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By performing comprehensive first principles calculations we study the hard magnetic properties of Ce2Co17
and CezFe 7 under Zr doping with varying Co concentration, given the substantial experimental success of Zr
in improving magnetic anisotropy (MAE) in Ce2Co17 and Sm2Coq7. We find that the magnetic properties of
these alloys become comparable to state-of-the-art magnetic materials by doping with two elements Zr, and Fe,
with potential energy products B H,q. of 40 MG-Oe. The Zr substitution is particularly helpful for improving
the MAE, leading to a magnetic hardness parameter K /p0 M2 significantly exceeding unity for a substantial
range of Co concentration (between 60 and 100 percent of the 3d element concentration). The calculated MAE
exhibits a strong dependence on Co concentration, indicative of a likely valence fluctuation with Co alloying,
and shows a maximum value 7.78 MJ/m?® for 60 % Co doping. Thus upon experimental verification these alloys
may become competitors to the better known permanent magnet materials Nd2Fe 4B and SmCos.

I. INTRODUCTION

Strong permanent magnets are indispensable for industri-
alized society, finding myriad applications in sectors ranging
from the automotive (for both electrified and petroleum-fueled
vehicles) to power generation (such as wind turbine gener-
ators) to computer hard disk drives to electric motors. The
search for new and improved strong permanent magnets is
therefore a substantial topic of worldwide research today, with
numerous national and international efforts worldwide. Re-
ducing the rare earth content in the state-of-the-art permanent
magnets (such as NdsFe;4B) is of particular interest and is a
commonly used strategy. The most notable examples are re-
ducing Neodymium content in NdoFe 4B by doping with La
or Ce at Neodymium site!#. Another possible design scenario
is rehabilitation of seemingly unpromising materials into high
performance magnets by elemental substitution, the tuning of
composition, interstitial modifications or other means. For ex-
ample recent experimental and theoretical studies>® show that
paramagnetic CeCogz can be transformed into a potential per-
manent magnet by Mg alloying. Ce is a rather abundant and
therefore relatively inexpensive rare earth, so that Ce based
magnetic compounds are attractive for permanent magnet ap-
plication if sufficient magnetic anisotropy can be attained.

Ce forms many interesting magnetic compounds with the
transition metals Fe, and Co such as CeCos, CesFe 7, and
CezCo;7. Among these CeCos has shown potential for pos-
sible applications due to its relatively high Curie point (653
K) and large uniaxial magnetic anisotropy (9.5 MJ/m3) 78,
Ce2Co;7 on the other hand, despite its very high Curie point
(1023 K) and large saturation moment (1.1 T), remains a
rather inferior magnet due to its rather small uniaxial mag-
netic anisotropy energy (MAE). It was previously shown that,
the poor MAE of RyCo;7 compounds stems from the negative
contribution of the Co atoms occupying the “dumbbell” site
in the rhombohedral structure®. After that many experimental
studies have explored the possibility of improving the MAE
of this material by substitutions at this dumbbell site by using
Fel?, MOl 71012 Gil3 "and AI'%13 Among these the max-
imum MAE was observed for Zr doped CeyCo; 7. By studying
Sm,Coq7 Larson et.alt® showed that the MAE of 2-17 mag-
netic compounds can be significantly improved by Zr substitu-

tion for dumbbell site Co atoms (1 Zr — 2 Co). This huge in-
crease in MAE originates from a substantial lattice relaxation
upon Zr alloying, which makes the Sm-Co distances compa-
rable to the corresponding values in the very high MAE ma-
terial (K;= 17.2 MJ/m?) SmCos. This concept was recently
extended to CeCoy7 by Ke et .al'?, where they reported 10
times enhancement in MAE by Zr substitution.

There is however a substantial downside of this substitu-
tion at the dumbbell site — a penalty to the magnetization.
The highest magnetic moment for Co atoms in the CesCoy7
rhombohedral structure is observed at the dumbbell site, and
substitution of non magnetic Zr reduces the already rela-
tively poor magnetic moment drastically. Therefore for pos-
sible permanent magnet applications the magnetic moment
of CeyCoy5Zr needs to be improved. Here, by performing
state-of-the-art first principles density functional theory cal-
culations we propose a possible solution of this problem in
the CeoZrFe5_,Co, alloy. We begin with CezFe; 7, a com-
pound with a ~ 50% larger total magnetization than Ce2Co; 7,
though it suffers from planar MAE (and is in fact a helimagnet
rather than a ferromagnet) which does not change its sign even
after Zr substitution at dumbbell site. By substituting Co for
Fe, we report that MAE can be tuned to a very large uniaxial
value of 7.78 MJ/m? at 60%, Co alloying with relatively little
sacrifice in magnetic moment. We assess that this enhance-
ment in MAE is related to Ce valence fluctuations in these
compounds. From our electronic structure analysis, we con-
clude that for Co concentration equal to or higher than 40%,
Ce changes its valency from tetravalent to trivalent leading
to a transition from planar to uniaxial behavior and thereby a
strong enhancement in the MAE.

II. METHODOLOGY

All first principles calculations were performed within den-
sity functional theory (DFT) using the general potential lin-
earized augmented plane-wave (LAPW) method + local or-
bitals!®1? as implemented in the WIEN2K code?’. The LAPW
sphere radii were set to 2.30 Bohr for Ce and 1.83 Bohr for Fe,
Co and Zr. In addition, RK 4, (the product of the smallest
LAPW sphere radius (R) and the interstitial plane-wave cut-



off, K,qz) of 9.0 is used to ensure a well-converged basis set.
The calculations for CeoFe;7, and CeoCo17 were performed
using the experimental lattice parameters with internal coor-
dinates relaxed. It was shown that upon Zr substitution at the
dumbbell site (1 Zr — Co, or Fesy) the volume of the unit
changes by less than 2%. The calculations for CesFe;5Zr and
Ce2Co;5Zr were also performed at the experimental lattice
parameters of the corresponding base compounds. The Co
alloying at selected concentrations between CesFeqsZr and
Ce2Co;5Zr was modeled within virtual crystal approximation
(VCA). For the alloyed system CeqFe;5_,Co,Zr the lattice
parameters were modified according to Vegard’s law222. For
all the systems internal atomic coordinates were determined
by minimizing the total energy using the generalized gradi-
ent approximation (GGA) of Perdew and co-workers? until
forces on all the atoms were less than 1 mRy/Bohr. For this
purpose 1000 reducible k-points were used in the full Bril-
louin zone. Although VCA correctly predicts the magnetic
moments it can overestimate the MAE. To address this issue
the Co doping in CeyFe;5Zr was also studied using the super-
cell method.

For the calculation of magnetic crystalline anisotropy
(MAE), spin-orbit coupling was included within the standard
second variational approach?*. MAE calculations were per-
formed by using 5000 k-points. To check the convergence of
MAE with respect to the number of k-points additional calcu-
lations were performed with 4000 k-points. Upon this change,
the MAE varies only by approximately 3%, demonstrating the
excellent convergence of these calculations. All the calcula-
tions presented here correspond to 5000 k-points in the en-
tire Brillouin zone. As is well known, the magnetic character
of Ce (localized vs itinerant) in particular for Ce and transi-
tion metal compounds is debitable. Often pressure, chemical
substitution can induce itinerant to localized crossover2>2°,
The widely used extension of DFT which can effectively de-
scribe electron localization are the self-interaction corrected-
local spin density approximations (SIC-LSD)?’ and DFT+U
methods?®. In the SIC-LSD method?2%:3° the total energy is
corrected for spurious self-interaction of each localised state,
and this corrections vanishes for an itinerant state. In the
DFT+U method a quadratic correction energy (which includes
the Hubbard repulsion and double counting term) is added to
the Hamiltonian for better description of the correlated f elec-
trons. For the localized case, in our calculations the rare earth
f orbitals are described within the DFT+U formalism which
adds a Hubbard U parameter and the Hund’s coupling parame-
ter J to split the localized f orbitals above and below the Fermi
level. The Coulomb correlations within the Ce-4 f localized
orbitals were described using the the self-interaction correc-
tion scheme®!33, which only depends on U = U — J. Here
as in our previous work? a value of U—J = 3 eV for Ce was
used. The density of states and magnetic properties from both
GGA-+SOC, and GGA+SOCHU calculations are compared.

III. RESULTS AND DISCUSSION

A. Effect of Zr substitution on magnetic properties of CexFe;
and Ce2Coq7
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FIG. 1. (a) Rhombohedral crystal structure of CeaMi7 (M = Co or
Fe) unitcell, with all the crystallographic Wyckoft sites denoted by
corresponding atomic site colors. (b) Crystal structure of CeaM15Zr
after substituting one Zr atom (shown in red color) for two dumbbell
site M atom (Fe(Co)-6¢ site shown by shaded area in (a)). (c) The
nearest neighbor (NN) Ce-M, and Ce-Zr distances in CeoMi7, and
CeaMi5Zr. Here M refers to either Fe or Co. For comparison first
two Ce nearest neighbor distances in CeFes and CeCos are 2.806A;
3.147A, and 2.845A; 3.179A, respectively.

We begin by calculating the magnetic properties of the base
compounds CesFe 7, and CesCoy7. Note that for the pur-
poses of this work we model CeqFe;7 as a ferromagnet, de-
spite the experimental presence3* 38 of helimagnetism; as we
find the region of interest for permanent magnets to be gen-
erally on the Co-rich side of these compositions (where fer-
romagnetic behavior indeed prevails), this does not introduce
appreciable error. To estimate the magnetic ground state for
CeyFe5_,Co,Zr alloys at various Co concentrations we did
calculations of several collinear spin configurations as dis-
cussed in the Supplemental Material®®. Energetic of these
configurations are given in Table S1, which illustrates that
the ferromagnetic configuration where all Fe/Co atoms are



TABLE I. The calculated spin magnetic moments at various atomic sites, total (spin 4 orbital) magnetic moment and magnetic anisotropy
calculated within the GGA by including spin orbit coupling with a Hubbard U parameter of 3 eV at Ce site. Calculation for CezFe 7 and
CexCe;7, (and corresponding Zr doped compounds) were performed at the experimental lattice parameters adopted from references’, and
10 respectively. The calculated formation energies (Ef°") with respect to elemental decomposition are also shown. The E°" is calculated
without spin orbital coupling and without U. For the alloyed systems lattice parameters were scaled according to Vegard's law. All the lattice

parameters employed in our work are listed below. Here Cobalt doping was performed within virtual crystal approximation.

Parameter Compounds
C62F617 C62F615ZI‘ C62F612COSZI‘ C62F69C06ZI‘ C62F66COQZI‘ C62F63C015ZI‘ C62C015Zr C62C017
a (A) 8.489 8.489 8.468 8.447 8.425 8.404 8.383 8.383
c(A) 12.408 12.408 12.371 12.334 12.297 12.260 12.223 12.223
Hee—(6c) (14B) — 0.66 —0.48 —0.52 —-0.92 —0.90 —0.85 —0.80 —0.96
pze(p1B) —027 | —0.28 —-0.28 —0.28 —0.27 —0.24
Pre/Co—(6c) (UB) | 2.56 1.70
HFe/Co—(oa)(pB) | 2.05 2.04 2.17 2.05 1.91 1.73 1.54 1.08
Hre/Co—(18t) (1B) | 2.36 2.20 2.14 2.02 1.85 1.64 1.41 1.60
HFe/Co—(18n) (1iB) | 222 2.13 2.20 2.10 1.94 1.75 1.54 1.56
Mror(up/peru.c)| 38.04 30.26 30.77 28.92 27.15 24.12 21.14 25.88
K; (MJ/m®) —-1.97 —5.54 —5.36 2.23 7.78 5.17 4.67 0.40
E7°" (meV/atom) —44.0 —80.0 —88.0 —110.0 —114.0 —112.0

aligned in the same directions is energetically most favorable.
This ferromagnetic behaviour of CesFe;5_,Co,Zr alloys is
supported by the previous experimental study of Shaheen et.
al*® which finds that ~ 10% Co alloying in CeoFe;7 yields a
substantial room-temperature magnetization, or in otherwords
a ferromagnet, as we have assumed. Additionally, the previ-
ous studies'®!2 on ferromagnetic Ce2Co17 finds that under Zr
alloying this material remains ferromagnetic. These facts to-
gether strongly suggest that the ground state of our Fe and
Zr-alloyed CeoCo;; material is in fact a ferromagnetic one.

The calculated magnetic moments and MAE values for
CesFe 7 and CeyCoq7 are listed in Table [l For CeoCoq7 the
calculated total (spin + orbital) magnetization of 25.88 up
per formula unit is in very good agreement with the measured
value of 26.6.5'%!12. Similar to numerous other rare earth
magnets*®4! the Ce spin magnetic moment prefers to be anti-
aligned with respect to Co with an average spin moment of
—0.66up, and —0.96 for the Fe and Co end-members, re-
spectively. In accordance with Hund’s third rule, the Ce or-
bital moment is anti-parallel with spin moment. For Ce2Co;7
our calculations find a small uniaxial magnetic anisotropy of
~0.4 MJ/m? from DFT+U calculations, which is in excellent
agreement with the SK measured experimental value of 0.55
MJ/m31%12 By omitting Hubbard U from our calculations, a
MAE value of 0.44 MJ/m? was obtained, which is comparable
with the MAE obtained from DFT+U calculations with Uce
=3eV.

This MAE value is substantially lower than the ~ 4.5
MJ/m® MAE for the state of the art permanent magnet
NdyFe 4B and renders this material unsuitable as a hard per-
manent magnet. The most promising way for enhancing the
MAE of 2-17 magnets was proposed by Larson et.al'® in
SmyCoy7. They suggested that the MAE of SmyCo;7 may
become comparable to SmCos by a single Zr substitution for
two Co “dumbbell” site atoms. Such a substitution is sensible

considering the more than twice larger atomic volume of Zr
relative to Co. This was later confirmed in Ce2Co;7, by Ke et.
al A7 where by Zr doping at the dumbbell site they reported a
significant enhancement in MAE. Here for completeness we
recalculate the magnetic properties of CesFe;7 and CesCoyr
under Zr substitution, which are described in Table[ll

First we discuss effect of Zr substitution on the struc-
tural and magnetic properties of CeoFe;7 and CeaCoq7. The
nearest neighbor (NN) distances between Ce and various M
(Co/Fe) Wyckoff sites with and without Zr substitution are
shown via a heat-map in Figure [[(c). In the base structure
CeosMy7 (CegFeq7 or CeoCoq7) the NN distances between
Ceg. and Mgy, Mgy, Mg, sites are comparable, followed by
the Ceg.-Myy distance. Upon Zr substitution at the CeoM ;7
(M = Fe, Co) dumbbell site shown by the red shaded ellipse
in Figure [I] (a), the distance between Ceg. and Mgy site is
significantly decreased. A reduction can also be seen in the
distances between the Ceg. and Mg -sites. Whereas the dis-
tances between Ceg.-Mig;, and Ceg.-Ceg,. sites increase. In
particular these Ce-NN distances are comparable to those in
CeFes (158 : 2.806A; 254 : 3.147A) and CeCos (1% :
2.845A, 274+ 3.179A). This is consistent with the structure
relaxation effects reported in SmoCoy7 under Zr doping!®. We
observed that on Coa — Zr substitution the spin magnetic mo-
ment of the Cogy site increases by 0.46 pp to 1.54u 5, and the
moment on the Coygy site decreases by 0.19115. As expected,
due to substitution of a non-magnetic element the total mag-
netic moment for CeoCo15Zr reduces to 21.14 p g per formula
unit.

In agreement with previous studies, our results find that
for CesCoq5Zr the MAE increases to 4.67 MJ/m?®, which is
ten times higher than the corresponding value for Ce2Co;7.
By analyzing the contribution from crystallographic sites Ke
et. all? proposed that Zr substitution at the dumbbell site
eliminates the negative contribution from the Co dumbbell



sites, which results in huge MAE. Previously many experi-
mental studies have investigated the effect of various transi-
tion metal atom doping such as Zr, Hf, Ti, V, Cr, Mn, Fe,
and Cu on the Co site 113, Among these the highest en-
hancement in anisotropy field was found for Zr doping at Co
site!®12 By performing structural analysis Wallace and co-
workers!%12 showed that upon Zr substitution the volume (per
formula unit) of Ce,Co;7 increases slightly from 247.5 A3 to
249.4 A3, Since the atomic radius of Zr is larger than Co and
smaller than Ce, this volume enhancement suggests that Zr
prefers to substitute for Co atoms. Note that this volume in-
crease is driven by the increase in in-plane lattice parameter a
and a small decrease in out of plane lattice parameter ¢, im-
plies that Zr substitution at dumbbell site is preferred. This
claim can be further validated by comparing the measured
and calculated magnetic properties. The experimental mea-
surements'®12 for a sample of stated composition CesCo16Zr
show a MAE of 3.13 MJ/m? and saturation magnetization of
20 pp per formula unit at 77 K. These values are captured in
our calculations (M = 21.72 pup per formula unit, and MAE
=4.67 MJ/m?) where one Zr atom replaces Co, dumbbell (Zr
— Cos). Note that the calculated!” magnetic properties by
replacing both Cos dumbbell atoms by Zr atoms is only 0.95
MJ/m3. This is much smaller than the measured experimental
value and strongly suggests that Zr most likely substitutes for
2 Co at the dumbbell site, as we and previous authors assume.

B. Magnetic properties of CexZrFe;5_,Co, alloys

As described above although the MAE of CeyCo;; can
be improved by Zr substitution, it significantly reduces the
magnetization. Next, we investigate the possibility of im-
proving the magnetic properties of CexFe 5Zr/CeaCoy5Zr by
Co/Fe alloying. Magnetic properties as a function of vari-
ous composition ranges between CesFe5Zr and CeqCoy5Zr
were studied within the virtual crystal approximation (VCA).
Within VCA the random atom occupation between two types
of atoms is treated by using an averaged charge virtual atom.
In order to model the alloyed compound the lattice parame-
ters within the composition range were scaled according to
Vegard’s law?2, which are listed in Table [l Using these lat-
tice parameters at each alloy composition the atomic positions
were optimized until forces were less than 1 mRy/Bohr. The
computed magnetic properties at various Co concentrations
are listed in Table [l The total magnetization and MAE as a
function of Co doping (z) is plotted in Figure Rla) and Fig-
ure[2lb), respectively. Here results of both without U and with
Uce = 3 eV calculations are shown. As shown in Figure 2(a),
while with Co doping the total magnetic moment of system
in general decreases, it still maintains a significant value of
27.15 pp per formula unit for CegFegCogZr alloy. This value
of total magnetic momentis only 1.1 times smaller than that of
the end member compound CesFe;5Zr, and 1.3 times higher
than the magnetic moment of CeoCo5Zr. We find that for
CeqoZrFeq5_,Co,, when Co doping is less than 40 % (x< 6)
the MAE remains planar, and as the Co substitution exceeds
40 % (x > 6) the MAE switches to uniaxial. The highest uni-
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FIG. 2. (a) Total magnetic (spin + orbital) moment and (b) magnetic
anisotropy energy in CezZrFei5_,Co, as function of x. Here the
Co doping is performed under virtual crystal approximation (VCA).
Symbols correspond to the calculated compositions, and the line is a
guide to eye. The blue diamonds represent experimental data from
Refs %12 Results from both without Hubbard U (open green dia-
monds) and with Hubbard Uc. =3 eV (red filled squares) calculations
are compared here.

axial anisotropy, with MAE = 7.78 MJ/m? occurs for 60 %
Co doping in CesFegCogZr alloy. This MAE is 1.6 times
larger than the MAE of CeyCoy5Zr. These calculated prop-
erties show that CesZrFe;5_,Co, alloys may exhibit perfor-
mance comparable to the state of art permanent magnets. As
shown in Figure RIb) the enhancement of MAE was also ob-
served in the calculations without Hubbard U parameter. Al-
though the MAE is relatively smaller compared to Hubbard
Uc. calculation, it is still sufficiently large (at 5.16 MJ/m3
for the 60 percent Cobalt case) for a strong permanent mag-
net, given the magnetic hardness parameter k = K /juoM?
of 4.05 even at this lesser MAE value. Additionally, along
with Ce f-electrons we also explore the effect of localiza-
tion on Co d-electrons. For this GGA+U calculations were
performed for the Co end member (CesZrCo;s) and 60% Co
doped case (CeyZrFegCog), using a U of 3 eV on Co as well



as on Ce, in addition on Co alone. However, as described
in Table S2 of the Supplemental Information®, this yields
unphysically large MAE values exceeding 30 MJ/m? for the
experimentally known end-member case (experimental mea-
surementsi®2 for CesCoq¢Zr show a MAE of 3.13 MJ/m?
at 77 K). Therefore, we consider that any effects of Co lo-
calization are not sufficient to warrant applying the GGA+U
approach to the Co atom itself. It is noteworthy that while
the MAE values calculated with and without Hubbard U are a
bit different (particularly at 60 % Co doping), they follow the
same qualitative trend. Besides, our previous studies on Ce-
Co compounds — CeoCogMg¢, and CeCos? show that local-
ized treatment of Ce- f electrons is important in order to obtain
correct MAE. For example, the MAE for Ce;CogMg calcu-
lated without Hubbard U is only 0.46 MJ/m? much smaller
than the experimental MAE value of 2.2 MJ/m3. By includ-
ing Uce = 1.5 eV, MAE of 2.10 MJ/m3 was obtained which
is in excellent agreement with the experimental data. Simi-
larly, for CeCos the MAE calculated without Hubbard U is
3.17 MJ/m?; smaller than experimental value of 10.5 MJ/m?3.
However a DFT + U calculations with Uge= 3.0 eV gives a
MAE of approximately 9.0 MJ/m3, which is in good agree-
ment with the experimental value. These results suggest the
likelihood of substantial localization of Ce f electrons in Ce-
Co compounds.

Next in order to understand this enhancement in MAE we
analyze the density of states (DOS) at various Co concentra-
tions in CesZrFe15_,Co, which are shown in Figure[3(a)-(e).
The DOS near the Fermi level predominantly originates from
Ce f- and Fe/Co d-states. As shown in Figure Bl the Ce-f
states are (black orange filled lines) partially occupied in the
spin-down channel, and empty in the spin-up channel, con-
firming that the Ce spin moment anti-aligns with Fe/Co spin
moments. The enhanced (x15) Zr DOS (red dashed line) is
also shown for comparison. Although the Zr DOS at Fermi
level is relatively small, there is some hybridization present
with the neighboring Ce and Co atoms. The magnetic prop-
erties of Ce-transition metal compounds are shown to be sen-
sitive to the valence of Ce!!#243 Though, the accurate Ce-
f valence in Ce-transitional metal is still debatable, previous
studies report the occurrence of mixed Ce valency** 28, In
particular for CesFeq7, and CeqCoq7, the X-ray absorption

spectroscopy analysis suggests a Ce valence between 3.0 to
3.3%443,

Perhaps the most intriguing feature of the DOS is the
modification of the Ce valence by varying Co concentration
which is clearly demonstrated in Figure (a). The DOS for
three representative cases (Ce2Coi5Zr, CeqZrFesCois, and
CeoCo15Zr) with Uce = 3eV, and without U is compared in
Figure S2 of Supplemental Material??. For CesZrFe15_,Coy,
when the Co doping is less than 40 % (x < 6) the main lo-
calized Ce-f states are situated above the Fermi level with
the band tail extending below Fermi level. This indicates
tetravalency of Ce in these particular alloys. As the Co dop-
ing exceeds 40% (x > 6), some of these localized Ce- f states
shift below the Fermi level, which should correspond to triva-
lent Ce. While the occupied 4 f peak appearing for 40% and
greater Cobalt concentration is relatively small, its presence
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FIG. 3. The Ce f (black and orange filled lines), and Co+Fe d, DOS
(blue lines), Zr DOS (red lines) in (a) CesFe15Zr, (b) CeaFe12CosZr,
(c) CeaFegCogsZr, (d) CeaFegCogZr, and (e) Ce2Co15Zr calculated
within GGA+SOC+U. The Zr DOS is enlarged by 15 times for clar-
ity. The Co/Fe DOS is averaged over all Co and Fe atoms. The
spin-up and spin-down states are shown by positive and negative, re-
spectively.

is sufficient to yield large increases in the magnitudes of both
the Cerium spin and orbital moments (see Figure[d{(b)), which
ultimately yield the large MAE. This switching of Ce valency
on Co concentration can be correlated with calculated Ce spin
(Mspin) and orbital magnetic moments (Mogrg), which are
shown on the left and right y-axis in Figure @(b). As the Ce-
valency switches from tetravalent (Ce*™) to trivalent (Ce®t)
both spin and orbital magnetic moment exhibit significant in-
creases. For example in CesZrFe;5 (where Ce is in tetravalent
state) the spin and orbital moments are —0.48,1p and 0.18 15,
respectively. For 40% Co doping the Ce spin and orbital mo-
ments increase (in magnitude) to —0.92u5 and 0.57 5. This
behavior is consistent with the fact that the Ce3™ is more mag-
netic than Ce**. Though the reason for the appearance of this
4 f peak remains unclear, previous reports?>2® has shown that
the itinerant or localized nature of Ce, can be sensitive to the
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FIG. 4. (a) The modification in Ce spin-down f DOS on going from
CeqFe15Zr to Ce2Coy5Zr at various Co concentrations calculated un-
der GGA+4SOC+U. For 40% Co concentration (CesFegCogZr) and
on-wards the valency of Ce switches from tetravalent to trivalent. For
clarity, the DOS plots have been shifted with respect to one another.
The Ce valency transition is also reflected in the Ce spin (Mspin;
marked on left y-axis) and orbital (Morgs; marked on right y-axis)
moments shown in (b), where a abrupt increase is observed for 40%
Co concentration.

volume, surrounding local environment, and chemical substi-
tution. This suggests that the 4 f peak for CesZrFe;7_,Co,
alloys can be attributed to volumetric, or chemical pressure
effect associated with the 4% smaller volume of the end-
member Co compound, relative to the Fe end member as
shown in Table[ll Though we do not confirm the possibility of
valence fluctuation, the sharp increase in magnetic anisotropy
energy along with magnetic moments supports our hypothesis
of Ce-valence fluctuation as a function of Co concentration in
these alloys.

To explain the calculated enhancement of magnetic prop-
erties next we analyze the anisotropy of the orbital magnetic
moment. The Ce and Fe/Co orbital magnetic moments along
the in-plane (a-axis), and out-of-plane (c-axis) directions are
plotted in Figure Q(a), and (b), respectively. The Co/Fe or-
bital magnetic moments are averaged over all the sites. The
anisotropy of orbital moments (AMogrp) is computed by tak-
ing the difference between orbital magnetic moment along c,
and a direction. Both Ce and Fe/Co site exhibit substantial
orbital magnetic anisotopy, which increases with Co concen-

tration. With increasing Co doping the relatively small value
of MSEB =—-0.07 (MSEB = —0.008) in CeoZrFe;5 increases
to 0.142 (0.03) for 60% Co doping (in CesFegCogZr). Both
M§g and MES 1 exhibits a non monotonic dependence Co
concentration, and exhibit maxima at 40%, and 60% dop-
ing, respectively. According to Bruno’s theorem*® the MAE
is directly proportional to anisotropy of orbital magnetic mo-
ment, and can be described as MAE = Y, AM{ppALoSi.
Here Aiyc, AM{gy, and S; refer to the spin-orbital cou-
pling constant, anisotropy of orbital moments, and spin mo-
ment of atomic site 7. As suggested by Bruno’s formula, the
MAE (Figure 2(b)) and orbital moments anisotropy exhibit
(Figure [B) nearly the same dependence on Co concentration.
If the interaction between Ce, and transition metal sub lattice
can be ignored, the MAE can be linearly expanded in term of
Ce and transition metal sub lattice. Given that the strength of
SOC for 4 f rare-earth elements is order of magnitude larger
than that Fe/Co, it indicates that a sizable fraction of the MAE
will originate from Ce site. At the same time the substan-

tial MSE/BC “ suggests that, Fe/Co will also have some valu-
able contribution to MAE. This is in accord with the substan-
tial uniaxial anisotropy of CaCuj structure materials such as
LaCos and YCos, which entirely lack the 4 f electrons usually

believed to create large magnetic anisotropies’.

The magnetic properties calculated above show substan-
tial potential for application as permanent magnets. How-
ever as shown in previous studies VCA can overestimate the
MAE3!32,  Therefore, to confirm the improved MAE un-
der Co alloying calculations have also been performed by
modeling Co doping within a super-cell approach®>33, The
Fe atoms were replaced by Co atoms to form the various
CeyZrFey5_,Co, type alloy compositions. In total 4 alloy
compositions were studied by replacing 3, 6, 9, and 12 Fe
atoms by Co. Due to the large number of inequivalent atomic
site, utilizing a super-cell based method for MAE calculation
is a computationally expensive task. Hence, we study only the
cells where the rhombohedral symmetry was preserved. For
this purpose, the sites for Co doping were selected such that
the crystallographic site symmetry was preserved. This pro-
cedure results in one, two, two, and one configuration for 20,
40, 60, and 80% Co doping. After Co substitution, atomic
positions in all the structures were relaxed until forces were
less than 1 mRy/Bohr. Subsequently the lowest energy struc-
ture (for 40, and 60% Co doping case) was used for magnetic
property calculations, which are shown in Figure [6(a). For
the 60% Co case we identify as the optimal alloy, this struc-
ture is some 100 meV lower than the other considered struc-
ture so that this structure is significantly favored energetically.
The total magnetic moments and MAE for CeoZrFe 5, as a
function of x calculated within super-cell approach are shown
in Figure [6lb), and Figure [6lc), respectively. Here the results
obtained within VCA method are also shown for comparison.
As expected both super-cell and VCA method produce nearly
the same magnetic moments. The situation however, is some-
what different for MAE, where we see that MAE switches
from planar to uniaxial at 60 % Co doping, as opposed to 40%
as observed with VCA method. Within super-cell method at
60% Co doping the calculated MAE is ~ 5.8 MJ/m?, a bit
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FIG. 5. (a) The orbital magnetic moment Morg (a) for Ce sites,
and (b) for Co/Fe sites as a function of x in Ce2ZrFe;5_,Co, calcu-
lated under GGA+SOC+HU. The insets give the anisotropy of orbital
magnetic moment (AMorg = M¢ — M*).

smaller than the VCA value of 7.78 MJ/m3. Nonetheless, for
60% and higher Co concentration, the calculated MAE within
super-cell and VCA method are in reasonable agreement. The
total magnetization and MAE calculated with no U are also
shown in Figures[f{(a), and (b) by green dashed line (open di-
amonds). Similar to the VCA case, while the calculated MAE
with no U is relatively smaller than U, = 3eV, it is sufficiently
large (4.17 MJ/m3 for 60% Co doping) to yield a high perfor-
mance permanent magnet.

To get insight into the stability of these alloys we also com-
puted the formation energy (Ef°") with respect to elemental
decomposition, which are listed in Table[l We observe that all
compounds studied here have negative formation energy, indi-
cating that all alloys are stable against the elemental decompo-
sition. Among the system explored here CeaZrFe 5 shows the
least formation energy of —44 meV/atom, whereas the forma-
tion energy of CesZrCoys is —112 meV/atom. Interestingly,
with increasing x (Co concentration) in CeqZrFe;5_,Co,, the
and at x =9 (at 60 % Co doping) it becomes — 110 meV/atom;
comparable to CeaZrCoys. This finding of substantial neg-

ative formation energy on the Co-rich side of the alloy is a
strong indication of the likely experimental feasibility of syn-
thesis of these compounds.

One may make a projection of the potential energy product
BH,,, 4 of suitably optimized alloys in this family from these
results. The T = 0 magnetization M, of our CesFegCogZr
alloy, at 27.15 pp per formula unit, on a volumetric basis is
some 1.26 Tesla. Given the calculated magnetic anisotropy
constant K; of 7.78 MJ/m?, the magnetic hardness parameter
k = K1 /10 M? takes the value x = 6.19 >> 1, indicating that
the maximum possible energy product M2 /4, or 40 MG-Oe,
should be achievable at low temperature. At the technologi-
cally relevant room temperature, with a slightly smaller mo-
ment this value would be closer to 32 MG-Oe, assuming a 10
percent reduction in M at room temperature. While we make
no detailed study of the Curie point of these alloys, previous
work finds the Curie point of Zr-alloyed Ce;Coy71%12 to be of
order 900 K, so that we anticipate only a small magnetization
reduction due to temperature effects.

There is a compensating factor, however, that makes the
300 K achievable performance in this alloy system more prob-
ably the original 40 MG-Oe figure. The « value quoted above,
deriving largely from the distortion of the 2-17 structure to-
wards the 1-5 structure by Zr, is sufficiently large that smaller
concentrations of Zr than the full substitution (approximately
7.5 percent by weight) modeled here may well produce opti-
mal performance. This is in fact known from previous work
on SmyCo;7-based magnets, for which typical mass concen-
trations of magnets in actual usage are of order 3 weight per-
cent>*. As noted above, Zr (due largely to its substituting for
two 3d atoms) has a disproportionate effect on the magnetic
moment, and so one may envision an alloy composed of ef-
fectively equal proportions of our CezFegCogZr considered
in detail here and Ces(Fey.4Co0g.6)17 as a means of simulat-
ing lower Zr content. Since magnetic anisotropy is generally
an atomic-level quantity, we may consider that the magnetic
anisotropy of such an alloy should be approximately the mean
of these two quantities, which we find to be 3.6 MJ/m?, so
that one still finds sufficient magnetic anisotropy for a strong
permanent magnet. One may make a similar argument con-
cerning the magnetization, and we find from direct calcula-
tion the magnetization of Cey(Fey 4Cog )17 to be some 32.5
wp/formula unit, so that the magnetization of our lower-Zr al-
loy (averaging these two components) would be some 1.4 T
at low temperature, or likely approximately 1.26 T or larger
at room temperature. One would then recover the original po-
tential energy product of this alloy of 40 MG-Oe, but at room
temperature. As with present SmCo-based magnets, the much
higher likely Curie point than NdyFe 4B (585 K) means that
above room temperature these magnets would likely outper-
form Nd-based magnets by a substantial margin.

IV. CONCLUSIONS

By performing first principles calculations we carry out a
detailed study of the magnetic properties of CeyFe;7, and
CeyCoy7 under Zr substitution at the dumbbell site. While
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FIG. 6. (a) The configuration used to model 20, 40, 60, and 80% Co doping via super-cell method. (b) Total magnetic (spin + orbital)
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the calculated compositions, and line is a guide to eye. Results from VCA calculations are also shown for comparison. The results from

without Hubbard U calculations are shown in green open diamonds.

we find that Zr doping has no favorable effect on the MAE
of CegFe;7, consistent with previous reports, for CeoCoyr
we show that MAE can be significantly improved by one Zr
substitution at Co, dumbbell site. In order to further im-
prove the magnetic properties, the total magnetization and
MAE were calculated, at a few selected concentrations be-
tween CesFeq5Zr and CesCoq5Zr within the VCA method.
We show that the MAE can be significantly tuned by varying
the Co concentration, and switches from planar to uniaxial
at 40 % Co doping. The calculated MAE, exhibits a strong
dependence on Co concentration, and peaks at 60 % Co dop-
ing (in CezFegCogZr), which is more than two times higher
than the MAE value calculated in end compound Ce2Co;5Zr.
Very importantly CesFegCogZr still maintains a relatively
high value of saturation magnetization (~ 1.3 times higher
than of CeyCo;5Zr). These calculations suggests the 60%
Co Zr-alloyed material has potential room temperature energy
products as high as 40 MG-Oe and likely better temperature
dependence than NdoFe;4B. By analyzing the electronic den-
sity of states, we assess that the switching of MAE from planar

to uniaxial in CeoZrFe 5_,Co,, is likely related to Ce valence
fluctuations in these compounds. This is further corroborated
by the observed enhancement in Ce spin and orbital magnetic
moments. We hope that our current theoretical findings will
stimulate experimental exploration of the magnetic properties
of Zr and Fe-alloyed Ce,Co; 7 alloys.
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