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Abstract

Single crystals of (Ndy_,Cey)-FewsB, some reaching ~ 6 x 8 x 8 mm? in volume, are grown out of Fe-(Nd,Ce) flux.
This crystal growth method allows for large (Nd;_xCey)2Fe1sB single crystals to be synthesized using a simple flux
growth procedure. Chemical and structural analyses of the crystals indicate that (Nd;_xCey)2Fe4B forms a solid
solution until at least x = 0.38 with a Vegard-like variation of the lattice constants with x. Refinements of single
crystal neutron diffraction data indicate that Ce has a dight site preference (7:3) for the 4g rare earth site over the
4f site. Magnetization measurements at 300 K show only small decreases with increasing Ce content in saturation
magnetization (Ms) and anisotropy field (Ha), and Curie temperature (T¢). First principles calculationsare carried out
to understand the effect of Ce substitution on the electronic and magnetic properties. For a multitude of applications,
it is expected that the advantage of incorporating lower-cost and more abundant Ce will outweigh the small adverse
effects on magnetic properties. Ce-substituted Nd,Fe 4B istherefore a potential high-performance permanent magnet

material with substantially reduced Nd content.
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1. Introduction

The reduction of critical materials present in con-
sumer and industrial products in general, and in rare
earth (RE) -based permanent magnets in particular, is
apressing concern due to increasing demand and a de-
cline and/or uncertainty in the supply chain of these ma-
terials. Dysprosium, judged to be the most critical of
these elements [1], is substituted onto the Nd site in
NdzFeuB (2-14-1) permanent magnets to increase the
value of their coercive field and maximum operating
temperatures [2, 3]. Depending on the application, the
amount of Dy added can belarge, in therange of 1.4-8.7
wt% [1]. The highest temperature applications, those
that rely on the greatest quantities of dysprosium, are
required by the rapidly emerging technologies of wind
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turbines, magnetically levitated transport, and traction
motorsfor hybrid and electric cars[1].

Though Dy is indeed considered the most critical el-
ement, by many criteriaNd is not that far behind on the
list of these crucial energy materials[1]. It is therefore
imperativethat new and innovative solutions are applied
to the synthesis of permanent magnetsthat contain more
abundant elements. To this end, recent work by Pathak
et al. [4] has shown that partial substitution of Cefor Nd
and Co for Fe (i.e. (NdggCep2)2Fe12Co,B) resultsin a
permanent magnet with properties superior to those of
Dy-substituted 2-14-1 magnets for temperatures above
450 K. However, these samples were fabricated as die-
upset, hot-pressed, or melt-spun ribbons where the ex-
hibited properties are dependent on such extrinsic fac-
tors as microstructure and secondary phases. Since 1)
Ceishby far the most abundant of the rare earth elements
and 2) these new magnets simultaneously eliminate the
need for Dy and reduce the amount of Nd used, they
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represent an exciting opportunity for the development of
lower-cost high performance permanent magnets. The
growth of single crystals helps us understand the intrin-
sic properties of these materials.

The crystal structure of Nd,Fe 4B was established as
tetragonal (space group P4,/mnm, No. 136) as early as
1984 by Givord et al.[5], Herbst et al. [6], and Shoe-
maker et al. [7]. There are two separate and inequiva-
lent RE sites; represented by their respective Wyckoff
symbols, one is a 4g site and the other a 4f site. Also
present are six inequivalent Fe sites and one B site. Past
investigations as to the effects of chemical substitution
of different RE elements onto the Nd site are numer-
ous, see the review article by Herbst [8] and the refer-
ences therein. However, detailed, quantitative experi-
mental studies on the effects of Ce substitution of vary-
ing amountsin pure single crystal samples have not pre-
viously been performed. Abache and Osterreicher [9]
studied aligned powders to determine the crystal struc-
ture, magnetic anisotropy, and spin reorientation tem-
perature in (Nd;_xCey)2FewB for x = 0.25and x = 1
along with amultitude of other compositional variations
of Nd,Fe 4B achieved by changing the degree and type
of subgtitutions on the RE and transition metal (TM)
sites. However, no detailed study was made concerning
the magnetic properties as a function of Ce concentra-
tion in that work. They also do not make any claims
whatsoever as to the stability of the (Nd;_xCey).Fe14B
compound for 0.25 < x < 1. More recently, den-
sity functional theory calculations of Alam et al. [10]
actually predict a phase segregation for x > 0.3 in
(Nd;_xCey)2FesB. Pathak et al. [4] have experimen-
tally observed phase segregation under the conditions
required for the fabrication of melt-spun ribbons.

Information also of interest in the (Nd;_xCey).Fe14B
system is the site preference of the Ce as there are two
structurally distinct RE sites. Previous theoretical pre-
dictions about Ce site preference exist [9, 10], but di-
rect experimental evidence to determine whether Ce in
(Ndy_xCey)2FesB is preferentially associated with the
larger 4g site or the smaller 4f site has previously been
lacking.

The (Nd;_xCey)2Fe14B system has recently come un-
der much attention. Experimental investigations by
Gschneidner et al. discovered an anomaly evident in
the plot of the c lattice parameter vs. Ce concentration
in polycrystaline (Nd;_xCey)2Fe14B aloysfor x ~ 0.2
[11]. Similar anomalies were evident in plots of co-
ercivity (Hc), maximum energy product (BHma), and
remnant magnetization (B;) as functions of Ce concen-
tration, along with the aforementioned phase segrega-
tion. The same investigation yielded an extraordinary

result: when Co is substituted for Fe by two atoms per
formula unit in the (NdixCey).Fews-yCoyB polycrys-
talline materials, where x = 0.20, the Curie tempera-
ture (T¢) increased by 150 K while room temperature
coercivity dropped only 22% as compared to an equiv-
alent sample with no Co doping, i.e. x = 0.2,y = 0.
The anisotropy field (Ha), saturation moment (Ms), and
B, remained more or less unchanged compared to the
x = 0.2,y = 2 case. The possible application of such
excellent Dy-free magnets opens an exciting line of
research focused on linking the microscopic magnetic
properties in pure crystalline samples with the macro-
scopic magnetic properties of bulk permanent magnets.

In the current work, we have employed single crystal
growth techniques to synthesize single crystals of Ce-
doped 2-14-1 compounds. We show here observations
contrary to those of the melt-spun ribbons of Pathak et
al. [4] for our samples grown under the slow crystalliz-
ing conditions of flux growth; we are able to stabilize
uniform single crystals of (Nd;_xCe),Fei4B for val-
ues 0 < x < 0.38. Furthermore, we have used these
single crystal specimens together with neutron diffrac-
tion to experimentaly determine that Ce has a dlight
site preference in the 2-14-1 structure for the larger RE
4g site [9, 10]. Next, we have also measured impor-
tant magnetic properties such as Mg, Tc, Ha etc. for
(Nd;_xCey),Fei4B for the composition range 0 < x <
0.38. Finaly, we conclude this report with first princi-
ples density functional theory calculations which help
explain the causes of the changes in Mg, T, and Ha
with Ce substitution. These investigationsare an impor-
tant first step in elucidating the physics behind the eco-
nomically beneficial, high-performance magnetic prop-
erties observed by Pathak et al.[4]

2. Experimental Details

Single crystals of both Nd,Fe4B and NdFe4B,4 type
materials were grown from Nd-Fe flux following the
techniques originally reported by Canfield et al. [12,
13]. The starting materials were cuttings of high pu-
rity metals: Ce (Ames Laboratory, 99.99%), Nd (Ames
Laboratory, 99.99%), Fe (Alfa Aesar, 99.98%), and iso-
topically pure 1'B (!B, ORNL, 99.99+%). The use of
1B was necessary for neutron diffraction experiments
as 19B is exceptionally good at neutron capture. Ap-
propriate stoichiometries of these elements (see Table
1) were loaded into Ta crucibles (1.25 cm diameter, 7
cm length) and sealed under ~0.5 atm Ar using an arc-
melter. A Ta frit was placed above the starting mate-
rials to act as a filter during the centrifugation process.



Table 1: Molar Ratios for Sample Fluxes and Compositions of Single Crystals as Determined from EDS.

Flux Composition
(molar percent)
Nd Ce Fe B

Composition of
2-14-1phase

Composition of
1-4-4 phase

51 0 433 58
433 7.7 433 58
329 181 433 58
255 255 433 58
181 329 433 58

The Tacrucibleswere subsequently sealed in quartz am-
poulesunder ~1/3 atm Ar.

The sealed ampoules were placed into a large box
furnace and heated to 1190 °C over 12 h and held
at that temperature for 24 h. The furnace was then
cooled to 800 °C over 390 h, after which the samples
were removed and the flux was decanted using a cen-
trifuge. Large, single crystal specimens (some ~1 g)
of the Nd,Fe;4B (2-14-1) phase (Fig. 1a, inset) and
smaller elongated prisms (~ 2 mm x 2 mm x 10 mm)
of the NdFe4B,4 (1-4-4) phase were extracted from the
crucibles. The ultimate sizes of the 2-14-1 crystals
were not influenced by the compositions of the fluxes
with the exception of the largest Ce concentration (in
this case, large crystals of the Laves phase compound
CepgsNdp 15Fe, formed rather than the 2-14-1 phase).
The crystallographic faces of all phases present after de-
canting were well-defined. In Fig. 1awe present XRD
reflections resulting from a (001) face of the undoped
Nd,Fe 4B sample.

Analyses of elemental compositions were performed
using a Hitachi TM-3000 el ectron microscope equipped
with a Bruker Quantax 70 energy dispersive (EDS) X-
ray spectrometer (cf. Table 1). To determine the av-
erage composition and its error for each sample we
have taken EDS data using 6-12 separate spots over 2-
3 different crystals. For all compositions small crystals
were ground into powder and used to produce XRD pat-
terns using a PANalytical XPert Pro diffractometer (Cu
K., 1.5406 A). The resultant reflections were analyzed
for lattice parameters using the LeBail fitting function
available with the onboard HighScore Plus software
package. Single crystal diffraction was performed using
a Rigaku single crystal X-ray diffractometer with Dec-
tris Pilatus 200K detector (Mo K,, 0.71073 A); the re-
sultant diffraction patterns were analyzed using the on-
board Rigaku software with absorption corrections per-
formed using a spherical approximation. The structure

N dz Fe1411 B
(Ndo.012(14)Cen.0s9(7)),Fe14' B N a04(9)Cen.006(1) F€4 B4
(Ndo 784 Cen.22(1) ) ,Fe14 B
(Ndo.62(6/Cen.3s(4)).Ferd'B

NdFes'B,

Ndo.75(9)Ce.25(3) Fe4 B4
Ndo 61(3)Ce0.30(2)Fe4Ba
Ndo.49(2) Cens12) Fe4'Ba

wasrefined using SHEL X (Ref. [14]) with WinGX. Sin-
gle crystal neutron diffraction was measured using the
HB-3A four circle diffractometer at the High Flux Iso-
tope Reactor (HFIR) at the Oak Ridge National Labo-
ratory. The ~300 mg sample was measured at 4 K and
300 K by neutrons with awavelength of 1.003 A from
a bent Si-331 monochromator [15]. The structure was
refined using the FULL PROF software package [16].

X-ray photoelectron spectroscopy (XPS) data were
collected with a PHI 3056 XPS spectrometer with an
Al K, source (1.4866 keV) in a cryo-pumped ultra-high
vacuum chamber with apressure of << 1078 Torr. Fresh
surfaces of the crystal were created by grinding a sin-
gle crystal in an Ar-filled glove box and transferring to
the XPS chamber using a vacuum transfer system. Syn-
chrotron data was taken at the Advanced Light Source
(ALS) at the Lawrence Berkeley National Laboratory
(Berkeley, USA) using Beamline 9.3.1. This beam-line
is a bent magnet beam-line with an energy range of
2.3-5.2 keV. The minimal spot size at the beam-line is
0.7 mm (v) x 1.0 mm (h) [17].

Magnetic properties were measured using 1) a Quan-
tum Design Magnetic Property Measurement System
(MPMS) and 2) the DC-extraction capability of the
AC Measurement System (ACMYS) option of a 14 T
Quantum Design Physical Property Measurement Sys-
tem (PPMS). To measure the magnetization along the
easy direction as a function of magnetic field 1) a c
axis face was found on a single crystal using the X-ray
diffractometer, 2) the crystal was polished into a paral-
lelepiped with a long axis aligned with either the a or
c direction (for hard and easy axis measurements, re-
spectively) and 3) the crystal segmentswere placed into
the MPMS or PPM S under magnetic fields of up to 13
T. The hard axis measurements were found by grind-
ing small crystals of each composition into powder and
placed into agel cap with epoxy; the epoxy was allowed
to set under an applied magnetic field so asto align the



(a)

Normalized Intensity, I/l _
(006)

(008)

+—(004)

10 20 30 40 50 60 70

Diffraction Angle, 20 (degrees)

(b)
12.210

12.205y
12.200
12.195
12.190
12.185
12.180

8.3056 ®

Q
8.800 | it . 10
8.795 | Sters

8.790 : : : :
0.0 0.1 0.2 0.3 0.4

xin (Nd,_Ce ),Fe B

Lattice Parameters, a & c (A)

Figure 1. (a) XRD diffraction pattern from (00l) face of undoped
NdyFe 4B crystal. The inset shows a size comparison image of crys-
tals of the same composition. (b) Lattice parameters of the 2-14-1
phase plotted against Ce concentration. Theerror bars for the abscissa
represent the errors given in the EDS analysis in Table 1.

powders. Measurements were taken with H oriented
perpendicular to the easy direction at 5 K, 300 K, and
400 K. To obtain a correct value for the saturation mag-
netization a measurement of the same gel cap was taken
with H oriented parallel to the easy direction; these data
were then normalized to the values obtained from the
single crystal easy axis measurements. The easy axis
measurements of the aligned powder samples and the
single crystal specimens were in good agreement. All
magnetization data were corrected by applying a de-
magneti zation factor based on the respective sample ge-

ometries.

The M(T) properties of the 2-14-1 crystals were also
measured using the Quantum Design MPMS. The mag-
netization was measured as a function of temperature
using an applied magnetic field of 10° Oe; temperature
rangeswere 2 K < T < 750 K. Further confirmation
of the Curie temperatures of the grown ferromagnetic
crystals was obtained through thermal analysis using a
Perkin Elmer Pyris Diamond Thermo-Gravimetric An-
alyzer/ Differential Therma Analyzer (TGA/DTA).

Thefirst principlescalculations are carried out within
density functional theory (DFT). We use the generalized
gradient approximation [18] within the projector aug-
mented wave method [ 19] asimplemented in the Vienna
ab initio smulation package [20, 21]. An energy cutoft
of 400 eV and k space samplingona7 x 7 x 5 grid are
employed. The Ce substitution onthe Nd site is handled
by the virtual crystal approximation (VCA).

3. Results

3.1. Crystal growth and Ce doping

The asgrown crystals displayed well-defined
faceting (Fig. 1a, inset). The sizes of the 2-14-1
crystals were typicaly ~ 2 x 2 x 2 mm?® with some
reaching ~ 6 x 8 x 8 mm® in volume. Except for
the growth with a nominal flux composition of 18.1%
Nd and 32.9% Ce where a Laves phase compound
formed rather than the 2-14-1 phase, all resulting single
crystals were of similar size. The 1-4-4 phases grew as
needles ~ 1 x 1 x 10 mm? and will be the subject of a
forthcoming publication.

Through EDS analysis, we were able to measure the
relative concentrations of the rare earths (RE) and tran-
sition metals (TM). The boron content could not be reli-
ably estimated from the EDS measurements. A variety
of growths were used to maximize the Ce concentra-
tions within the crystals. Results suggest that x = 0.38
is the maximum attainabl e by this synthesis route.

3.2. Structural characterization

The room temperature powder XRD patterns were
taken of the 2-14-1 phases using the powder from
ground crystals. LeBail fitting was used to extract the
lattice parameters, which are plotted in Fig. 1b as func-
tionsof Ce concentration. Thevaluesof boththeaand ¢
|attice parameters decrease monotonically with increas-
ing quantities of Ce (cf. Fig. 1b). At x = 0.38in
(Nd;_xCey)2Fe14B we see that the value of ais 0.14%
smaller than that of the undoped sample. Similarly, for



Table 2: Summary of 250 K single crystal X-ray diftraction data
of sample (Ndo.78Ceo.22)2Fe14B;

Space group P4,/mnm; a = b=8.8032(13) A; c=12.1880(20) A;
a= ﬁ =y= 90°

Atomic Coordinates

Site X y z Uiso (A?)
B1 (4g) 0.1239(8)  0.1239(8) 0 0.0121(16)
Fel (16k;) 0.03732(7) 0.35986(7) 0.32411(5)  0.0099(2)
Fe2 (16kp) 0.06698(7) 0.27578(7) 0.12753(5)  0.099(2)
Fe3 (8j1) 0.09802(7) 0.09802(7) 0.29599(7)  0.0105(2)
Fe4 (8j2) 0.31758(7) 0.31758(7) 0.25407(7)  0.0103(2)
Fe5 (46) 0 0 0.11514(10)  0.0098(3)
Feb (4c) 0 05 0 0.0105(3)
Nd1/Cel (4g) 0.22992(4) 0.77008(4) 0 0.0108(2)
Nd2/Ce2 (4f) 0.35743(4) 0.35743(4) 0 0.0108(2)
Reliability
factors R1 wR2 Rint GOF
0.0505 0.1189 0.0936 0.882

the same composition, ¢ is 0.22% smaller. No anoma-
lies are present in the lattice parameters as a func-
tion of Ce content, in contrast to polycrystalline sam-
ples of the same composition synthesized by Pathak
et al. [4] where a two-phase region was observed for
0.15 < x < 0.4 in (Nd;_xCe)oFeisB. However, it
should be noted that thereis awide spacing between our
data points which could potentially belie small anoma-
lies in the lattice parameters as a function of Ce con-
tent. Our single crystal specimens containing the two
highest compositions of Ce (x = 0.22 and x = 0.38)
fall within the two phase region suggested by the afore-
mentioned authors, indicating that the range of solid so-
[ution in this system is senditive to processing condi-
tions such as temperature and solidification rate. Single
crystal X-ray diffraction on the sample with composi-
tion (Ndg 7gCep.22)2Fe14B was performed at 250 K and
110 K; these temperatures bracket the spin reorienta-
tion temperature of ~140 K in Nd;Fey4B [9, 22]. Struc-
tural refinements were made using SHELX [14] from
1068 and 966 unique reflections, respectively, and are
presented in Tables 2 and 3. The space group matched
that of previous reports and the powder diffraction data,
P4,/mnm. The values of the lattice parameters from
the single crystal data match well with those obtained
from powder diffraction. No discernible structural dif-
ference was seen between the data collected above the
spin reorientation temperature and that collected below
it. For the single crystal X-ray diffraction analyses no
attempts were made to refine the Nd/Ce occupancy as
the scattering factors of the two RE elements were too
similar. However, the neutron scattering lengths for Nd
(7.69fm) and Ce (4.84fm) allow for excellent fidelity to
refine the site occupancies. Later refinements using the

Table 3: Summary of 110 K single crystal X-ray diffraction data
of sample (Ndo.78Cep 22)2Fe14B;

Space group P4,/mnm; a = b=8.8041(13) A; c=12.1633(17) A;
a = ﬂ =y = 90°

Atomic Coordinates

Site X y z Ui (A2)
B1 (4g) 01221(14)  0.1221(14) 0 0.008(3)
Fel (16ky) 0.03717(14)  0.36003(14)  0.32427(10)  0.0093(4)
Fe2 (16ky) 0.06714(14)  0.27523(14)  0.12785(11)  0.0102(4)
Fe3 (8j1) 0.09839(14)  0.09839(14) 0.29627(16)  0.0108(4)
Fe4 (8)2) 0.31744(13)  0.31744(13) 0.25413(14)  0.0102(4)
Fe5 (4e) 0 0 0.1155(2)  0.0104(5)
Feb (4c) 0 05 0 0.0101(6)
Nd1/Cel (4g) 0.23015(7)  0.76985(7) 0 0.0102(3)
Nd2/Ce2 (4f)  0.35750(7)  0.35750(7) 0 0.0102(3)
Reliability
factors R1 wR2 Rint GOF
0.0792 0.1849 0.0964 1.196

occupancy results elucidated from this neutron diffrac-
tion data (Table 4) yielded no changein the single crys-
tal XRD refinements. The structure derived from the
250K single crystal XRD refinement matcheswell with
that publishedin the literature [6, 8, 23, 24, 25].

Single crystal neutron diffraction was performed on a
~300 mg sample of (Ndo 78Cep 22)2Fe14B at atempera-
ture of 300 K; 630 reflections were collected. The mag-
netic signals were found with a propagation vector of
k=0,ie, they coincide with the nuclear peaks, as ex-
pected for a ferromagnet. Therefore, in the data refine-
ments, the nuclear and magnetic structure parameters
were refined together. The thermal parameters were de-
termined from our single-crystal X-ray dataand fixedin
the neutron refinements. Site occupancies were deter-
mined by first assuming uniform distribution of Ce and
Nd on the 4f and 4g sites and then allowing Ce/Nd to
migrate from one site to the next. Refinements were at-
tempted for two cases. 1) where Ce carries a moment
and 2) where Ce does not carry a moment. The result-
ing site occupancies did not change between these two
refinements. The neutron diffraction refinement results
are presented in Table 4.

Given the fact that the easy axis of this material is
along the [00 1] direction [8], the magnetic vectors at
300 K were constrained to lie along this vector to re-
duce the total number of refined parameters. At 300
K the total refined magnetic moment is 38 + 3 ug/f.u.,
in reasonable accord with the MPM S-determined value
of 32.3 ug/f.u. Magnetic refinements on ferromagnets
using unpolarized neutron diffraction data make refine-
ments on each magnetic site have an accuracy no better
than ug/f.u. In addition, imperfectly corrected system-



Table 4: Summary of 300 K single crystal neutron diffraction data of sample (Ndo 78Cep22)2Fe14B. The magnetic moments are aligned along the

c-axis. The atomic environment describes all neighbors within 4 A.

Atomic Coordinates

Lattice Constants Site X y z Ui (A?)  Occ.f. Moment (ug) Atomic Environment
a=b=288032(10)A B1(4g) 0.12427(33)  0.12427(33) 0 0.0110(8) 1 - 12Fe,3Nd, 1B
c = 12.1880(10)A Fel (16ky) 0.03748(14) 0.35958(13) 0.32422(9) 0.0081(3) 1 2.9(1) 11Fe,2Nd, 1B
a=B=y=90° Fe2 (16kp) 0.06709(14) 0.27576(14) 0.12751(9) 0.0081(3) 1 2.3(1) 10 Fe, 2 Nd

Fe3(8j1)  0.09784(14) 0.09784(14) 0.29588(13) 0.0081(3) 1 1.6(2) 9Fe 3Nd, 1B
P4,/mnm Fe4 (8j2) 0.31749(14) 0.31749(14) 0.25434(13) 0.0081(3) 1 2.3(2) 12Fe,2Nd, 1B

Fe5 (4e) 0 0 0.11502(20) 0.0081(3) 1 3.2(2) 13Fe,2Nd, 2B
Total Moment Fe6 (4c) 0 05 0 0.0081(3) 1 1.3(1) 8Fe 4Nd,2B
38+ 3up Nd1(4g)  0.23026(27) 0.76974(27) 0 0.0079(5) 0.69(2) 3.4(1) 16Fe,2Nd, 2B

Cel(4g)  0.23026(27) 0.76974(27) 0 0.0079(5) 0.31(2) - 16 Fe, 2Nd, 2B

Nd2 (4f)  0.35690(27) 0.35690(27) 0 0.0079(5) 0.87(2) 1.8(1) 16Fe, 3Nd, 1B

Ce2 (4f)  0.35690(27) 0.35690(27) 0 0.0079(5) 0.13(2) - 16Fe,3Nd, 1B
Reliability factors  Re WF? Re b

0.0473 0.0775 0.0461 4.06

atic errors could also add error to the refinement [26].
The Fe sites have moments ranging from 1.3(1)—3.2(2)
ug. This variability is likely caused by the different
steric environments experienced by each of the differ-
ent Fe sites. In Table 4 we list the atomic neighbors out
to a distance of 4 A together with the neutron diffrac-
tion data for comparison. Asis evident from the data,
the refined moments on the Fe sites scale well with the
amount of Fe coordination [27]. For example, the three
largest Fe moments are seen on the 4e, 16k;, and 8j»
sites which have Fe coordinations of 13, 11, and 12, re-
spectively. The smallest moment is observed at the Fe
4c site (Fe coordination of 8) which also experiences
the highest degree of RE coordination, with 4 of the 12
nearest neighbors being Nd/Ce. Of course the magni-
tude of the moment is not dependent on Fe coordination
alone. Isnard and Fruchart [28] have shown that Fe-
B bonds lead to lower moments (e.g. the 4e and 16k;
positions), though in NdyFei4B this effect is compen-
sated by the presence of alarge number of ligand lines
or sharing of nearest-neighbor atomswith central atoms
in the structure which can serve to increase the moment
on a given site [29, 30]. The two RE sites have mo-
ments of 2.4 and 1.6 ug for the 4g and 4f, respectively.
Although one should expect the lower moment to lie
on the site with the greater Ce occupancy, the available
room temperature neutron diffraction data in the litera-
ture showing separate refinements of the moments for
the different RE sites in undoped Nd;Fe4B also show
an intrinsically lower moment on the 4f site [27, 31].
Herbst et al. [27] have suggested that thefact that the 4 f
site has two of the low-moment Fe 4e sites as neighbors

could contribute to the difference in moment between
thetwo RE sites (observed to be greater at 77 K), but no
mechanism was advanced.

With respect to RE occupancy, the 4g siteis, in terms
of size, the larger of the two sites and is therefore pre-
dicted to be preferred for Ce, assuming the Ceisin the
+3 oxidation state [10]. For 12-fold coordination, the
Ce* ion (1.825 A diameter) is larger than the Ce** ion
(1.715A) [32] andisthereforelikely to prefer thislarger
site. In comparison, for the same coordination, Nd has
an effective radius of 1.821 A. When requiring that the
thermal displacement parameters for the two different
rare earth sites be equal, our 300 K refinements pre-
sented in Table 4 show that this preference is not ab-
solute in that Ce site preference for the 4g site is 70%.
Though the degree of Ce preference for the 4g site and
the atomic displacement parameters are highly corre-
lated in these refinements, the fact that Ce prefers the
4g site does not change. These observationsconcur with
the preliminary XPS data taken at the Advanced Light
Source (ALYS) at the Lawrence Berkeley National Lab-
oratory whereby the XPS spectrum for the Ce 3d elec-
trons most closely resembles that of Ce,O3, indicating
that the mgjority of Ce isin the +3 oxidation state for
this composition. Further experimentation is necessary
to confirm thisinitial result.

3.3. Spinreorientation temperature

Using single crystal neutron diffraction, the (006)
reflection of (Nd;_xCey),FeisB was measured upon
warming (Fig. 2). Referring to Fig. 2, we see at
130.5 K a noticeable increase in the (006) peak inten-
sity isevident, representing the spin reorientation transi-



tion whereby the magnetization easy axis shiftsfromthe
[001] direction at high temperatures to something near
the[3 3 5] direction at low temperatures. Previousinves-
tigations of undoped Nd,Fe4B by Abache and Oester-
reicher [9, 22] attributed this reorientation to competing
anisotropies of the 4g and 4f RE sites. In their argu-
ment, the 4f site (the smaller of the two) is more sus-
ceptible to planar moment alignment. At temperatures
above the spin reorientation temperature (Ts) the axial
anisotropies of the RE and TM sites force the 4f site
to align axialy in a ferromagnetic structure. However,
below 140 K the preference of the 4f site to align its
moment in a planar orientation is much stronger com-
pared to the competing influences of the Fe sites, result-
ing in spin reorientation and anew easy axisfor the sys-
tem about 49° canted away from the ¢ axis [9, 22, 33].
The spin reorientation is therefore dependent on the 4 f
site. The related compound Ce,Fe4B exhibits no spin
reorientation [9] implying that Ce has no inclination for
planar orientation of its moment. Substituting Ce on
the 4f site is expected to affect the spin-reorientation.
Previous analysis on pure-phase Nd,Fe4B single crys-
tals by Wolfers et al. [33] details this transition and the
accompanying lowering of crystal symmetry associated
withit.
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Figure 2: Changes in (006) reflection intensity as measured from 4-
300 K using single crystal neutron diffraction on sample with compo-
sition (Nd0.7gC60.22)2Fel4llB.

In Fig. 3a we plot the magnetization of undoped
Nd,Fe 4B asafunction of temperatureand seeincreases
in magnetization at 586 K and 144 K associated with T¢
and Ts, respectively. In Fig. 3b we plot the evolution of
Tsasafunction of Ce doping. From the neutron diffrac-

tion refinementswe know that ~13% of the RE 4f siteis
substituted by Ce for the sample with the composition
(Nd0,78Ceo,22)2Fe14B. Presumably similar levels of Ce
are found at this site for the other Ce compositions in-
vestigated concomitant with the level of Ce introduced.
The spin reorientation temperature is decreased by only
about 6% when 38% of the Nd is replaced by Ce. How-
ever, the spin reorientation is absent for 100% Ce sub-
stitution. Thissuggeststhat T is suppressed much more
rapidly with x for larger x. This observed weak depen-
dence of Ts on Ce concentration at low x and inferred
strong dependence of T on Ce concentration at high x
[34] impliesthat at low x we are populating the RE site
that does not drivethe spin reorientation, consi stent with
the proposal that the 4f siteis responsible for the spin-
reorientation[9, 22] and our neutron diffraction results
that show Ce prefers the 4g site. However, the fact that
there is some dependence of T on x (Fig. 3b) implies
that the preference of Ce for the 4g site is not absolute,
consistent with our neutron diffraction data.

3.4. Magnetic properties: Curie temperature,
anisotropy field, and saturation magnetization

Relevant magnetic properties are summarized in
Table 5. The Curie temperatures of the Ce-
substituted 2-14-1 samples were measured via MPMS
and DTA/TGA. A permanent magnet affixed to the exte-
rior of the sample chamber was used to produce a mag-
netic field gradient at the sample such that a change in
magnetic susceptibility produced a change in the appar-
ent sample weight. The data from these analyses show
a steady monotonic decrease in T¢ with increasing Ce
concentration. The undoped Nd,Fe4B yieldsaT¢ of ~
584 K, in accord with the established literature value of
585 K [8]. The composition (Ndgs2Cep3s)2Fe14B, on
the other hand, showsa T¢ of ~ 544 K, atotal decrease
of 1.1 K per % Ce substituted. Thisresult isin reason-
able accord with a Vegard-likerel ation existing between
the Nd,Fe4B and CesFesB (Te ~ 430 K [9, 22]) end
members. The values of K;were estimated from the re-
lation Ki;=poHaMg/2, which ignoresthe small K, value
of ~ 0.66 MJ/m? reported for Nd,Fe4B [35]. Our val-
ues of K;(Table5) largely scale with increasing Ce con-
centration and tend toward the 300 K value reported for
the end-member compound Ce;Fe4B ( 1.5 MJ/m?) at
high concentrations|[8].

In Fig. 4 we show the M(H) curves for the four
Ce-substituted samples at 300 K, respectively. Both
easy-axis and hard-axis measurements are plotted. For
Nd,Fe4B there is no difference in the magnetization
reported for the [100] and [010] directions [36]; the



Table 5: Magnetic Properties of Ce-substituted NdyFej4B

Sample Composition  Mg(400K) Mg(300K) Mg(5K) To(TGA) To(DTA) To(MPMS)  Ts  Ki(300K)
[ug/fu]  [ueffu]l  [us/ful [K] (K] [K] K]  [Mym?]
NdFe./'B 298 336 3856 583 584 586 1435 49
(Ndoe1Ceoose)oFerd!B  27.9 317 35.1 576 575 579 141.4 45
(Ndo76Ceo.20)-Fer B 27.7 323 34.9 561 559 561 139.3 4.6
(Ndo 62Ce38)2Fer'B 276 305 34.7 543 545 543 1355 3.1

hard-axisdataplotted in Fig.4 are therefore taken by ro-
tating the sample 90° away from the easy-axis direction.
As our magnetometers were limited to magnetic fields
of 6 T, we used linear extrapolation of the data at high
fields to obtain our values of Ha. With 38% Ce doping,
the saturation magnetization, Ms, decreases only 9.2%
at 300K (30.5 uB/f.U. for (Nd0,62C90_38)2F814B vs. 33.6
ug/f.u. for the undoped Nd,Fe4B). For comparison,
the 300 K saturation magnetization of the end member
CexFe1qB compound is 23.9 ug/f.u. [8]. At 300 K the
value of ugHa drops from an undoped value of 7.5 T to
a still respectable 5.2 T for our highest achievable Ce
concentration (Figure 4, inset). In (Table5) we aso list
values of Mg for magnetization measurements collected
at 5K and 400 K.

4. First Principles Calculations

The RyFe4B class of materials (where R = Nd, Gd,
Y etc.) has been the subject of many theoretical stud-
ies[37, 38, 39, 40, 41]. With respect to Nd,Fe4B, first
principles studies have been used to understand the ef-
fect of partial substitution of the Nd site by variousrare
earth elements (e.g., Y, La, Dy, Tb etc. [42, 43]) as
well asthe Fe site by Si, Ge, Sn etc.[44]. In this report
we calculate the effects of Ce substitution for Nd on the
magnetic properties of (Nd;_xCex)2FeB, focusing on
the parameters relevant to high performance magnetic
materials. saturation magnetization, Curie temperature
and magnetocrystalline anisotropy.

NdoFe,B crystallizes in a tetragona structure with
four formula units per unit cell. In the atomic va-
lence configuration the four electrons in the Nd-4f or-
bitals and the six in the Fe-3d orbitals make these ions
strongly magnetic. The density of states (DOS) for
Nd,Fe14B intheferromagnetic stateis shownin the blue
curvesin Fig. 5. Comparing the total DOS with partial
DOSinthe lower panels, we can see that the states near
the Fermi level predominantly consist of Fe-d and Nd-f
states. There is an exchange splitting of ~2 eV in the
Fe-d states with a nearly fully occupied spin-up chan-
nel. The spin down channel has close to two electrons,
suggesting a spin magnetic moment of ~3 ug at the Fe

sites, which is significantly above the value for bcc Fe
(~2.2 ug/Fe).

At the Nd sites, the 4f states are empty in the spin-
up channel and are partially occupied in the spin-down
channel, showing that in this calculation the Nd mo-
ments point in the opposite direction compared to the
Fe moments. The exchange splitting at the Nd-f DOS
issimilar to that of Fe-d orbitals, even though thef DOS
is substantially narrower. Counting the statesin the Nd-
f | channel up to the Fermi level gives 3.1 electrons,
which suggest a spin magnetic moment of -3.1 ug at the
Nd sites. From our calculations, we also find an orbital
moment of 2.8 ug at the Nd-f states (opposite to the
spin moment, as expected from Hund'srules), while the
orbital moments at the Fe sites are ~0.06 ug. Spin mag-
netic moments calculated by integrating charge density
around the atom sites agree well with the above es-
timates.  Integrating the spin-polarized charge density
around the ions, we find average spin moments of (in
ug) -3.4, 2.5 and -0.17 for Nd, Fe and B sites respec-
tively. The Fe moment value is larger than that for pure
Fe, contributing to the excellent magnetic properties of
this compound. For comparison, the experimental neu-
tron diffraction data collected at 300 K shows Fe hav-
ing net moments between 1.3 and 3.2 ug, bracketing
the theoretical prediction; the weighted average of the
experimentally-determined Fe moments is 2.39, in ex-
cellent agreement with the theoretical prediction of 2.5
ug. Consistent with the experimental neutron diffrac-
tion data, we find that the Fe ions bonded with B atoms
were found to have areduced moment of 1.98 ug. How-
ever, the net magnetic moment at the rare-earth site is
-0.6 ug from calculation, which is quite different from
the experimental value of 1.6-2.4 ug. Thisis probably
a limitation of the theoretical calculation, since the 4f
states are difficult to treat correctly in pseudopotential
methods. The net spin+orbital (J= S+L) magnetic mo-
ment of this system is 30.3 ug per unit cell, in good
agreement with both the neutron diffraction refinements
and the magnetization data.

To understand the effect of Ce doping at the Nd sites
on the properties of Nd;Fe;4B, we replaced 10% of
the Nd atoms at each crystallographic site by Ce using



(a)

1.0

Nd,Fe,,B
1000 Oe, H // ¢

1.00
06 0.98 \

\3—094
0.4 [S°
s

M/M(0)

0.2 I 0.88

100 120 140 160 T
c
T(K)

0.0 * *
0 100 200 300 400 500 600 700

Temperature, T (K)

(b)

144

142

140

138 |

136

Spin reorientation temperature, T (K)

134 L= . . .
0.0 0.1 0.2 0.3 0.4

xin (Nd, ,Ce ),Fe B

Figure 3: (a) Normalized Magnetization as a function of tempera-
ture for the undoped Nd,Fej4B sample taken using 1000 Oe showing
both the Curie and spin reorientation temperatures (T¢c and Ts, re-
spectively) and (b) Evolution of spin reorientation temperature as a
function of Ce concentration.

the virtual crystal approximation (VCA). The total and
partial DOS for the doped system are presented as red
curvesin Fig. 5. As we can see, the only significant
change in the DOS is at the RE-f 7 states, which are
shifted to lower energies by ~0.5 eV. Thus, we see that
the el ectronic properties of the Nd-Fe-B magnetsare not
significantly affected by Ce doping, except a small re-
ductionin the magnetic moments at the Nd/Ce site since
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Figure 4: M(H) curves for undoped and Ce-substituted Nd2Fej4B
samples at 300 K. The inset displays the anisotropy field, uoHa, as
afunction of doping. Appropriate demagnetization factors have been
applied to the magnetization data based on the sample geometries.

Figure 5: Thetotal and partial density of states for undoped Nd-Fe-B
(blue) and Ce doped Nd-Fe-B (red) from first-principles calculations
in the ferromagnetic spin configuration. The positive and negative
DOS vaues correspond to spin-up and spin-down channels respec-
tively. The DOS around Fermi level is dominated by Fe-d (middle
panel) and Nd/Ce-f (bottom panel) states.

Ce has two fewer electrons in its valence shells than
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suggesting that the exchange interaction J and consequently T will
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Nd. Thus, the number of electrons in the 68 atom (8
rare earth atoms) unit cell isreduced by 1.6 electrons by
10% Ce substitution which lead to a subsequent reduc-
tion in the average 0 K magnetic moment at these sites
to 3.2 ug from 3.4 ug. This reduction in RE moment
is obviously responsible for the reduction in saturation
magnetization seen with Ce substitution. We find from
these spin-polarized calculations that the Fe moments
are mostly unaffected by the substitution.

An important consequence of the reduced exchange
splitting isareductionin Curietemperature, Tc. Gener-
ally, for a ferromagnetic system characterized by large
local moments such as the 2-14-1 materials, the Curie
temperatureis controlled by the differencein energy be-
tween the ferromagnetic ground state and an essentialy
antiferromagnetic structure constructed so that most of
the neighbors of Fe atoms are antiparallel. Thisin turn
isafunction of the exchange parameters J;; connecting
nearest neighborsi and j. In the simplest mean-field ap-
proximation one may estimate the Curie temperature as
athird of this energy difference, measured on a per Fe
basis.

We calculated the energy difference between the
above-described ferromagneti ¢ structure and an approx-
imate hypothetical antiferromagnetic structure obtained
by flipping most of the nearest neighbor moments. The
calculated energy difference is plotted in Fig. 6 as
a function of the Ce concentration, x. The x = 0
value of -2.71 eV per formula unit corresponds in the
mean-field approximation to a T¢ of 748 K, which is
to be compared to the experimental value of 584 K.
The smaller experimental value suggests that effects be-
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yond our simple mean-field approach may be relevant.
A similar calculation overestimate was also presented
by Alam et al. [10]. Upon substituting Ce atoms via
VCA, the magnitude of the energy difference decreases
by about 4 percent for a 10 percent Ce substitution. This
suggests that the mean field J decreasesin Nd,Fe 4B as
x is increased which would in turn decrease the Curie
temperature. This is consistent with our experimental
results, which also find a decrease in Curie temperature
with Ce aloying.

Finally, we calculated the magnetic anisotropy en-
ergy (MAE) of (Nd;_Cey).Fe14B for Ce concentrations
x = 0 and x = 0.1 to understand the effect of doping
on this important parameter. We used the experimen-
tal structure at room temperature (i.e., in the ferromag-
netic state) to perform these calculations [7]. The total
energy is then calculated in the presence of spin orbit
coupling with the moments pointing along a and c di-
rections. The MAE is defined as K; = E; — E.. We
find that for x = 0, K1=12.3 meV/f.u. (~8 MJm3).
Thisis somewhat larger than our experimental value of
4.9 MJIm? as determined in Table 5. Overestimation of
calculated MAE is expected, sinceit correspondsto hy-
pothetical ferromagnetic structure at 0 K and does not
account fo the canting of the moments observed below
the spin reorientation temperature. We also note that
temperature effects are known to be significant in this
compound,[45] which would also contribute to the dis-
crepancy between the calculated and observed MAE.
We find the anisotropy energy increases slightly upon
doping, leading to K;=13.2 meV/f.u. at x = 0.1. This
small increase is probably not significant considering
the approximations involved in the calculations. We
note that our experimental data suggest a modest de-
crease in K,of 8% seen in the similar composition of
(Ndo.01Cep 0g9)2Fer4'B (Table 5).

5. Conclusions

Large single crystals of (Nd;_xCex)2FesB were
grown from Ce-Nd-Fe flux. The largest of these
crystals were a maximum of ~1 g in mass and dis-
played sharp faceting. Cerium substitution was at-
tempted for Nd; the maximum degree of substitution
we were able to achieve corresponded to the compo-
sition (Ndg g2Cep.33)2F€14B, a value larger than Pathak
etal. [4]. Single crystal neutron diffraction showed that
the Ce has a preference for the larger RE 4qg site, favor-
ing thislocation by afactor of ~7:3 over the RE 4f site.
The observed weak dependence of Tson Ce content sug-
gests that the RE(4g) site preferred by Ce does not play



arolein the spin reorientation, consistent with previous
predictiong]9, 22].

The presence of Ce only dightly affects magnetic
properties such as T¢, Mg, and Ha. The vaues of
these characteristics largely fall in line with empirical
predictions based on the application of simple alloy-
ing rules between the two parent compounds (Nd,Fe;4B
and Ce;FeuB). The ability to synthesize large single
crystals enables elucidation of important fundamental
magnetic and structural properties.

We have also used X-ray photoel ectron spectroscopy
and synchrotron emissions to determine the oxida-
tion states and binding energies of al species in Ce-
substituted Nd,Fe14B; preliminary data shows that the
XPS spectrum for the Ce 3d electrons most closely re-
semblesthat of Ce,Os.

With the help of first-principlescal culations, we stud-
ied the electronic and magnetic properties of Ce doped
Nd-Fe-B magnets. We find that for up to x = 0.1 doping
of Ce, the electronic structure around the Fermi level is
not significantly affected. The exchange splitting and
the magnetic moments at the Nd sites are diminished as
a consequence of Ce doping, which in turn reduces the
Curie temperature. Finally, we find that the high mag-
netic anisotropy energy of the Nd-Fe-B system is not
significantly altered by the Ce doping, confirming the
experimental observations. The next step in determin-
ing the precise interactions that account for the superior
properties of the compositions investigated by Pathak
et al. [4] will involvethe synthesis and characterization
of Ce and Co co-doped Nd,Fei4B single crystals. We
have indeed synthesized these crystals and will report
on them in our next publication.
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