurs with alloying of Mg. DOS over a
wide energy window is shown in the inset.

The plot depicts the calculated DOS in a narrow window
around the Fermi level (EF ) (main plot) and for several eV
around EF in the inset. From the inset, we see two main
features: the large Ce peak (in blue), from the unoccupied
localized 4f states, centered around 1 eV above EF , and
the Co DOS, mainly from −4 eV to +1 eV (in red). The Co
DOS provides the majority of the spectral weight around
EF , suggesting the Co as being the “driving force” for mag-
netism in the Ce3−xMgxCo9 alloy system. In the main plot,
we see that for energies below the EF , the DOS increases
rapidly, both for the total and for the Co. Indeed, at an
energy 0.18 eV below EF , the values for these quantities
are nearly 1.5 times higher than the Fermi-level values of
19.0 and 15.3 per eV-unit cell (note that the primitive cell
contains nine Co, or three formula units). This result imme-
diately suggests that “hole doping” (borrowing a term from
semiconductor physics) tends to increase the Fermi-level
DOS. Now, the Stoner criterion [45] states that a ferromag-
netic instability occurs when the condition IN (EF) > 1 is
fulfilled. Here, I is the Stoner parameter, which we com-
pute by calculating the average exchange splitting (�Eex)
and by using the relation �Eex = Imavg [46]. Here, mavg is
the average magnetic moment of the Co atom in CeCo3.
We find I as 0.56 eV, which is quite close to 0.49 eV value
for elemental Co [47]. Additional details involving the cal-
culation of I are listed in the Appendix. For our purposes,
N (EF) should be understood as the total Co DOS, on a
per-Co basis. Hence, hole doping should be understood as
likely to render CeCo3 more magnetic.

Our calculations find the valency of Ce in CeCo3 to be
dependent on the approximation used (see Fig. 8 and the
corresponding discussion in the Appendix). This depen-
dence of Ce valency implies possible valence fluctuations
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in CeCo3, a detailed study of which is beyond the scope of
this work. Such valence fluctuations do occur in rare-earth
compounds [48–55]. In our conventional LDA (without
SOC and without U) calculations, Ce in CeCo3 is tetrava-
lent, which is consistent with the experimentally observed
nonmagnetic behavior, while Mg is nearly universally in a
+2-charge state. Therefore, Mg donates two fewer elec-
trons to the bands than Ce and thus tends to result in
effective “hole doping,” an increase in Fermi-level DOS,
and thereby an increase in ferromagnetic behavior, consis-
tent with experiment. For CeCo3, the total Co non-spin-
polarized N (EF) is 15.7 states/eV-unit cell or 1.7 states/eV
on a per-Co-atom basis, indicating that the Stoner crite-
rion (taking I as approximately 0.56 eV, as described in
the Appendix) is very nearly satisfied [IN (EF) ∼ 0.98]. On
the other hand, at 0.18 eV below the Fermi level, the Stoner
criterion [IN (EF) ∼ 1.47] is clearly fulfilled.

The previous analysis is done within a “rigid-band”
picture, in which the primary effect of Mg alloying is a
reduction in the Fermi energy. However, one should not
thereby argue that correlations are unimportant in this
system—we will see that they are indeed important in
generating magnetic anisotropy. The correlations here gen-
erally apply to the Ce atom, not to the Co atom. As in many
rare-earth magnets, it is the 3d (in this case Co) atoms that
are generally driving the magnetic instability.

C. Magnetic properties of Ce2Co9Mg

As discussed in the previous section based on elec-
tronic structure and Stoner theory analysis, the observed
ferromagnetism in CeCo3 upon Mg substitution can be
explained based on Stoner physics. Next, we calculate the
magnetic properties of Ce2Co9Mg. We begin with identi-
fying the proper ground state structure for Ce2Co9Mg. The
recent experimental efforts [25] conclude that Mg alloy-
ing in CeCo3 prefers to occupy the Ce-6c site and the
structure maintains its rhombohedral symmetry. To mimic
such a structure, Mg atoms are substituted in 50-50 fash-
ion among six available Ce-6c sites in the 36-atom unit
cell. These configurations are presented in Fig. 3(a). All
three structures are relaxed to their ground state by min-
imizing the total forces. While for configuration 1 and
configuration 2 the rhombohedral symmetry is broken and
the structures transform into a less symmetry-trigonal cell
(with space group P3m1), configuration 3 maintains its
rhombohedral symmetry (space group R-3m). Energeti-
cally, we find configuration 3 to be most stable, whereas
configurations 1 and 2 are higher in energy (unstable) by
only 8.3 meV relative to configuration 3. To make sure
that the calculated magnetic properties are independent
of the configuration used, we next compare their DOS
near the Fermi level, which is shown in Fig. 3(b). We
find that the DOS of all three configurations are nearly

(a)

(b)

FIG. 3. (a) The configurations used for substituting Mg (shown
by black spheres) in a CeCo3 unit cell. (b) The non-spin-
polarized density of states calculated within LDA.

identical. As the magnetic properties and MAE are depen-
dent on the behavior of the DOS in the vicinity of the
Fermi level, the nearly similar DOS implies that the cal-
culated magnetic proprieties should be independent of the
configuration used. Also, as the experimental study finds
the structure to be rhombohedral, configuration 3 is used
in all the calculations for Ce2Co9Mg.

In order to predict the accurate magnetic ground state
of Ce2Co9Mg, various collinear spin configurations with
different spin arrangements of Co atoms are considered.
Nearly all of the configurations (with the exception of
the ferrimagnetic state shown in Table II) converged to
the stable ferromagnetic state. As observed in the experi-
mental measurements, we find a ferromagnetic behavior in
Ce2Co9Mg, with a calculated average magnetic moment of
1.18 μB per Co, as shown in Table I. This includes an aver-
age orbital magnetic moment of approximately 0.09 μB on
the Co site. As can be seen from Table I, compared to the
base compound CeCo3, upon Mg alloying (Ce2Co9Mg),
the magnetic moment on the Co site is enhanced by more
than 3.5 times. Because of different site symmetry, the Ce
sites have different orbital magnetic moments of 0.20 μB
for Ce-3a and 0.16 μB for the Ce-6c sites. Upon intro-
ducing a Hubbard U, the Ce orbital magnetic moment
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TABLE II. The calculated energy difference (�E) between the
FI state and FM state on a per-Co-atom basis. The calculated
mean-field Curie temperatures (�E/3) are also shown. The inset
on the left is a schematic defining the ferrimagnetic (FI) and fer-
romagnetic (FM) configurations of Co atoms in the Ce2Co9Mg
primitive cell used in Curie point calculations. Sphere colors
correspond to the same Co sites as in Fig. 1.

increases and, for U = 1.5, it becomes 0.27 μB for Ce-
3a and 0.19 μB for the Ce-6c sites. The U dependence of
the Ce orbital magnetic moment is discussed in the next
section. As expected, Ce atoms prefer to be antialigned
with respect to Co with an average magnetic moment
(including an average orbital magnetic moment of 0.23 μB)
of −0.28 μB per Ce atom. This result is similar to numer-
ous other rare-earth magnet results [56,57]. The calculated
total magnetic moment of 10.04 μB per formula unit is in
fair agreement with the 50-K experimental value of about
8.0 μB. For Ce1.67Mg1.33Co9, this deviation in the predicted
magnetic moment can be explained with the decreasing
trend of the saturation moment of Ce3−xMgxCo9 samples
higher than x = 1.11, as discussed in Ref. [25]. We present
the DOS in Fig. 4. The magnetic moments on Co sites are
somewhat lower than that observed in SmCo5 and YCo5
[58,59] (1.51 μB per Co). This result is also corroborated
by the DOS plot where the spin-up DOS is substantially
lower than the spin-down DOS around EF , reducing the
magnetic moment. The enhanced (×15) Mg DOS is also
shown in Fig. 4(b). Although the contribution of the Mg
DOS at Fermi level is small, there is some hybridization
present with the neighboring Co and Ce atoms, particularly
in the majority-spin channel. The Mg-s states hybridize
strongly with neighboring Co atoms at around −4 eV
below the Fermi level. Both Ce sites have large DOS above
the Fermi level. The enlarged Ce DOS in the vicinity of the
Fermi level is shown in the inset of Fig. 4. In the minority-
spin channel, the Ce-3a site has relatively larger DOS,
which is consistent with the higher calculated magnetic
moment. As explained before, alloying with Mg results in
the enhancement of the Co DOS in the vicinity of the Fermi
level, improving the magnetic properties as well as the Co
moments.

We examine the spin and orbital character of the orbitals
near the Fermi level [60–63]. It is well known that the
magnetocrystalline anisotropy arises under the influence

FIG. 4. The calculated density of states of Ce2MgCo9. The
solid and dotted lines denote the density of states for spin-up and
spin-down channels, respectively. The Mg DOS is enlarged by 15
times for clarity. The Co DOS is averaged over all nine Co atoms.
The inset shows the enlarged Ce DOS near the Fermi level. The
DOS is computed within LDA+SOC+U with U = 1.5 eV at the
Ce site.

of spin-orbit coupling and may be expressed as a second-
order perturbative interaction between occupied and unoc-
cupied states. The scalar-relativistic partial densities of
states (PDOS) projected on the various nonequivalent Co
sites are shown in Fig. 5. Without SOC, five Co-d orbitals
split into three groups m = 0 (d2

z ), m = ±1 (dyz|dxz), and
m = ±2 (dx2−y2 |dxy) and they are shown in Fig. 5 with
red, blue, and black (gray filled) lines, respectively. In
this plot, we use the LDA without a spin orbit coupling
or a Ce U. Notably, all the d orbitals hybridize with the
neighboring atoms and, overall, the DOS exhibits broad
bandwidth (atomiclike narrower bands are not present). As
expected, all three nonequivalent Co sites have large DOS
in the majority-spin channel just below the Fermi level,
but very small DOS at the Fermi level itself. In particular,
for Co-3b and Co-6c sites, the contribution from dxz|dyz
orbitals (m = ±1) dominates, while for Co-18h, a signif-
icant contribution from dx2−y2 |dxy orbitals is also present.
The minority-spin channel show significant DOS at and
around the Fermi level for all three Co sites. The high-
est contribution from dx2−y2 |dxy along with dz2 for Co-3b,
from dx2−y2 |dxy and dxz|dyz for Co-6c, and from dxz|dyz
and dx2−y2 |dxy for Co-18h can be seen. Overall, a com-
plex behavior is observed, making a quantitative analysis
of the origin of the MAE difficult. As described later, this
difficulty is compounded by the substantial dependence of
the calculated MAE on the value of U assumed for Ce.
What we can say is that multiple Co orbitals contribute
to the magnetic behavior, likely including the MAE, in
a manner specific to each distinct site, with the magnetic
properties of the Co atoms substantially impacted by a
large spin-down DOS near EF .
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FIG. 5. The spin-polarized partial density of states projected
on the 3d states of nonequivalent Co sites in Ce2Co9Mg. The
black (gray filled), blue, and red colors indicate the contribution
from m = 2 (degenerate dxy and dx2−y2 states), m = 1 (degener-
ate dxz and dyz), and m = 0 (dz2 ) states, respectively. Positive and
negative DOS represent majority- and minority-spin channels,
respectively. These calculations are done within LDA, without
spin-orbit coupling and without U.

D. Magnetic anisotropy energy for Ce2Co9Mg

Next, we calculate the MAE for Ce2Co9Mg, which is
tabulated in Table I. First, a calculation without including
a Hubbard U parameter is performed. The MAE calcu-
lated without including the U at the Ce site is about 0.46
MJ/m3, much smaller than the experimental K1 value
of 2.2 MJ/m3. This result suggests that, to improve the
agreement between theory and experiments, a correlated
approach is necessary. The dependence of the MAE on
the U parameter is shown in Fig. 6(a). We find from
LDA+U+SOC calculations that the MAE is sensitive to
the U parameter used and increases to 2.10 MJ/m3 (2.25
meV/f.u.) at U = 1.5 eV. This result is in good agree-
ment with the experimental value of 2.2 MJ/m3. This U
value is somewhat smaller than that typically taken for
Ce and, for more typically employed values of U (3 or
4 eV), one finds very different values of the MAE, with
the MAE even becoming negative for U past 3.5 eV. The
strong dependence of MAE on U argues for the relevance

(a) (b)

–

FIG. 6. (a) Dependence of the MAE with respect to the U
parameter at the Ce site. The circles denote the calculated data
points. Note that the line is a guide to the eye. The experimental
value of the MAE [25] is shown with a dashed black line. (b)
Variation of orbital magnetic moment anisotropy (�L) at the Ce-
3a and Ce-6c sites as a function of U at the Ce site. Variation in
average orbital moments (�Lavg) is shown by diamonds. These
calculations are done within LDA+SOC+U.

of correlations in treating Ce here and for the importance of
Ce in generating magnetic anisotropy. To further show the
importance of Ce-4f states for generating the MAE, we
also calculated the MAE by treating Ce-f states as core
electrons (known as open-core approximation). As shown
in Table I, the MAE calculated within open-core approx-
imation is very small (0.22 MJ/m3), implying that Ce-f
valence electrons play an important role in the magnetic
properties of Ce2Co9Mg. The MAE can also be correlated
to the anisotropy of orbital magnetic moment by follow-
ing the Bruno relation [64] MAE = ∑

j λj �Lj · Sj . Here,
λj , �Lj , and Sj refer to the spin-orbital coupling constant,
anisotropy of orbital magnetic moment, and spin moment
of atomic species j , respectively.

The dependence of orbital magnetic moment anisotropy
(�L) on the U value for nonequivalent Ce sites is shown
in Fig. 6(b). �L is computed by taking the difference
between orbital magnetic moment along the out-of-plane
[111] direction and the in-plane [11̄0] direction. We find
that the Ce-3a and Ce-6c sites exhibit very different orbital-
moment dependence on U. At U = 0, both sites have
nearly the same �L. While for a U value in between 0
and 2 eV, the Ce-3a site exhibits a higher orbital mag-
netic moment along the out-of-plane direction and �L is
positive, it becomes negative as U becomes larger than 2
eV. The situation is rather different for the Ce-6c site, and
for all the U values investigated here, �L remains posi-
tive and exhibits a relatively much weaker dependence on
U. This different orbital magnetic moment for different Ce
sites suggest that the role of Ce in generating the MAE for
this compound is rather complex and site specific. The U
dependence of average Ce �Lavg is also shown in Fig. 6(b).
Because of its large �L, the trend of �Lavg is governed
by the Ce-3a site. For the most part, the MAE follows the
Bruno relation and can be (qualitatively) explained by the
trend of �L, with the only exception to this at U = 3 eV.
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While the strength of SOC for 4f rare-earth electrons
is approximately 0.5 eV, for 3d transition metals, it is an
order of magnitude or more smaller. This result, together
with our calculated �LCe = 0.060 μB (at U = 1.5 eV) and
�LCo = 0.009 μB, indicates that the majority of the MAE
should originate from Ce atoms. Usually, the individual
atomic contribution to the MAE can also be quantified by
selectively switching off the SOC on the different atomic
sites. However, for Ce2Co9Mg, such an analysis does not
give consistent results and the total MAE calculated by
adding the contribution from individual atomic sites is
60% larger than the actual MAE (obtained by applying
the SOC at both the Ce and Co sites simultaneously).
This difference suggests that analyzing the atomic origin
of the MAE in this compound is far more complicated and
considering cross Ce-Co spin-orbit coupling terms may
be essential. Nonetheless, while given their great spectral
weight near EF in Fig. 2 it is the Co atoms that drive the
magnetic instability, both Co and Ce atoms are important
for the MAE.

E. Effect of Mg alloying on the Curie point

Perhaps the most remarkable observation of the recent
experimental measurements [25] is the considerable
increase in Curie temperature of CeCo3 by alloying with
Mg. Generally, for a local-moment ferromagnetic system,
the Curie temperature may be estimated by the energy
difference (�E = EAF − EFM) between an antiferromag-
netic structure (AF), where the nearest neighbors of all Co
atoms are antialigned, and the ferromagnetic (FM) ground
state. While the rhombohedral structure leads to a mag-
netic frustration that prohibits such an arrangement, we
have constructed a ferrimagnetic (FI) configuration that
achieves the same basic purpose and is described in the
inset of Table II for Ce2Co9Mg. In the mean-field local
moment approximation, the Curie temperature can then
be estimated as one third of this energy difference, mea-
sured on a per-Co basis. To quantify the effect of Mg on
the Curie point, in addition to CeCo3 and Ce2MgCo9, we
also study CeMg2Co9 (obtained by replacing a Ce by Mg
in Ce2MgCo9). The resulting energy difference between
the FI structure and FM structure is listed in Table II. In
these calculations, we include spin-orbit coupling and a
Hubbard U. For CeCo3, we cannot stabilize any of the
FI structures and the reported energy difference is sim-
ply between the FM and the nonmagnetic (NM) structure.
This result may suggest some degree of itinerancy in the
CeCo3-based magnetic materials.

As shown in Table II for CeCo3, the NM state is 1.9
meV/Co above the FM ground state, resulting in a Curie
temperature estimate of approximately 7 K. If we introduce
one Mg at the Ce site (Ce2MgCo9), the energy difference
between the FM and FI states is 54.8 meV/Co, which is
nearly 27 times higher than the base compound CeCo3.

Finally, if we add an additional Mg (CeMg2Co9), the dif-
ference between the FM and FI states is 87.8 meV/Co,
which is 44 and 1.6 times higher than �E for CeCo3
and Ce2MgCo9, respectively. This analysis shows that
upon Mg alloying in CeCo3, the magnitude of the �E
increases drastically. This result suggests that the mean-
field J parameters should increase in Ce3−xMgxCo9 as x
is increased, which would result in an enhanced Curie
temperature. This result is in agreement with recent exper-
imental results [25], which also find a manifold increase
in the Curie temperature with Mg alloying. It is impor-
tant to mention that, generally, mean-field theory is not
immediately applicable to magnets with some degree of
itinerant character. As these CeCo3-based magnets exhibit
some degree of itinerancy, the actual theoretical values of
the Curie point from a local moment approximation may
be underestimated. Note that these results only provide
an estimate of the ordering point and, for more accuracy,
Monte Carlo calculations such as atomic spin dynamics
[65–67] may be necessary.

IV. CONCLUSION

Motivated by a recent experimental study [25], we
have carried out first-principles calculations to understand
the remarkable transformation of paramagnetic CeCo3 by
Mg alloying into a material with magnetic properties
(including large magnetization, Curie point, and magnetic
anisotropy) comparable to those of a potential permanent
magnet. We find this transformation to result from a com-
bination of Stoner physics and the magnetic anisotropy of
the Ce and Co atoms.

While the specific physics of this transformation is
relatively particular to this compound, the general behav-
ior exhibited here—the metamorphosis of an initially
unpromising material into a potential permanent magnet
via a simple alloying strategy—is, in fact, an underappre-
ciated and powerful method for the production of perma-
nent magnet materials. For example, the sister compound
NdCo3 [25,28] shows a large enhancement in its Curie
point from 381 K for the base compound to 633 K for
Nd2MgCo9. Similarly, the low Curie point (216 K [68])
of Fe2P, which has a favorably large magnetic anisotropy
of 2.3 MJ/m3, increases to nearly 700 K via the simple
substitution [69] of 40 at. % of phosphorus by silicon. Our
own first-principles calculations [70] find that alloying of
the low-Curie-point, low-magnetization ferrimagnet Fe2Ta
by hafnium yields a potential permanent magnet material
with a magnetic anisotropy exceeding 2 MJ/m3.

The point of all these results is that there are likely
many potential permanent magnet materials hidden in the
guise of compounds that do not appear favorable for these
applications, but that can, in fact, be made so by a simple
alloying strategy. In fact, this approach, based on different
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physics, has also been used to make thermoelectric materi-
als, based on Si-Ge alloys, sufficiently useful to power the
Voyager spacecraft, despite the unfavorably large thermal
conductivity of both silicon and germanium. While such a
strategy, applied to magnetic materials, may not ultimately
yield a magnet as powerful as those based on Nd2Fe14B,
it should produce a number of “gap magnets” [71], which
may well fill in the substantial performance gap (measured
as the energy product BHmax) between non-rare-earth mag-
nets, such as alnico and ferrite, and the rare-earth magnets
SmCo5 and Nd2Fe14B. Such magnets will likely be of great
utility to modern society considering the continuing world-
wide industrialization and movement toward clean-energy
technologies such as electric vehicles and wind turbines,
which often use such magnets.
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APPENDIX

1. Effect of lattice parameters and functional on
magnetic properties of CeCo3

The reported lattice parameters for CeCo3 reported
within the Inorganic Crystal Structure Database (ICSD)
vary by about 4%. Hence, volume may play some role in
determining the ground state of CeCo3. To check the vol-
ume dependence of magnetic properties for CeCo3, total
energy and magnetic moments are computed as a function
of the lattice constant within both LDA and GGA function-
als. These results are shown in Fig. 7. Figure 7 shows that
both LDA and GGA calculation find CeCo3 to be close to
a magnetic instability. While both LDA and GGA calcu-
lations favor a ferromagnetic state, at experimental lattice
parameters within LDA, the energy difference between the
ferromagnetic and nonmagnetic state (EFM − ENM) is only
−1.9 meV on a per-Co basis. On the other hand, within
GGA, this difference is about −21 meV per Co atom.

For CeCo3, the lattice parameters optimized within
GGA (a = 4.91 Å, c = 25.09 Å) are in good agreement
with the experimental lattice parameters, whereas LDA
underestimates the lattice parameters (a = 4.85 Å, c =
24.42 Å). Figures 7(a) and 7(b) also show the behavior

(a) (b)

FIG. 7. The calculated energy difference between the FM and
NM states on a per-Co basis (left y axis) and total unit-cell mag-
netic moment on a per-formula-unit basis as a function of unit-
cell volume for CeCo3 under (a) GGA and (b) LDA functionals.
The optimized DFT volume (dashed lines) and experimental
volume (solid lines) are also shown.

of the magnetic moments (plotted on the right y axis)
in CeCo3 as a function of volume. Both LDA and
GGA curves show the expected increase in magnetic
moments with increasing cell volume. One striking differ-
ence between the LDA and GGA functionals is the huge
difference in calculated magnetization. At GGA optimized
volume, the total spin moment in the unit cell is 2.1 μB
on a per-formula-unit basis, whereas with LDA a rela-
tively smaller moment of 0.55 μB on a per-formula-unit
basis is observed. This result is in agreement with previous
studies on weak itinerant magnets [38–41], where GGA
is shown to overestimate the magnetic moments. Experi-
mentally, CeCo3 is often characterized as a Pauli paramag-
netic [25,42], which is better captured in this case by the
LDA functional. For Ce2Co9Mg, both the LDA and GGA
functionals give consistent results. At experimental lattice
parameters with a LDA functional, we find a total magnetic
moment and MAE of 10.04 μB and 0.48 MJ/m3, respec-
tively. These values are in good agreement with the total
magnetic moment and MAE of 10.9 μB and MAE of 0.47
MJ/m3 calculated within GGA. Again, all the calculations
presented in the main text are done within LDA.

2. Determination of Stoner parameter (I )

The exchange splitting for CeCo3 depends sensitively
on the k vector; therefore, here, we calculate the average
exchange splitting (�Eex), which can be defined as the
difference of spin-up and spin-down eigenvalues in the cor-
responding bands [72,73]. This calculation gives us a value
of about 0.185 eV. Now, the Stoner parameter can be calcu-
lated by using the relation �Eex = Imavg [46]. Here, mavg is
the average Co moment on a per-Co basis, which is about
0.33 μB for CeCo3. This gives us I as 0.56 eV, which is
very close to the value (0.49 eV) for elemental Co [47].

3. Convergence of MAE for Ce2Co9Mg

The convergence of the MAE with respect to the num-
ber of k points for Ce2Co9Mg is shown in Table III. The
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TABLE III. Convergence of the MAE (in meV) with respect to
the number of k points in the full Brillouin zone.

No. of k points
MAE

(LDA+SOC)
MAE

(LDA+SOC+U)

300 2.91 2.86
1000 0.380 1.65
2000 0.484 2.16
4000 0.488 2.21
6000 0.473 2.13

MAE is calculated by subtracting the total energies along
the in-plane [11̄0] and out-of-plane [111] direction. For
comparison, both LDA+SOC and LDA+SOC+U calcu-
lations are shown. A positive value of the MAE indicates
uniaxial anisotropy. The MAE changes by less than 4%
going from 4000 to 6000 k points. All the calculations pre-
sented in the main text are done by using 4000 reducible k
points.

4. Valency of Ce

The nature of the Ce-4f valence state in Ce-transition
metal complexes is still dubious. Several previous studies
report the occurrence of mixed valency (Ce3+ and Ce4+)
for the Ce ion [18,49–51,54]. The Ce valence can be fur-
ther altered by doping [74], alloying [22,75], hydrogena-
tion [76,77], etc. Our calculations find the valency of Ce
in CeCo3 to be dependent on the approximation used. For
calculations without a U, as shown in the inset of Fig. 8,
the localized Ce-4f states fall above the Fermi level (filled
gray line), indicating tetravalency, while for the U value of
1.5 eV used here for Ce in CeCo3, some of these states fall
below EF , indicating trivalency. Although this result does
not confirm the occurrence of valence fluctuations in these
compounds, the calculated magnetic properties seems to

FIG. 8. DOS for nonequivalent Ce sites in CeCo3 calculated
under LDA+SOC+U with U = 1.5 eV at the Ce site. DOS cal-
culated within pure LDA (without SOC and without U) is shown
with black (gray filled) lines.

suggest the possibility of mixed valency. For instance, the
MAE of Ce2Co9Mg by considering Ce-f valence elec-
trons as core states is very small (0.22 MJ/m3), suggesting
that Ce-f valence electrons are important for magnetic
properties. Therefore, within our study the Ce-f states
are included as valence states and calculated magnetic
properties are in good agreement with experiments.
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