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Enhancement of anisotropy in Nd2Fe14B driven by Eu substitution
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The Eu substitution for Nd in Nd2Fe14B leads to the decrease of the magnetization of the system. This
reduction is in agreement with the dilution of the Nd sublattice magnetization by a nonmagnetic ion. However,
contrary to the behavior found for the substitution of Nd by nonmagnetic species, no decrease of the magne-
tocrystalline anisotropy is found upon Eu substitution. Indeed, the strength of the anisotropy field at room
temperature is enhanced in the Eu substituted compounds. We determined by x-ray-absorption spectroscopy at
the EuL3-edge that the electronic state of the Eu ion in the metallic Nd2Fe14B host is trivalent. Our results
suggest the role of a non-negligible orbital contribution of Eu ions that can be explained by taking into account
the mixing of the lowest spin-orbit multiplets of Eu31.
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Nd2Fe14B compound has been the center of recent
search of magnetic materials with permanent magnet pro
ties. Special interest has been focused on the modificatio
its magnetic properties under the substitution of both Nd
Fe by other rare earths and transition metals, respectiv
Most of the substitutions have been tailored with the aim
understanding the physics of the magnetic anisotropy and
origin of the spin reorientation transition~SRT!. The SRT
takes place belowTSRT;135 K and, as the magnetizatio
deviates from the crystallographicc axis, the uniaxiality is
lost and the magnet performance worsens.1

As a result of substitution of Nd by other nonmagne
rare earth or Y, both the whole magnetization and the m
netocrystalline anisotropy of the system are stron
reduced.2,3 In addition, such a substitution weakens the S
transition which takes place at lower temperatures. In
paper, we report on the influence of europium substitut
for neodymium in Nd2Fe14B, which gives rise to a peculia
magnetic behavior. In particular, while the substitution d
presses magnetization, the magnetocrystalline anisotrop
preserved. The combined study of macroscopic magn
properties and x-ray-absorption spectroscopy~XAS! deter-
mines that these peculiarities can be attributed to the p
ence of trivalent Eu. In addition, our results point out to t
role of the orbital momentum of Eu even whenJ50 in the
ground state throughout the Nd22xEuxFe14B series.

The Nd22xEuxFe14B alloys (x50, 0.2, 0.8! and Y2Fe14B
were prepared by melting the pure elements in a hi
frequency induction furnace, under Ar protective atm
sphere. In the case of the Eu-containing compounds, pr
loys of ~Nd,Eu! were prepared using Eu excess amounts
order to compensate for the losses~mainly in Eu! by evapo-
ration during melting and annealing, due to its high vap
pressure. The Eu excess amounts were tailored by tria
each stoichiometry, so that the estimated shifts in the r
earth content from the nominal stoichiometry to be less t
5% in the annealed samples. The as-cast alloys w
wrapped in Ta foil and enclosed in silica tubes, under Ar g
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Pure Y2Fe14B and Nd2Fe14B compounds were annealed
950 °C, while Nd22xEuxFe14B compounds were annealed
800 °C for two weeks and then quenched to room tempe
ture.

Structural characterization was performed at room te
perature by means of powder x-ray diffraction, using
rotating-anode Rigaku diffractometer in the Bragg-Brenta
geometry, with Cu-Ka radiation. The diffraction patterns
were Rietveld refined using theFULLPROF code.4 We found
that the majority phase with a Nd2Fe14B structure was
formed in all the Nd22xEuxFe14B samples, the presence o
secondary phases being (a-Fe and 2:17! less than,8%
overall.

The magnetic measurements were performed by usin
commercial superconducting quantum interference dev
magnetometer~Quantum Design MPMS-S5!. Magnetic iso-
therms were measured on loose powders in applied magn
fieldsH<5 T. The saturation magnetizationMS was derived
from Honda (M vs 1/H) plots and subsequent correction f
the free iron content as given by the refinement of the x-r
diffraction ~XRD! data.5 The same powders were used f
magnetization measurements performed on magnetic
aligned samples. For these measurements cylindrical-sh
samples consisted of powders with a grain size of less t
20 mm embedded in epoxy resin and aligned in a magn
field on about 0.5 T with the axis of the cylinder parallel a
perpendicular, respectively, to the field direction at the ro
temperature were used. The Curie temperature was d
mined from thermomagnetic curves measured with
Faraday-type balance between room temperature and 1
K, and by using Ni standard as reference.

X-ray-absorption spectroscopy~XAS! experiments were
carried out at the ESRF BM29 XAFS beamline. The stora
ring was operated in 16 bunch mode with typical current
;90 mA at an electron beam energy of 6 GeV. XAS expe
ments were performed in the fluorescence detection mod
powder samples at the EuL3-edge. The fixed-exit double
©2003 The American Physical Society15-1
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TABLE I. Lattice constants,c/a ratio, unit-cell volume, magnetic ordering (Tc), and spin reorientation
temperatures (TSRT) of the Nd22xEuxFe14B and Y2Fe14B compounds.

Compound a ~Å! c ~Å! c/a V(Å3) Tc ~K! TSRT ~K!

Y2Fe14B 8.7455~4! 12.015~1! 1.374 918.9~1! 57462
Nd2Fe14B 8.7986~3! 12.189~1! 1.385 943.6~1! 59362 13762
Nd1.8Eu0.2Fe14B 8.8033~4! 12.198~1! 1.386 945.3~1! 59462 13962
Nd1.2Eu0.8Fe14B 8.8039~8! 12.203~2! 1.386 945.9~2! 59162 13662
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crystal monochromator was equipped with a pair of Si~311!
crystals with the energy resolutionDE/E;731025 at the
Eu L3-edge ~6977 eV!. The harmonics rejection wa
achieved by detuning the second crystal from the para
alignment to 50% intensity. Fluorescence spectra were
corded with the sample aligned at 45° with respect to
incident beam, using a 13-element Ge solid state dete
~Canberra! with an energy resolution;300 eV. At least 12
fluorescence scans were recorded and averaged for the
subtituted sample. Fluorescence spectra were also reco
on EuF2 and EuF3 pellets, as reference for the determinati
of the Eu oxidation state.

Lattice parameters and magnetic transition temperat
of the Nd22xEuxFe14B series and Y2Fe14B compound are
summarized in Table I. The Curie temperatureTC was deter-
mined at the inflection point of the magnetization vs te
perature drop. The spin reorientation temperature was d
mined from the inflection point in magnetization v
temperature curves measured in an applied field of 0.1 T
the case of the Eu-doped samples, bothTC andTSRT remain
unaltered, within the experimental error, with respect
those of the pure Nd2Fe14B compounds. This behavior i
rather surprising. Indeed, bothTC and TSRT are linearly re-
duced through the Nd22xYxFe14B series when increasing th
Y content.2,3,6 In particular, for Y concentrations betweenx
50.5 and 1, the decrease ofTSRT is reported to be;15 K
~Refs. 2, 3, and 6! (DTSRT;10%).

FIG. 1. Room-temperature magnetization curves of Nd2Fe14B
(d), Nd1.2Eu0.8Fe14B (l), and Y2Fe14B (j). In the inset the
dependence of the saturation magnetizationMS of the
Nd22xEuxFe14B series (l) with Eu content is shown. For the sak
of clarity the data for Y2Fe14B is also displayed (j).
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The behavior of the magnetization vs applied magne
field for the Nd22xEuxFe14B compounds is shown in Fig. 1
The magnetization decreases progressively as Eu conten
creases. In order to sort out the magnetic contribution of
rare-earth sublattice, we have applied the standard two
lattice model to the analysis of the saturation magnetiza
(MS), obtained from Honda (M vs 1/H) plots. Hence we
assume that the total magnetization of the Nd22xEuxFe14B
compounds is the sum of the rare-earth and iron sublat
magnetizations, the latter one assumed to be identical to
of Y2Fe14B at each temperature. As shown in Table II, a
cording to the above approximations, the values derived
mNd are consistent with Eu in nonmagnetic state through
the Nd22xEuxFe14B series. Surprisingly, while the behavio
of MS as a function of the Eu content reveals a real magn
dilution of the Nd ion~see inset of Fig. 1!, as in the case of
Nd dilution by nonmagnetic elements like Y, the fact th
both TC and TSRT remain constant through th
Nd22xEuxFe14B series suggests the contrary.

In addition, Fig. 2 shows the magnetization curves m
sured on magnetically aligned samples, with the field app
parallel,M i and perpendicular,M', to the crystallographic
c axis for Y2Fe14B and Nd22xEuxFe14B compounds at RT.
Following Franse and Radwanski7 the anisotropy fieldHA is
obtained, by definition, as the crossing point of the extra
lated low-field hard-axis magnetization curve with the ea
direction magnetization curve. The values derived forHA are
summarized in Table II. While Eu substitution leads to t
decrease of magnetization, the anisotropy field is found
increase through the Nd22xEuxFe14B series.

This result is again surprising as compared to previo
studies on the effect of diluting Nd by a nonmagnetic ion
Nd2Fe14B; see Fig. 3. Most of this research deals with t

TABLE II. Magnetic properties of Nd22xEuxFe14B compounds.

Compound T ~K! Ms(mB /f.u.) mNd(mB) Ha ~kOe!

Y2Fe14B 300 29.79 18.5
4.2 33.38 11.5

Nd2Fe14B 300 34.64 2.4 69.5
4.2 39.62 3.1

Nd1.8Eu0.2Fe14B 300 34.06 2.460.10 70
4.2 38.68 3.060.15

Nd1.2Eu0.8Fe14B 300 32.65 2.460.10 73
4.2 37.40 3.360.15
5-2
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ENHANCEMENT OF ANISOTROPY IN Nd2Fe14B . . . PHYSICAL REVIEW B 67, 014415 ~2003!
Nd22xYxFe14B series in which Nd is subtituted b
yttrium.2,6,8The main results of this substitution can be su
marized as follows:TC of the Nd-Y series decreases almo
linearly with the increase of the yttrium content; the satu
tion magnetization decreases with decreasing Nd content
magnetic moments per iron or Nd are not much altered
the substitution of the nonmagnetic yttrium; and, finally,
very sharp linear decrease inHA is observed with the in-
crease of the Y content~Fig. 3!. Moreover, the reduction o
HA in Nd22xRxFe14B has been also reported even for ma
netic ions (R5Gd, Ho, Er! together with the relative de
crease ofTSRT.3 On the contrary, Nd substitution by Dy i
(Nd12xDyx)2Fe14B leads to the decrease of magnetizati
but to the increase of the anisotropy field.9

The variation ofTC induced in Nd2Fe14B for substitution
of Nd with a nonmagnetic rare-earth element shows that
scale of TC for the series is mainly set by the exchan
interaction between the iron spins,1 while the magnetocrys
talline anisotropy and the SRT transitions, instead, mus

FIG. 2. Room-temperature magnetization curves of magn
cally aligned powders with the field applied parallel, Mi ~solid sym-
bols!, and perpendicular,M' ~open symbols!, to the c axis:
Nd2Fe14B (d), Nd1.2Eu0.8Fe14B (l), and Y2Fe14B (j).

FIG. 3. Comparison of the anisotropy field of Nd22xEuxFe14B
(h) and Nd22xYxFe14B. The data for the Nd-Y substitution ha
been taken from Ref. 6 (j) and Ref. 3 (!). In addition, data for the
pure Nd2Fe14B and Y2Fe14B taken from Ref. 13 (d) and Ref. 14
(m) are also shown.
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dominated by the rare-earth contribution. However, the f
that Eu substitution exerts smaller influence on the SRT tr
sition than Y substitution in Nd2Fe14B and the observed en
hancement ofHA when increasing the Eu content indica
that Eu behaves not as a simple nonmagnetic ion. Contra
the behavior observed in the case of the (Nd,Y)2Fe14B se-
ries, the Eu substitution does not determine the decreas
both the Curie and SRT transition temperatures. In addit
the observed enhancement ofHA at RT when increasing the
Eu content indicates that Eu has a behavior different fr
that of a simple nonmagnetic ion. Indeed, substituting Nd
a nonmagnetic element such as Y or La reduces the an
ropy field, as expected if the main part of the anisotropy w
due to the Nd single-ion anisotropy. Moreover, a similar b
havior has been found when the Nd sublattice anisotrop
diluted by Gd, which is a spin-only ion.2

In order to get a deeper insight on the origin of this p
culiar behavior it is needed to establish the electronic stat
Eu in these materials since europium can be present as d
lent magnetic Eu21 (L50, S57/2, J57/2) or as trivalent
nonmagnetic Eu31 (L53, S53, J50). To this aim we
have recorded the EuL3-edge absorption spectra in th
Nd22xEuxFe14B samples as well as in the references Eu2
and EuF3. The EuL3 absorption line in the EuF3 compound,
shown in Fig. 4, exhibits at the absorption threshold the ch
acteristic single and pronounced peak of trivalent rare-e
ions.10 By contrast, theL3 absorption spectrum of Eu in
EuF2 exhibits the typical double peak at the edge charac
istic of mixed-valent Eu.10 From this figure it is clear that Eu
in the Nd22xEuxFe14B series behaves as Eu31 in EuF3. This
spectrum can be also directly compared to that of Eu2O3,10

thus suggesting a trivalent valence state for Eu through
Nd22xEuxFe14B series. It is likely that the presence of triva
lent Eu in the Nd22xEuxFe14B series could explain why Y
and Eu substitutions influence differently on the spin reo
entation transition and the anisotropy field in both Y and
series. To this respect it should be noted that despite b
trivalent the magnetic properties of Eu do not simply cor

i-

FIG. 4. EuL3-edge x-ray appearance near-edge structure spe
of EuF2 ~solid line!, EuF3 (s), and Nd1.8Eu0.2Fe14B (d) at room
temperature.
5-3
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spond to the nonmagnetic (J50) 7F0 Hund-rule 4f 6 ground
state. Eu31 differs from the other trivalent rare-earth ions
having the multiplet intervals comparable tokT in such a
way that due to the multiplets mixing not only the grou
state is populated at room temperature11 but excited states
may be populated as well. Therefore the enhancement o
magnetocrystalline anisotropy in the (Nd22xRx)Fe14B series
when increasing the Eu content may be possibly accou
for in terms of an orbital contribution of the Eu ions. I
addition, detailed heat-capacity studies of theR2Fe14B series
near the magnetic ordering temperature reveal an anoma
entropy contribution that is explained in terms of the con
bution of the rare-earth spin.12 The fact thatTC is not af-
fected by Eu substitution through the (Nd22xRx)Fe14B series
should be in agreement with a magnetic contribution com
from Eu ions.

In summary, we have studied the influence of europi
substitution for Nd on the magnetic properties of Nd2Fe14B.
Eu substitution in Nd2Fe14B carries the main hallmarks o
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,
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diluting Nd by a nonmagnetic ion as magnetization decrea
upon increasing the Eu content. This result is in agreem
with x-ray-absorption spectroscopy studies showing that
electronic state of Eu within Nd22xEuxFe14B series is triva-
lent, thus ruling out the presence of divalent magnetic Eu21.
Both the magnetic ordering and spin reorientation transiti
are not affected by Eu substitution, while the anisotropy fi
of the system is found to increase as Eu content does.
peculiar magnetic behavior of the Nd22xEuxFe14B series
suggests the existence of spin and orbital Eu contribution
the system that can be explained by taking into account
mixing of the lowest spin-orbit multiplets of Eu31.
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10J. Röhler, in Handbook on the Physics and Chemistry of Ra
Earths, edited by K.A. Gschneidner, Jr. and L. Eyring~North-
Holland, Amsterdam, 1987!, Vol. 10.

11J.H. Van Vleck, inThe Theory of Electric and Magnetic Susce
tibilities ~Oxford University Press, London, 1932!.

12F. Luis, P. Infante, J. Bartolome´, R. Burriel, C. Pique´, R. Ibarra,
and K.H.J. Buschow, J. Magn. Magn. Mater.140-144, 1045
~1995!.

13S. Hirosawa, Y. Matsuura, H. Yamamoto, S. Fujimura, M. S
gawa, and H. Yamauchi, J. Appl. Phys.59, 873 ~1986!.

14E.B. Boltich, E. Oswald, M.Q. Huang, S. Hirosawa, W.E. Wa
lace, and E. Burzo, J. Appl. Phys.57, 4106~1985!.
5-4


