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To reduce material and processing costs of commercial permanent magnets and to attempt to fill
the empty niche of energy products, 10 — 20 MGOe, between low-flux (ferrites, alnico) and high-
flux (Nd2Fe14B- and SmCos-type) magnets, we report synthesis, structure, magnetic properties and
modeling of Ta, Cu and Fe substituted CeCos. Using a self-flux technique, we grew single crystals
of T — Ceis.1Ta1.0Co74.4Cug 5, IT — Cei6.3Tag.6Coes.9Cu14.2, III — Cey5.7Tag.6Cos7.8Cuis.g, IV —
Ce16.3Tag.3C061.7Cuz1.7 and V — Ce14.3Ta1.0Cos2.0Fe12.3Cu10.4. X-ray diffraction analysis (XRD)
showed that these materials retain a CaCus substructure and incorporate small amounts of Ta in the
form of “dumb-bells”, filling the 2e crystallographic sites within the 1D hexagonal channel with the
1a Ce site, whereas Co, Cu and Fe are statistically distributed among the 2¢ and 3g crystallographic
sites. Scanning electron microscopy, energy dispersive X-ray spectroscopy (SEM-EDS) and scanning
transmission electron microscopy (STEM) examinations provided strong evidence of the single-phase
nature of the as-grown crystals, even though they readily exhibited significant magnetic coercivities
of ~1.6 — ~1.8 kOe caused by Co-enriched, nano-sized, structural defects and faults that can serve
as pinning sites. Heat treatments at 1040 °C for 10 h and a hardening at 400 °C for 4 h lead to the
formation of a so-called “composite crystal” with a bimodal microstructure that consists of a Ta-
poor matrix and Ta-rich laminal precipitates. Formation of the “composite crystal” during the heat
treatment creates a 3D array of extended defects within a primarily single grain single crystal, which
greatly improves its magnetic characteristics. Possible causes of the formation of the “composite
crystal” may be associated with Ta atoms leaving matrix interstices at lower temperatures and/or
matrix degradation induced by decreased miscibility at lower temperatures. Fe strongly improves
both the Curie temperature and magnetization of the system resulting in (BH)maz.~13 MGOe at

room temperature.

I. INTRODUCTION

To find new economical alternatives to commercial,
high flux, permanent magnets, we focused on the Ta,
Cu, and Fe substituted CeCos system (CaCus-type struc-
ture) which, unlike typical commercial magnetic grades
with critical rare earths (Nd, Sm, Dy, etc.) utilizes widely
available and more affordable Ce. [1-3] The incorpo-
ration of Ce into magnets, instead of critical elements,
may significantly reduce the price and supply-chain de-
pendence of commercial magnets. Despite the mixed
Ce?t /Ce*t valency problem, typically adverse for the
magneto-crystalline anisotropy, there are recent exper-
imental efforts on the NdsFe;4B (2:14:1) system show-
ing that Ce-substitutes can compete with commercial
high-flux grades at lower material costs. [4-7] Sim-
ilarly, efforts on the Ce-containing SmCos (1:5) and
SmsCoy7 (2:17) systems showed that satisfactory cost-to-
performance balances suitable for modern rare earth crit-
icalities and market demands are expected.[8-11] There-
fore, we believe that Cu and Fe substituted CeCos sys-
tems require a new and deeper examination.[12-14] After
being understood and optimized these Ce-based systems
may compete on both material-processing-cost and prop-

erties levels as so-called “gap magnets”, performing in the
gap of magnetic energies, between 10 — 20 MGOe, which
currently exists between the rare-earth-free alnico and
ferrite grades and the sintered 1:5 and 2:14:1 magnetic
grades which contain critical rare earths.[15]

Despite previous extensive explorations, the intrinsic
properties of the CeCos system has not been fully or
systematically established,[13, 14, 16-36] and the metal-
lurgy related to the magnetic pinning/coercivity mech-
anism is not fully understood. Although anisotropy
characterization is best obtained from single crystals,
single crystal growth reports in Cu or Fe substituted
CeCos systems are scarce and limited to several Bridg-
man type attempts [21, 22] in the vicinity of the compo-
sition ~CeCos 5Fep 5Cu.[37]

In this paper we report the successful self-flux growth
[38, 39] of five representatives of Ta, Cu and Fe substi-
tuted CeCos followed by characterization of their struc-
tural and magnetic properties. We study the phe-
nomenon of pronounced magnetic coercivity in the “as-
grown” crystals and its further development during the
heat treatment as illustrated in [Fig. 1]. Sub-grain phase
segregation creates the necessary conditions for magnetic
domain pinning. We also discuss the possible ways to
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FIG. 1. (a) — anisotropic field dependent magnetization of the as-grown Ceis.7Tap.6Cos7.8Cuis.9 (sample IIT) at 300 K for
applied field along and perpendicular to the crystallographic axis. The inferred anisotropy field, H,, is also shown. (b) — after
heat treatment, the magnetic hysteresis loop of the same sample along the easy magnetization axis, e.a., the crystallographic

c-axis.

improve, manipulate, and control the system in an at-
tempt to increase its magnetic characteristics in conjunc-
tion with first principles DFT calculations and multiscale
modeling.

II. EXPERIMENTAL

A. Synthesis.

Single crystals were grown via the solution growth
method [38, 39]. The reaction metals (Ce (99.99%),
Cu (99.95%) from Ames Laboratory MPC and Co
(99.95%) from Alfa Aesar) were placed into 3-capped
Ta containers[40] welded under an Ar atmosphere, which
then were sealed into fused silica tubes and placed into a
high-temperature box furnace. The furnace was heated
from near room temperature to 900 °C over 3 hours, held
at 900 °C for 3 hours, heated to 1200 °C over 3 more
hours, and held at 1200 °C for 10 hours. The furnace
was then cooled to 1070 °C over 75 hours. At 1070 °C
the excess flux was decanted by centrifuging.[38, 39] De-
canting took place as the centrifuge accelerated from rest
toward a 8.5 krpm set point. The exact temperature pro-
file of the growths and pictures of the typical crystals are
presented in Fig. 2.

B. Heat Treatment.

After growth, some single crystals underwent identical,
two-stage, heat treatments performed in a Dentsply Ce-
ramico (Vulcan 3-Series) multi-stage programmable fur-
nace, which included dwelling at 1040 °C for 10 h, then
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FIG. 2. Temperature-time  profile used for
single crystal growths and general look  of
self-flux grown plate-like crystals of  III -

Ceis.7Tag.6Cos7.8Cuis.g, IV —  Cei6.3Tag.3C061.7Cu21.7
and V — Ce14.3Ta1.0Co62.0Fe12.3Cui0.4 (for details see Table

).

cooling at a rate of 10 °C/min to 400 °C followed by
dwelling at this temperature for the next 8 h with a sub-
sequent furnace cool to room temperature. We based
this schedule on literature reports. [19, 21, 26-30] Dif-
ferent Cu contents may require slightly different temper-
ature/time parameters for the best final magnetic char-
acteristics, but the optimization of the heat treatment
procedure is a subject of ongoing work.



TABLE I. Composition of single crystals (with standard deviation) and their lattice parameters as-
grown and after the heat treatment. The lattice parameters and corresponding errors are derived

from the Rietveld fits.

EDS-composition, at. % Lattice parameters
# Ce Ta*** Co Fe Cu a, ¢, A; Vv, A3 #xxx
ag® | ht** |ag| ht ag ht ht ag ht ag ht

4.912(1)| 4.921(1)

I 15.1(1)|16.1(1)[1.0] 0.6 [74.4(2)|73.6(2) - 19.5(1) | 9.8(1) |4.045(1)| 4.031(1)
84.52(1)| 84.58(2)

4.933(1)| 4.933(1)

IT {16.3(1)(16.2(1)|0.6] 0.4 |68.9(2)]69.4(2) - 14.2(1)(14.0(1)4.031(1)| 4.028(1)
84.95(2)| 84.90(2)

4.943(1)| 4.944(1)

IIT|15.7(1)|15.8(1)]0.6| 0.1 |67.8(2)|67.1(2) - 15.9(1){17.1(1)|4.032(1)| 4.028(1)
85.31(1)| 85.26(1)

4.950(1)| 4.954(1)

IV |16.3(1)[16.5(1)|0.3]|0.05[61.7(2) |61.9(2) - 21.7(1)|21.6(1)|4.033(1)| 4.028(1)
85.57(2)| 85.61(2)

4.922(1)| 4.924(1)

V [14.3(1)|13.9(1)|1.0| 0.2 |62.0(2)|62.7(2)[12.3(1)|13.0(1)|10.4(1)|10.2(1)|4.075(1)| 4.071(1)
85.50(2)| 85.48(2)

* - as grown, ** - heat-treated: 1040 °C (10h) — [10 °C/min] — 400 °C (8h), *** - stardard
deviations for Ta vary within 0.02 - 0.05 at. %; **** - space group: P6/mmm.

C. Metallography and SEM/EDS Analysis.

Samples for metallographic examination were placed in
~1 inch diameter epoxy resin pucks, and polished with
various grits of silicon carbide followed by a glycol-based,
fine, polycrystalline, diamond suspension. Plate-like sin-
gle crystals [Fig. 2] were mounted with their plates par-
allel to the polishing surface to allow for characterization
along planes perpendicular to the crystals [001] direc-
tion. Imaging studies of single crystal samples were per-
formed on an FEI Teneo field emission scanning electron
microscope. Their compositions were determined via en-
ergy dispersive X-ray spectra obtained using an Oxford
EDS/EBSD module averaging over 3-5 regions on their
metallographicaly prepared surfaces [see Table IJ.

D. TEM Characterization.

Cross sections from single crystal III were prepared us-
ing a dual-beam focused ion beam system (FEI Helios
NanoLab G3 UC) with a lift-out approach. To reduce
surface damage sustained during Ga ion milling, the fi-
nal thinning and cleaning step were conducted using 5 kV
and 2 kV for 5 min. The TEM analysis was performed on
a Titan Themis (FEI) probe Cs-corrected TEM equipped
with a Super-X EDS detector to characterize microstruc-
ture and elemental distribution.

E. Powder and single crystal X-ray diffraction

Polycrystalline powders were obtained by crushing the
sample with an agate mortar and pestle. X-ray pow-
der diffraction data were collected from the as-grown

and heat-treated crystals. The measurements were per-
formed using PANalytical X-Pert Pro (Co K, - radia-
tion, A = 1.78897 A) and Bruker D8 Advance (Cu K, -
radiation, A = 1.54056 A) diffraction systems. Powdered
samples were evenly dispersed on a zero-background Si-
holder with the aid of a small quantity of vacuum grease.
Diffraction scans were taken in the /20 mode with the
following parameters: 26 region: 20 — 110°, step scan:
0.02°, counting time per step: 60 s. The FullProf Suite
program package [41] was used for Rietveld refinement of
the crystal structures.

Single-crystal diffraction data were collected at room
temperature using a Bruker SMART APEX II diffrac-
tometer (Mo K, - radiation ) equipped with a CCD area
detector. Four sets of 360 frames with 0.5° scans in w and
exposure times of 10 — 15 s per frame were collected. The
reflection intensities were integrated using the SAINT
subprogram in the SMART software package. [42] The
space group was determined using the XPREP program
and the SHELXTL 6.1 software package [43]. Empiri-
cal absorption corrections were made using the SADABS
program .[44] Finally, each structure was solved by direct
methods using SHELXTL 6.1 and refined by full-matrix
least-squares on Fy2, with anisotropic thermal parame-
ters and a secondary extinction parameter. The error
bars for lattice parameters determination by both pow-
der and single crystal XRD methods come from the fits of
corresponding data. However, it is anticipated that the
instrumental error may be of order 0.005 A. The detailed
crystallographic information is presented in the Supple-
mental Material. [45]



F. Magnetic Properties Measurements.

Magnetic properties were obtained using a vibrating sam-
ple magnetometer in a cryogen-free Versalab physical
property measurement system (Quantum Design) with
magnetic fields up to 3 T and temperatures in the 50 —
350 K range using the standard option and 300 — 1000 K
range using the oven option. An alumina cement (Zircar)
was used to hold the sample on the heater stick for the
high-temperature measurements. The demagnetization
factors are determined experimentally using the relation
Hine. = H- NM.[46, 47)

III. STRUCTURE AND COMPOSITION
ANALYSIS

The Ce(Coi_z—yFe,Cuy)s system favors slightly Ce
deficiency [21-24] and the appearance of transition metal,
T, “dumb-bells” may lead to structural transformations
towards the 1:7 and 2:17 phases. Therefore, we use ~1:5
designations for the general description of our reported
systems.

A. SEM/EDS Examinations and Composition
Analysis.

The SEM backscattered electron images of the as-
grown crystals [Fig. 3 (a-c), upper panels] display the
uniformity of their ~(0001) polished surface (even at
30,000x magnification) which suggests a single-phase.
Although, the Fig. 6 (below) (TEM) does show small in-
gomogeneities. Elemental EDS analysis [Table I] showed
the Ce:Co/Cu ratios are close to the 1:5 stoichiometry
with Cu contents increasing from ~10 to ~ 22 at. %,
corresponding to 12 — 26 % of Co/Cu substitution. With
respect to Ce content, crystal I and III contain 15 —
15.7 at. %, which is lower than the Ce content in IT and
IV and significantly lower than ~16.7 at. % Ce content
required for the exact 1:5 type stoichiometry. Also a mi-
nor presence of Ta (0.3 — 1 at.%) was detected in all five
samples. The Ta content appears to be correlated to the
Cu content as seen in [Table I]. The presence of Ta is ex-
plained by the slight dissolution of the inner walls of the
Ta reaction container and diffusion of Ta atoms into the
liquid at high temperatures. Since no Ta precipitation
or segregation was observed in the SEM/EDS analysis of
the as-grown crystals, we believe Ta is either being incor-
porated into the crystal structure as interstices or as uni-
formly distributed nano-scale precipitates. However the
slight Ce depletion and the presence of Ta suggest the
possibility of minor deviations from the classic CaCus-
type crystal structure towards various channel disorders
or “dumb-bell” problems characterized elsewhere. [48—
50] These deviations were accounted for in our structural
models and refinements [Figs. 4, 5].

The SEM back scattered electron images taken from
the (0001) surface of the heat treated crystals, [Fig. 3 (a-
c¢) lower panels], show degradation of the single phase

crystal into a bimodal microstructure consisting of a
darker matrix and lighter laminas. These laminas follow
the hexagonal symmetry of the original crystal crossing
each other at 60° or 120° angles. The thickness of the
laminar features is ~0.05 — 0.1 um, and their lengths
vary in the range ~ 1 — 10 pm. Distances between two
laminas are ~2 — 3 pm. The elemental EDS analysis of
the heat treated material [Table I] indicates the segrega-
tion of Ta-rich phases into the laminar features, whereas
the matrix material becomes practically Ta-free in the
Cu-richest crystal IV.

B. X-Ray Analysis and Crystal Structure
Determination.

Powder and single crystal X-ray analyses were per-
formed to determine the structure of crystals I — V. Ri-
etveld fitting of the powder X-ray pattern taken from
the as-grown, crushed and thoroughly powdered, sin-
gle crystals of I — V showed that all Bragg reflections
were well indexed within the CaCus-type structure (hP6,
P6/mmm), providing a strong argument for the single-
phase nature of the as-grown crystals in agreement with
our SEM observations [Fig. 3]. To address the EDS-
observed Ta presence and Ce deficiency, especially in the
as-grown crystals I, ITI, and 'V [see Table I], we consid-
ered known structural derivatives of CaCus. [48] These
derivatives are typically observed in binary and ternary
rare-earth — transition metal systems near the ~1:5 and
~2:17 stoichiometries and result from the replacement of
rare-earth atoms by pairs of transition metal atoms. The
CaCus substructure can be retained if the replacement
is fully random, as in TbCu; [51], but may be trans-
formed into various superstructures, such as ThoZn;7
[52], TheNiy7 [53], etc., if the substitution is ordered.
A third possibility comes as combination of ordered and
disordered rare-earth — “dumb-bell” substitutions which
are contained in a superstructure, e.g., LuFeg 5 [54] and
PrFe7. [55] We tried Rietveld refinements with structural
models allowing the presence of Ta but the clear indexing
of Bragg reflections within the parent, CaCus-type, 1:5
structure [Fig. 4] indicates a minor and random distribu-
tion of Ta.

We allowed Ce/Ta or T/Ta (T = Co, Cu, Fe) statisti-
cal mixings on the la, 2¢, and 3¢ sites with and without
an under-occupancy of Ce on the la site. The substi-
tution of Ce atoms by T — T “dumb-bells” was intro-
duced into the model as an independent crystallographic
2e site (0 0 2) with z = ~0.3. The last model represents
a small departure from the CaCus structure towards the
closely related TbCuy; structure with slight Ce/“dumb-
bell” substitution within the hexagonal 1D channel [see
Fig. 5]. The Ce/Ta and T/Ta mixings did not produce
satisfactory fits, significantly increasing the residuals and
showing unreasonable isotropic temperature parameters,
whereas the “dumb-bell” refinements were insensitive to
small amounts of T — T (T = Ta, Co, Cu and/or Fe) pairs
and were comparable to those without any Ta, and were
proportional to the EDS- determined Co/Cu mixings on



FIG. 3. SEM backscattered electron images of samples (a) - ITI — Cei5.7Tag.6Cos7.8Cuis.9, (b) - IV — Cey6.3Tap.3Co61.7Cusz1.7
and (c¢) - V — Cei4.3Ta1.0Cos2.0Fe12.3Cu10.4 before (upper panels) and after (lower panels) heat treatment. All images were

taken at a magnification 5000x and 15 kV.

the 2¢ and 3g sites, suggesting minimal disorder. Al-
though present powder X-ray refinements did not clearly
address Ta occupation, they clearly determined lattice
parameters as well as demonstrated phase content and
purity of the material before and after the heat treat-
ment. Data are presented in [Fig. 4 (a, b). upper panels]
for the crushed, as-grown, crystals of IIT and IV. Phase
analysis of powder X-ray patterns taken from crushed
heat treated crystals of III [Fig. 4 (a, b) lower panels]
revealed clear presence of Ta-like impurities (Fm-3m, a =
4.446(1) A) confirming the EDS findings [Fig. 3], whereas
in IV Ta was not detected in the X-ray pattern.

Single crystal X-ray diffraction of the as-grown crys-
tals showed poor quality of the crystals suggesting crystal
intergrowth, twining, residual stress or stacking fault ef-
fects. These defects were very apparent on Laue frames
from numerous (>10) specimens of I in form of strong
streaking, doubling of the reflections, and sometimes
presence of the Debye rings. However, these effects di-
minished in IT and were practically absent in ITT and
IV allowing structural characterization of the as-grown
crystals of III - V [see Table II]. Single crystal structure
solutions of ITI — V confirmed their CaCus substructure
[see Table II, III]. However, disorder was detected within
the 1D hexagonal channels, as seen in the residual elec-
tron density peaks of ~5.0, ~3.8 and ~13.2 e/A?% at (0
0 2), z ~0.295 for III, IV and V, respectively. Ounly
by filling the 2e site with the heaviest and largest avail-
able pair, Ta — Ta, we were able to reach satisfactory
refinement. The R1/wR2 residuals dropped by 50 — 70

% in comparison to the solutions without Ta and showed
minimal fluctuations of the rest electron density in the
final fits. Fig. 5 shows the differential Fourier maps
for IIT — V with and without the “dumb-bell” disorder.
One significant deficiency of the solutions is the inter-
atomic T — T distances of ~2.35 A, which is typical for
Co — Co, Co — Cu and Co — Fe pairs but is extremely
short for Ta — Ta. However, the “dumb-bell” configu-
ration with large and heavy atoms similar to Ta is not
unprecedented and was reported for similar structure of
CeFey0Zro.s(d(z: - zr) = 2.65 A). [56] However, the stoi-
chiometry of V shows significant deviation from the ideal
1:5 stoichiometry. The content of 1D channels (Ce plus
the Ta — Ta pairs) does not reach the expected 16.7 at.%,
meaning that some of T atoms must participate in the
channel disorder.

C. Transmission Electron Microscopy.

Fig. 6 (a) is a high-angle-annular-dark-field (HAADF)
scanning transmission electron microscope (STEM) im-
age of an as-grown sample IIT showing the overall mi-
crostructure. The entire region consists a single crys-
talline phase. Fig. 6 (b) is an enlarged HAADF image
which shows a dark-contrast line. It was the only fea-
ture that can be found in the entire scan area. Fig. 6
(c) is a diffraction pattern taken from the region shown
in Fig. 6 (b) including the matrix and the dark line. It
clearly shows the single crystalline 1:5 phase. It seems
that the dark line region has the same crystal structure
and it is not a precipitate which would have made addi-
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FIG. 4.

Powder X-ray patterns and Rietveld refinement results for (a) - III — Ces.7Tag.6Cos7.8Cuis.g, (b) - IV —

Cei6.3Ta0.3C061.7Cuz1.7 before (upper) and after (lower) heat treatment. The observed profile is indicated by circles and
the calculated profile by the solid line. Bragg peak positions are indicated by vertical ticks, and the difference is shown at the

bottom.

TABLE II. Single crystal and refinement data for IIT — Ce;s.7Tag.6Cos7.8Cuis.9, IV — Ce16.3Tag.3C061.7Cusz1.7 and
V — Cei4.3Ta1.0Co62.0Fe12.3Cu10.4. The errors for the lattice parameters are derived form the crystal structure

solution.

crystal ITI v \%

EDS composition Ceo.94Ta0.04C04.06 Cin.94 | Ceon.99 Tap.00 Cos.70Cui1.30 | Cen.s6 Tao.06 Cos.72Feq.73 Cuo 62
refined composition Ceo.98Ta0.04C04.25Cug.75 | Ceop.g9 Tag.02C03.79Cui .21 | Ceo.94Tao.12Co3.68Feo.72Cuo 60
formula mass 442.68 442.57 449.52

Space group, Z P6/mmm; 1 P6/mmm; 1 P6/mmm; 1

a (A) 4.946(1) 4.952(1) 4.928(1)

¢ (A) 4.038(1) 4.035(1) 4.073(1)

V (A% 85.57(4) 85.70(5) 85.66(2)

d. (Mg/ m?) 8.52 8.57 8.69

p (mm™'; Mo K,)abs. coef. |37.85 37.08 39.78

reflns. collected/ Rint 1631,/0.025 2002/0.042 1808,/0.027

ind. data/ restrains/ params. |79/0/12 109/0/13 91/0/11

GoF (F?) 1.221 1.129 1.172

R1/ wR2 [l >20(1)] 0.018/ 0.041 0.021/ 0.048 0.030/ 0.063

R1/ wR2 [all data] 0.021/ 0.041 0.025/ 0.046 0.031/ 0.063

Largest diff peak/ hole (e/A%)[0.80/ -0.74 1.04/ -0.99 1.91/ -1.53
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TABLE  III. Atomic  coordinates, Equivalent
Isotropic Displacement Parameters (Ax10%),
and Site Occupancy Factors Refined for III -

Ce1s.7Tag.6Cos7.sCuis.g, IV — Cei6.3Tag.3C061.7Cuz21.7
and V — 0614,3T3,1,00062,0F612,3CU10,4.

atom|WP|z |y |z Ueq. |SOF #
15(1)|0.977(2) II1

Ce |la [0 |0 |O 16(1)]0.988(1) v
19(1)]0.936(3) \%

0.280(6) [15(1)|0.023(2) 111

Ta [2e [0 [0 [0.296(9)|16(1)|0.012(1) v
0.292(4)]19(1)|0.064(3) A%

14(1)|1.00 Co II1

M1 |2¢ |2/3|1/3|0 15(1)]0.23(7) Cu v
23(1)|1.00 Co \%

10(1)]0.25(6) Cu IIT1

M2 [3g [1/2/0 [1/2 10(1)[0.25(5) Cu v
10(1)|0.24 Fe/ 0.20 Cu|V

“The atomic symbol “M” stands for Co/Cu or Co/Fe/Cu
mixed occupancy; 3g occupancy for sample V have been
fixed.

tional diffracted spots in Fig. 6 (c). Fig. 6 (d) is a high

~5.0 e/A®

(c)

Ceis.7Tao.6Coe7.8Cuis.9,
Ce14.3Ta1.0Cog2.0Fe12.3Cu10.4: [110] views of (a) — CaCus-type and (b) — TbCur-type structures with and without Ta “dumb-
bells”, respectively and (c) - (e) — difference electron density maps of structure solutions without “dumb-bells” (upper row)
showing significant residual electron density peaks of ~3.5 — ~13.5 ¢/A® in 1D structural channels at (0 0 z) with z ~0.3, and
with “dumb-bells” (lower row) with significantly smaller residuals.

(d) (e)

~13.2 e/A®

IV - Cei6.3Tap.3C061.7Cu21.7 and V -

resolution STEM image taken from orange-boxed area in
Fig. 6 (b) under [1-10] zone axis. The inset at bottom
right is an enlarged atomic image with an atomic model
of hexagonal 1:5 phase. The bright dots and dark dots
in the images correspond to atomic columns of Ce and
Co/Cu elements, respectively. Fig. 6 (e) is an enlarged
image of blue-boxed area in Fig. 6 (b) and dark line in
single crystalline phase is shown clearly. Fig. 6 (f) is an
EDS elemental mapping of Fig. 6 (e). The chemical con-
trast between the matrix and the dark line is observed.
The EDS result shows the dark line is Co-rich and Cu-
deficient.

Fig. 7 (a) is a HAADF image of an annealed sample
showing the overall microstructure. Many bright areas
were observed unlike the unannealed sample shown in
before in Fig. 6. Fig. 7 (b) is an enlarged image of the
blue-boxed area in Fig. 7 (a) and Fig. 7 (c) is the EDS el-
emental mapping corresponding to Fig. 7 (b). The bright
regions in Fig. 7 (b) are Ta-rich and considered as Ta pre-
cipitates. Additionally, a few dark lines are observed in
the Ta precipitate. The difference in brightness of pre-
cipitates is attributed to the difference in the thickness
of each precipitate. Fig. 7 (d) is an enlarged image of the
orange-boxed area in Fig. 7 (b) and Fig. 7 (e) is a diffrac-
tion pattern taken from Fig. 7 (d) including the matrix
and the Ta precipitates. Fig. 7 (d) shows Ta precipitates



FIG. 6. (a) - HAADF STEM image of as-grown III — Cei5.7Tag.6Cog7.sCuis.9 showing the overall microstructure, (b) - enlarged
HAADF image shows a dark-contrast line, (¢ ) - diffraction pattern taken from the region shown in (b) including the matrix
and the dark line, (d) - high resolution STEM image taken from orange-boxed area in (b) under [1-10] zone axis. The inset
at bottom right is an enlarged atomic image with atomic model of hexagonal 1:5 Ce/Co/Cu phase. The bright dots and dark
dots in the images correspond to atomic columns of Ce and (Co, Cu) elements, respectively, (e) - enlarged image of blue-boxed
area in (b) and dark line in single crystalline phase is shown clearly, (f) - EDS elemental mapping of (e) clearly showing Co
enrichment in the line, the small Co and Cu elemental maps-insets are presented for contrasting observation of Cu depletion
in the same line.
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FIG. 7. (a) - HAADF image of heat treated III — Ce15.7Ta0.6Co67.8Cu1s.9 showing the overall microstructure, (b) - enlarged
image of blue-boxed area in (a), (c¢) - EDS elemental mapping corresponding to (b). The bright regions are Ta-rich and
considered as Ta precipitate, (d) - enlarged image of orange-boxed area in (b), (e) - diffraction pattern taken from (d) including
the matrix and the Ta precipitate, (f) - high resolution STEM image taken from the matrix in (d) under [1-10] zone axis.



3 nm

FIG. 8. (a) - high resolution HAADF image of the interface
between the matrix and the Ta precipitate taken from red-
boxed area in Fig. 7 (d) and (b - f) - corresponding EDS
elemental mapping results. The white lines indicate the same
position in each image.

coherently embedded by epitaxial precipitation and the
corresponding diffraction pattern shows the epitaxial re-
lationship between the matrix and Ta precipitate. The
orientation relation was observed as follows: (110) Ce-
CoCu // (110) Ta; (002) CeCoCu // (1-10) Ta; and [1-
10] CeCoCu // [001] Ta. Fig. 7 (f) is a high resolution
STEM image taken from the matrix in Fig. 7 (d) under
[1-10] zone axis. It is the same as that seen in Fig. 6 (d).
The inset at bottom right is an enlarged atomic image
with an atomic model of hexagonal 1:5 Ce/Co/Cu phase.
The bright dots and dark dots in the images correspond
to atomic columns of Ce and Co/Cu elements, respec-
tively. Fig. 8 shows high resolution HAADF images of
the interface between the matrix and the Ta precipitate
taken from red-boxed area in Fig. 7 (d) and correspond-
ing EDS elemental mapping results [Fig. 7 (b-f)]. The
white dashed lines indicate the same position in each im-
age. Although Cu-rich and Co-deficient region was ob-
served near the precipitate [Fig. 7 (c)], there was also
Co, Ce-rich and Cu-deficient interface between the ma-
trix and Ta precipitate. The dark lines in the Ta precip-
itate turned out to be Co-rich. Considering EDS maps
at the interface and near the precipitate, it is assumed
that Co was infiltrated into the precipitate [Fig. 7 (d)],
and Co became deficient near the precipitate with rela-
tive Cu-rich as a result. As will be discussed below the
high resolution TEM results will be returned to, for both
as-grown and heat-treated samples of crystal III, to elu-
cidate the pinning mechanism that leads to significant
coercivities in the crystals.

IV. MAGNETIC PROPERTIES

A. As-grown crystals. Curie temperature,
magnetocrystalline anisotropy field and energy
density.

900

amAdT
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FIG. 9. Curie temperatures for the as-grown I -
Ceis.1Ta1.0Co74.4Cug.5, IT — Cei16.3Tag.6Cogs.9Cuia.2, III —
Ce1s.7Tag.6Cop7.8Cus.9, IV — Ce16.3Tag.3C061.7Cuz1.7 and
V — Cei4.3Ta;.0Cos2.0Fe12.3Cu10.4 inferred from the peaks in
derivative of magnetization with respect to temperature, i.e.
dM/dT obtained for each crystal (see inset). Magnetization
data were obtained under magnetic field of 0.01 T.

Fig. 9 presents the Curie temperatures for samples I —
V as inferred from the peak in dM/dT shown in the inset.
The Curie temperatures T, estimated by the minimum
in the derivative correspond closely to the T. derived
via the more accurate Arrot plot method (see below).
The T.-value decreases rapidly with increasing Cu con-
tent for Fe-free samples I — I'V. This is consistent with
the early report [36] and indicates weakening in the ferro-
magnetic exchange interactions within the Co sublattice
due to the introduction of nonmagnetic Cu. In contrast,
the Fe-doped crystal V shows remarkable improvement
of T,, increasing by over 150 K to ~820 K, a value that
is significantly higher than the 7. = 653 K of the parent
CeCos.[57] Using band structure analysis, we find that
Fe-doping of CeCos and Ce(Co,Cu)s increases the order-
ing energy AE = Enpy — Eppr (NM — non-magnetic and
FM - ferromagnetic states), as well as the total magnetic
moment of the systems (see Section V below). This leads
to the remarkable increase of the Curie temperature and
saturation magnetization.

To more formally determine T, we prepared an Arrot
plot analysis for ITII using isotherms between 460 K to
500 K [Fig. 10] . The Curie temperature for III is esti-
mated to be ~ 480 K, since the isotherm at that temper-
ature is closest to a straight line and passes through the
origin. In Fig. 11 we show representative M(H) isotherms
for sample V. In the inset we plot the spontaneous mag-
netization value for each temperature inferred from the
extrapolation of the linear region of the M(H) back to H
= 0. As can be seen, these data suggest a T ~ 820 K (es-



timated by generalized Bloch law fitting of spontaneous
magnetization), in good agreement with Fig. 9

4X1010 T T T T v T

10| ]
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FIG. 10. Arrott plot for III - Ce1s.7Tap.6Cos7.8Cuis.o with
isotherms taken in 5.0 K intervals as indicated in the graph.
The Curie temperature is ~ 480 K as inferred from the plot
since the isotherm is closest to linear and passes through ori-
gin.
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FIG. 11. Representative M(H) isotherms for the as-grown

crystal V — Cei4.3Ta1.0Cos2.0Fe12.3Cu10.4. In the inset - spon-
taneous magnetizations for each temperature inferred from
the extrapolation of the linear regions of the M(H) back to H
= 0. Red star shows extrapolated T. value following Bloch
law M(T) = M(0)(1-(T/T.)%/?).

Fig. 12 (a) shows the magnetocrystalline anisotropy
field, H,, at room temperature for all as-grown crystals
I - V; the low temperature estimations of H, were done
for crystals III and V and are presented in Fig. 12b.
The anisotropy field was estimated by the high-field, lin-
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FIG. 12. (a) - anisotropic field-dependent magnetiza-
tion along easy and hard axes of the as-grown crystals
I — Ceis5.1Ta1.0Co74.4Cug.5, II — Cei6.3Tag.6Cops.9Cu14.2,

IIT - Ceis.7Tag.6Cos7.8Cuis.g, IV — Cei6.3Tag.3C061.7Cu21.7
and V — Ceis.3Ta1.0Cog2.0Fe12.3Cu10.4 at 300 K. Inset
in the lower-right corner - dependence of the anisotropy
field H, ws. Cu concentration, (b) - anisotropic field-
dependent magnetization along easy and hard axes of the
as-grown crystals III — Ceis.7Tag.6Cos7.8Cuis.9 and V —
Cei4.3Ta1.0Cop2.0Fe12.3Cu10.4 at 50 K.

ear extrapolation of the field-dependent moment along
the easy [001] and hard (H L [001]) axes [22, 47]. The
room temperature H, for the Fe-free, as-grown crystals
I - TV exhibit a maximum anisotropy field of ~118 kOe
in crystal II. The addition of Fe shows a detrimental
influence on the magnetocrystalline anisotropy, (in Fe-
doped V the anisotropy field drops to ~65 kOe [see in-
set in Fig. 12a], but the spontaneous magnetization in-
creases by ~30 % compared to crystals with similar Cu
contents). Low temperature measurements estimate the
spontaneous magnetization for crystals IIT and V to be
~3.7 and ~6.8 pp/f.u., respectively.

The temperature dependent magnetocrystalline
anisotropy energy density was measured using the
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FIG. 13. Comparison of temperature depen-
dent magnetocrystalline anisotropy  energy den-
Sity of II1 - Ce15,7Ta0‘60067,gCu15_9 and Vv -

Ce14.3Ta1.0Cog2.0Fe12.3Cu10.4.

Sucksmith-Thompson method[47, 58, 59] by using the
hard axis magnetization isotherms for crystals III
and V [Fig. 13]. In this method, the Y-intercept
(I) of Ft vs M 1% curve is used to determine K as

I = % where M, is hard axis magnetization and

Mg is the saturation magnetization. The corresponding
uncertainty in measurement was determined using the
following formula AK; = Ky * [% 4+ 2% AM—A@S].[GO] Here
the uncertainty Al was determined from the uncertainty
of the linear fit. AMg was determined by the differ-
ence between maximum possible upper bound of the
saturation magnetization (obtained as the Y-intercept
intercept of M vs 4 ) and lower bound (obtained as the
linear fit of M(H) data as shown in 50 K magnetization
data in Fig 11) for each temperature.

Interestingly, the as-grown single crystals showed mag-
netic hysteresis when measured along the easy axis of
magnetization [001]. For example, crystal III exhibited
a hysteresis (see Fig. 1) which reached H. ~ 1.6 kOe and
B, = 4.2 kG, M; ~ 4.2 kG and (BH)naz. =~ 3.5 MGOe
[Fig. 14], which is comparable to most of anisotropic sin-
tered alnico grades.[61] This is remarkable considering
the common belief that the appearance of the coercivity
is a result of the extrinsic properties, e.g., development of
proper microstructure for strong magnetic domain pin-
ning, and this is generally not associated with a single
phase single crystal as determined by the SEM and XRD
examinations [Figs. 3,4], which did not reveal any elemen-
tal precipitations, segregations, or any microstructure on
their corresponding length-scales.

The detailed high resolution STEM examination of the
as-grown sample ITI [Fig. 6] showed the basic uniformity
and integrity with small Co-enriched and Cu depleted
regions/stripes coherently dispersed throughout the ma-
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trix. Unfortunately, the size of these stripes did not allow
for EDS composition determination or structural analy-
sis. However, based on previous reports [21-23], we as-
sume that these are embryonic structural defects caused
by stacking faults compensating for various channel dis-
orders within the material. These may also be the nucle-
ation sites for the decomposition and/or miscibility gap
as suggested in previous literature. [36]

B. Heat-treated crystals. Coercivity, pinning
and magnetic energy.

After heat treatment, the crystals I — IV show signifi-
cantly increased magnetic hystereses with a monotonic
increase of coercivity, H., and a linear decrease of spon-
taneous magnetization M, with increasing Cu content
[Fig. 15]. For example, the magnetic characteristics of
III change as follows: significant increase of H. from
~1.6 to ~6.3 kOe with an increase of B, (M;) from ~4.2
(4.2) to ~5.3 (5.7) kG, resulting in (BH)mqy, of ~7.8
MGOe [Fig. 16]. In addition to the conspicuous increase
in magnetic hysteresis, there is a noteworthy increase
in saturated magnetization of the heat-treated samples
[Fig. 1 and Fig. 15, upper inset]. This increase in mag-
netic properties correlates with the appearance of the
Ta-rich precipitates [see SEM images above, Fig. 3]. The
STEM analysis confirmed that these are 90 - 95 % pure
rectangular blocks of Ta (according to diffraction pat-
terns and elemental analysis), and their interfaces were
coherent with the matrix material. However, high mag-
nification TEM EDS maps [Fig. 7 (c), Fig. 8] observed
a Cu-deficient and Co-enriched layer at the interface of
the precipitates and the matrix, and Co was detected in
precipitates as lines, which somewhat resemble observa-
tions of rare Co-enriched and Cu-depleted lines in the
as-grown STEM examination [Fig. 6].  These results
suggest that the high coercivity may be explained by the
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FIG. 15. Magnetic hysteresis loops of the heat-treated crys-
tals I — Ce15.1Ta1.0Co74.4Cug.5, IT — Ce16.3Tag.6Coes.9Cuia.2,
IIT - Ceis.7Tap.6Coe7r.8Cuis.9, IV — Cei6.3Tag.3C061.7Cu21.7
and V — Cey4.3Ta1.0C0g2.0Fe12.3Cu190.4 at 300 K. Upper-right
inset — dependence of the spontaneous magnetization M wvs.
Cu concentration for the as-grown and heat treated crystals.
Lower-right inset — dependence of the coercivity H. vs. Cu
concentration for the as-grown and heat-treated crystals.
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FIG. 16. Room temperature second quadrant
magnetic  hysteresis loops for  the  heat-treated

crystals IIT - Cei5.7Tap6Cos7.8Cuiso and V-
Ceis4.3Ta1.0Cop2.0Fe12.3Cu10.4, 4nM indicated as solid
line and B as a dashed line (left pannel). Estimation of the
energy products (BH)mas. (right pannel).

Ta-rich precipitates serving as pinning sites and can be
described using a simple domain pinning model. Typi-
cally, the coercive force is inversely proportional to the
saturation magnetization for a particular magnetocrys-
talline energy (H, = v AK/M,l, where A — exchange
constant, K — magnetocrystalline anisotropy, M, — sat-
uration magnetization and [ — the distance between the
precipitates). [21-23] According to the equation, by in-
creasing the amount of pinning precipitates we decrease
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the volume fraction of the matrix material and magne-
tization M, of the system. Also the distances [ between
the precipitates become shorter. As a result, the coerciv-
ity H. increases. Thus, the H,. of our crystals should be
directly proportional to the Ta content. However we ob-
serve the inverse proportionality: total Ta content mono-
tonically decreases in crystals I through IV [Table IJ,
whereas the coercivity monotonically increases [Fig. 15].

In contrast, the H, increase correlates directly with in-
creasing Cu content [Fig. 15, see both insets], also follow-
ing the proposed precipitation coercivity mechansim (see
equation above). Pinning of magnetic domains should
occur on the precipitates, the amount of which is reg-
ulated by Cu rather than Ta content. However we do
not observe precipitates that are clearly associated with
Cu, except Cu-depleted regions observed in STEM ex-
periments [Fig. 7 (c), Fig. 8].

Therefore, we consider the Ta-rich precipitates as a
secondary effect, which decorates the extended 3D de-
fects and structural imperfections that originate from Cu
depleted and Co enriched lines observed in the as-grown
crystals [Fig. 6] and consequently develop into the regions
between Ta-rich precipitates and matrix in the thermally
aged crystals [Fig. 7 (c), Fig. 8]. The amount of these
imperfections must increase with increasing Cu content
and lead to increased coercivity.

According to the literature, coercivity in the Cu and
Fe substituted CeCos is casued by fine precipitates which
originate from partial matrix decomposition similar to
eutectoidal, observed in pure CeCos. [21-23] Whereas
in the Cu substituted CeCos the pronounced coercivity
is related to a miscibility gap with a critical tempera-
ture close to 800 °C.[36] Both observations support the
idea of intragranular domain pinning on extended 3D
defects created as a result of matrix phase transforma-
tions during the heat-treatment (hardening) of the sam-
ples. In the first case, the precipitated 2:17 phase be-
ing anisotropic than the matrix serves as a pinning site
and contributes slightly to the increase in magnetization.
In the second, because of decreased miscibility at lower
temperatures, two phases with similar Cu/Co ratios and
different Curie temperatures exist. The Cu-poor phase
supposedly serves as a pinning precipitate with increased
magnetization, and the Cu-richer phase contributes to-
wards the higher anisotropy matrix. One indirect con-
firmation of such mechanism is observed in the Fe-free
crystals I — IV, which show atypical and increasing mag-
netization after the heat treatment [see the left inset in
Fig. 15]. This suggests a change of the magnetic nature
of the matrix. However, this must occur with a minimal
composition change as no significant difference in compo-
sitions were detected before and after the heat treatment
[Table I]. With the addition of Fe, the decomposition
process complicates, and besides the miscibility gap, the
precipitation of the very stable 2:17 Ce/Co/Fe phase is
possible.[21-23] This however was not clearly confirmed
in the Fe-doped crystal V. Current SEM/EDS examina-
tions of V show a microstructure similar to the Fe-free



crystals IIT and IV [Fig. 3]. After the heat treatment
the 2:17 phase was not observed.

Another explanation of pronounced increase in magne-
tization after the heat treatment may be associated with
removal of Ta from the matrix material. Please note
that the increase in magnetization is most pronounced
in IV with most complete removal of Ta after the heat
treatment [see Table I]. One possible explanation for
the surprisingly large impact of the removal of Ta on
magnetic properties of our CeCos-based material is as
follows. Previous theoretical work [62] finds that CeCos
is surprisingly near to a non-magnetic state, based on
Stoner physics, despite its substantial Curie point. We
suggest that Ta may locally drive the system toward a
non-magnetic or less-magnetic state, so that its removal
may restore or enhance magnetic character locally. Fur-
ther theoretical work would clearly be needed to address
this notion, and it may well be difficult to account quan-
titatively for the observed magnitude of the behavior -
~25 percent increase in magnetization for a removal of
0.3 atomic percent of Ta. Nevertheless, systems near a
magnetic instability can exhibit a disproportionate re-
sponse to small impurity concentrations, as in param-
agnetic Fe impurities having huge effective moments in
a Pd-Rh matrix [63], and we suggest the possibility of
similar behavior here.

V. THEORETICAL CALCULATIONS

There are two main questions associated with the ex-
traordinary magnetic nature of the Cu and Fe substituted
CeCos: i - strong improvement of both Curie tempera-
ture and the magnetization by the addition of Fe and i
- the high coercivity that is driven primarily by a Cu-
regulated intragranular pinning mechanism rather than
the more typical strong magnetocrystalline anisotropy.
We address these in the next two sections through theo-
retical calculations and multiscale modeling.

A. Increase of Curie temperature in Fe-doped
samples.

To understand the observed magnetic behavior and in-
crease in Curie point with Fe substitution, first principles
calculations for CeCos and CeCo4Cu were performed us-
ing the density functional theory as implemented in the
WIEN2K code[64]. Calculations were performed using
the experimental lattice parameters. In this structure all
internal coordinates are symmetry-dictated, so no inter-
nal coordinate optimization was performed. The LAPW
sphere radii were set to 2.4 Bohr for Ce and 2.0 Bohr for
Co and Cu. In addition to ensure proper convergence of
the basis set Rk,,q. = 9.0, was used. Here R and £, are
the smallest LAPW sphere radius and the largest intersti-
tial plane-wave cutoff, respectively. All the calculations
are performed by assuming a collinear spin arrangement.
The magnetic anisotropy energy (MAE) is obtained by
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calculating the total energies of the system with spin or-
bit coupling (SOC) as K = Ejjg0) - Ejgo1), where Ejjiq
and Ejgoy), are the total energies for the magnetization
oriented along the a and ¢ directions, respectively. For
these MAE calculations the convergence with respect to
the number of K-points was carefully checked. All the
MAE results reported in this section correspond to 2000
K-points in the full Brillouin zone. To correctly treat the
strong interactions between the Ce-f electrons, the Hub-
bard U correction was applied, with Ug, = 3.0 eV. For
the DFT+U calculations, the standard self-interaction
correction (SIC)[65, 66] method was used.

For the modeling of CeCo4Cu, Cu was substituted in
the Co hexagonal ring (2¢ Co-site), as our calculations
find this location for Cu to be energetically favorable
(relative to the 3g site) by some 30 meV/Cu. Fe alloying
in CeCo,4Cu was realized within the virtual crystal ap-
proximation (VCA). The calculated magnetic behavior
for CeCos is in good agreement with the experimental
measurements with a total magnetization of 6.8 yupg per
unit cell. The calculated spin moment on each 2¢-Co
atoms was 1.42 pp whereas the moment on 3g-Co atoms
is 1.5 pup. This is accompanied by an orbital moment
of ~ 0.13 pup. The calculated Ce spin moment is -0.71
up. Upon Cu substitution (for CeCosCu) the moment
on the Co atoms is reduced to 1.18 and 1.40 pp on Co-2¢
and Co-3g site, respectively. However, upon Fe alloying
in CeCo4Cu (CeCoy_,Fe,Cu) the total magnetization in
the unit cell increases linearly with Fe doping as shown
in Figure 17a. The calculated MAE of ~ 3.17 MJ/m?
without including the Hubbard U parameter (U = 0) is
rather small when compared to the experimental MAE
of 10.5 MJ/m3.[57] However a GGA+ U calculation with
Uce as 3.0 eV gives an MAE of 9.0 MJ/m? in good
agreement with the experimental value.

The most remarkable observation of experimental mea-
surements is the increase in Curie temperature of CeCos
by alloying with Cu and Fe. We explain this observation
using two methods, one more roughly qualitative, the
other more quantitative. For the first method, we note
that for a local moment magnetic material, the Curie
point is ultimately controlled by the interatomic ex-
change interactions, which are often determined by an ef-
fective mapping of the first-principles-calculated energies
of various magnetic configurations to a Heisenberg-type
model. However, the magnetic configurations considered
here (using the parameters above) all converged instead
to the spin-polarized case with all Co spins aligned in the
ferromagnetic fashion. These calculations suggest that
the magnetism in this material is of itinerant type.

For such a system the calculation of the Curie point
is more involved. For this first qualitative approach we
therefore limit ourselves to a simple consideration of the
magnetic ordering or formation energy - the energy dif-
ference AE = Enpy-FErpy where Enpy is the energy of
a non-magnetic configuration and Epps is the energy of
the ferromagnetic configuration. While this energy con-
tains contributions from both the intra-atomic Hund’s



rule coupling (which does not determine Curie points)
and the inter-atomic exchange coupling (which does de-
termine Curie points), it is plausible that within a given
alloy system, such as CeCoy_,Fe,Cu, the trend of the
Curie point with alloying is generally captured by the
trend of this energy. For example, the general quenching
of 3d orbital moments in magnetic systems away from
the atomic limit indicates, as expected, that the atomic
Hund’s rule coupling is not the only relevant interaction
here.

In order to get some insight into the Curie temper-
ature, we have therefore calculated this energy AFE for
Ce(Co;_zFe,)4Cuon a per Co/Fe basis. This, along with
the associated magnetic moment, is plotted in Figure 17
as a function of Fe doping. One observes a substantial or-
dering energy increase (from ~ 900 K to ~ 1500 K) with
increasing Fe doping from z = 0 to 2 = 0.3, along with a
substantial magnetic moment increase. From a theoret-
ical standpoint, it is noteworthy that AF is as high as
1500 K for x = 0.3. This large energy does suggest the
possibility of some local character of the magnetism on
the 3d (i.e. Co and Fe) atoms with increased Fe content
in Ce(Coj_,Fe;)4Cu. Note that a previous theoretical
treatment of CeCos [67] found evidence, as we do here,
for itinerant character in CeCos, so that increased Fe
contents in these materials are of both theoretical and
experimental interest.
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FIG. 17. (a) - total moment (pp/unit cell) as a function of
Fe doping; (b) - the energy difference between nonmagnetic
state and ground state (ferromagnetic state) in Kelvin on per
Co/Fe basis as a function of Fe doping for Ce(Co1_.Fez)4Cu.

Our second method of calculating the Curie point of
this system is more quantitative. While the increase of
magnetization and the corresponding magnetic formation
energy (Fig. 17) with the addition of Fe atoms to CeCos
is generally expected, the observed increase of Curie tem-
perature T¢ requires a more detailed explanation. To
describe theoretically the dependence of the T¢ on con-
centration of Fe we employed the traditional mean field
approximation (MFA) for systems with non equivalent
magnetic atoms in a primitive cell. In this approximation
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Tc of a system with N nonequivalent magnetic atoms is
calculated as the largest solution of the equation

det[Tym — Ténm] = 0, (1)
where n and m are the indices of the non-equivalent mag-
netic sublattices, Tp,,, = %Jgn. Here JO,, is an effective
magnetic exchange interaction of an atom from sublat-
tice n with all other atoms from the sublattice m. The
exchange coupling parameters JO, have been obtained
using the multiple scattering formalism expression ob-
tained in Ref.[68] and extensively tested in Ref.[69]. The
corresponding dependence on content has been described
using the coherent potential approximation (see details
in Ref.70).

The calculations for pure CeCos revealed that the
value of T¢ is determined by the strong ferromagnetic
nature of the Co-Co interactions. The absolute value of
the exchange parameters decays quickly with increasing
interatomic distance so that the main contribution to T
comes from the interaction between atoms lying within
a distance of the two first neighboring shells. The av-
erage value of the nearest neighbor coupling Jo,—co is
approximately 15 meV. The contribution from Ce atoms
is weak and negative.

The obtained MFA value of Tc = 790 K in CeCog
shows the typical overestimation of the experimental T
in this classical spin approach. The addition of Fe atoms
shows an interesting development of exchange coupling.
First, we notice the appearance of a strong ferromagnetic
Fe-Co coupling Jpe_co=21 meV. Second, the addition of
Fe atoms increases the magnetic moments on Co atoms
by approximately 0.1 pp with a corresponding increase of
Co-Co exchange coupling as well. Overall this effect leads
to nearly 20% increase of T with a maximum of 950K at
x=0.2-0.23. This qualitatively confirms the experimen-
tally observed trend. We find that further addition of Fe
atoms is detrimental for the ferromagnetism in these al-
loys and T¢ starts to decrease. Finally, we also find from
theory that a large increase of T by nearly 35% can be
obtained when replacing Ce by Y atoms in CeCos alloys.

B. Multiscale modeling.

In this section we present theoretical studies of the hys-
teretic behavior of Cu- and Ta-doped CeCoj crystals in
order to better understand the mechanism of coercivity
in these systems. The physics of magnetic hysteresis in-
volves multiple length scales and is controlled both by
intrinsic and extrinsic properties of magnets. Therefore,
our method is based on a multiscale approach that com-
bines first principles electronic structure calculations, mi-
cromagnetic models, and statistical macromagnetic sim-
ulations.

The electronic structure calculations describe mate-
rial behavior on atomic length scales and allow us to
evaluate intrinsic properties like spontaneous magne-
tization and MAE. We used density functional the-
ory (DFT) within the rotationally invariant DFT+U



method[66] and the PBE approximation to the exchange-
correlation functional.[71] We used a Hubbard U=2 eV
and J=0.8 eV for Co 3d electrons which were previously
demonstrated to provide a good description of magnetic
properties for the LaCos and YCos materials.[72] The
Kohn-Sham equations were solved using the projector-
augmented wave method [73] as implemented in the
VASP code.[74, 75] We used a 1x1x2 supercell with re-
spect to the primitive unit cell for CeCos. For the Bril-
louin zone sampling the Monkhorst-Pack scheme[76] was
used with a dense 16x16x10 k-mesh. The energy cut-
off for the plane wave expansion was set to 320 eV. The
crystal structures were fully relaxed until forces acting
on each atom were smaller than 0.01 eV /A and all stress
tensor elements were smaller than 1 kbar. The MAE was
evaluated using the force theorem as the total energy
difference between states with the magnetization aligned
along [100] and [001] directions.

Figure 18 (top right) shows the calculated spontaneous
magnetization and MAE for Ce(Co;_,Cu,)s as a func-
tion of Cu content. We assumed that the Cu atoms oc-
cupy the 3¢ atomic sites and we chose the lowest energy
atomic configurations that correspond to the Cu atoms
occupying the same atomic layers. As seen, the sponta-
neous magnetization decreases with Cu content since Cu
atoms have negligible moments as expected from their
3d"° nominal configuration. This is in agreement with the
experimental results shown in Fig. 15 (inset). Regard-
ing the MAE, our calculations show that it has a com-
plex non-monotonic dependence on Cu content. In par-
ticular, whereas small Cu additions decrease the MAE,
for larger concentrations the MAE shows a maximum as
a function of x. Converting these calculated MAE and
magnetization results to anisotropy fields H 4 we find the
following anisotropy fields (in kOe) for x=0, 0.1, 0.2, 0.3,
and 0.4, respectively: 166, 93, 131, 338 and 128. This
non-monotonic H 4 behavior is qualitatively consistent
with the experimental results for the anisotropy field as
a function of Cu content shown in Fig. 12 except that, ex-
perimentally, the H4 maximum is observed at lower Cu
content (approximately x= 0.2, vs. x=0.3 for the the-
ory) and the corresponding H4 values differ significantly
from the theoretical values. These differences are prob-
ably primarily caused by the fact that the configuration
of Cu atoms in real samples differs in some respect from
the lowest energy configuration used in the calculations.

In order to study the hysteresis process, in addition
to the knowledge of the calculated-above, intrinsic pa-
rameters (magnetic anisotropy and magnetization), we
need to also specify the microstructural features of the
system at the nanometer and micron length scales. As
discussed in the previous sections, SEM and STEM mea-
surements indicate that a network of planar defects is
present in the single crystal samples. For the as-grown
crystals these defects form Co-enriched and Cu-depleted
laminar regions, which after heat treatment, become nu-
cleation points for Ta-rich planar precipitates. Clearly,
these extended defects play a crucial role in establishing
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coercivity in the system since they can efficiently pin the
reversed magnetic domains, thus preventing them from
expanding over the entire crystal. In fact, as seen in
Fig. 3, the crystal can be viewed as a collection of blocks
(of the size of several microns) that are, to a large de-
gree, magnetically decoupled by the planar defects. In
our model we consider an idealized version of such a mi-
crostructure in the form of a simple cubic lattice of identi-
cal cubic micron-size Ce(Coy_,Cu;)s blocks. While the
actual microstructure “blocks” are generally hexagonal
(see. Fig. 3), the use of a simple cubic lattice greatly
simplifies the calculation and is not expected to drasti-
cally change its qualitative features. We assume periodic
boundary conditions in a closed magnetic circuit setup
so that there is no demagnetization field. Since the de-
coupling of blocks by the planar defects is not perfect, we
introduce a parameter n which physically represents the
probability for neighboring blocks to be exchange cou-
pled.

In addition, the blocks interact via the magnetostatic
interaction that is described using the Ewald technique as
detailed in Ref. 77. In a manner similar to the approach
in Ref. 78, we assume that each block has a number
of magnetically soft defects (e.g. Co precipitates) with
exponentially distributed sizes f (R) = Rie*R/ Ro where
the parameter Ry is the characteristic defect size. Assum-
ing well-separated spherical defects, the switching field of
each block can be determined by micromagnetic calcula-
tions using the intrinsic parameters (magnetic anisotropy
and magnetization) calculated from the first principles
calculations above. The hysteresis loop is then calcu-
lated by starting from the saturated state and gradually
decreasing the external magnetic field. For each value
of the external field the system magnetization is deter-
mined as follows. The total magnetic field acting on each
block is evaluated as a sum of the external and magne-
tostatic contributions. When the total field is lower than
the negative switching field of the block, the block mag-
netization is reversed. Subsequently, all blocks that are
exchange coupled to the reversed block also have their
magnetization reversed. The process is repeated itera-
tively, until a stable magnetic configuration is achieved.

Figure 18 (left) shows the calculated hysteresis loop for
a Ce(Cop.gCug.2)s system calculated using n=15% and
Ry = 0.86p where dp is the Bloch domain wall thick-
ness of CeCos (around 4 nm [36]). As is evident, this
choice of parameter results in a rectangular hysteresis
loop with a coercivity similar to the measured value for
this Cu content [see Fig. 15]. Therefore, our model is
capable of reproducing the experimental results. Fig. 18
(bottom right) shows the dependence of the coercivity
on the microstructural parameters: 7 and Ry. We ob-
serve that for Ry < dp, Ry strongly affects the coercivity
while for Ry > §p, the coercivity depends only weakly on
Ry. As expected, the coercivity decreases with n. Inter-
estingly, around n = 20% we observe a change of slope
and a much stronger reduction of coercivity is observed
for larger 1. These results indicate that there are two
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FIG. 18. (Left) hysteresis loop of Ce(Cop.sCug.2)s5 sys-
tem (i.e., Cei1s.67Cos6.67Cui6.67) calculated using n=15% and
Ro = 0.80p. The parameter n represents the probability
for neighboring blocks to be exchange coupled, while Ry is
the defect size, in units of the Bloch domain wall thick-
ness g, taken here as 4 nm. [36]. (Right top) calculated
spontaneous magnetization and MAE of Ce(Coi—5Cuz)s
(Ce16.67C0s3.33(1—2)Cuss.332) (i.e. as a function of Cu con-
centration). (Right bottom) coercivity of Ce(Cog.sCuo.2)s
system (i.e., as a function of Ry and 7 parameters). n (Ro)
dependence was evaluated for fixed Ro=0.8 (n=15%).

possible mechanisms by which Cu doping enhances the
coercivity. First, Cu doping may increase the number
and thickness of planar defects resulting in a decrease of
the n parameter. This is consistent with a scenario in
which the defects are in fact, precipitates of the Cu-poor
1:5 phase. A second possibility is that the Cu doping
reduces the size of the magnetically soft defects in the
matrix phase.

CONCLUSIONS

Using a self-flux technique, we synthesized five dif-
ferent single crystals of Ta, Cu and/or Fe substituted
CeCos. They retain a CaCus substructure and incorpo-
rate small amounts of Ta in the form of “dumb-bells”
filling the 2e crystallographic sites within the 1D hexag-
onal channel with the 1la Ce site, whereas Co, Cu and
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Fe are statistically distributed among the 2¢ and 3g crys-
tallographic sites. The as-grown crystals appear single
phased and homogeneous in composition. Their single
crystallinity is confirmed by XRD, SEM and TEM exper-
iments. However they also exhibit significant magnetic
coercivities which are comparable to most anisotropic
sintered alnico grades. After the heat treatment (harden-
ing), magnetic characteristics significantly improve. Ta
atoms leave the matrix interstices of the as-grown crys-
tals and precipitate in form of coherent laminas creating
the so-called “composite crystal”. The “composite crys-
tal”, formed during the heat treatment, contains a 3D
array of structural defects within a primarily single grain
single crystal. The mechanism of coercivity is regulated
by Cu, and pinning occurs on the extended 3D defects
and structural imperfections that originate from Cu de-
pleted and Co enriched lines observed in the as-grown
crystals and consequently develop into the regions be-
tween Ta-rich precipitates and matrix in the thermally
aged crystals. The structural defects form as a result
of a thermodynamic transformation of the matrix ma-
terial associated with its partial decomposition and/or
decreased miscibility during hardening process. Signifi-
cant improvement of magnetization in the heat-treated
samples may be associated either with the transforma-
tion of the matrix phase or with the removal of Ta from
the matrix. Fe strongly improves both the Curie tem-
perature and magnetization of the system, which is as-
sociated with a strong increase in the magnetic ordering
energy. The peculiar thermodynamic transformations,
which lead to intragranular pinning and a unique coerciv-
ity mechanism that does not require the typical process-
ing for the development of extrinsic magnetic properties,
could be used to create permanent magnets with lowered
processing costs. Further composition - temperature -
time optimizations may result in a critical material free
and cost-efficient gap magnet with energy product 15 —
16.5 MGOe.
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