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Enhancement of anisotropy in NgFe;,B driven by Eu substitution
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The Eu substitution for Nd in NgFe,B 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 nhonmagnetic 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 EuL;-edge that the electronic state of the Eu ion in the metalligRégdB 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 El.
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Nd,Fe B compound has been the center of recent rePure Y,Fe B and NgFe B compounds were annealed at
search of magnetic materials with permanent magnet prope50 °C, while Nd_,EuFe,B compounds were annealed at
ties. Special interest has been focused on the modification @00 °C for two weeks and then quenched to room tempera-
its magnetic properties under the substitution of both Nd andlyre.

Fe by other rare earths and transition metals, respectively. Structural characterization was performed at room tem-
Most of the substitutions have been tailored with the aim ofyerature by means of powder x-ray diffraction, using a
understanding the physics of the magnetic anisotropy and thytating-anode Rigaku diffractometer in the Bragg-Brentano
origin of the spin reorientation transitiofSRT). The SRT  gaometry, with Cuka radiation. The diffraction patterns
takes place belowlsgr~135 K and, as the magnetization \ ore Rietveld refined using tHeuLLPROF code? We found
deviates from the crystallographicaxis, the uniaxiality is that the majority phase with a MEeB structure was

lost and the magnet performance worséns. formed in all the Nd_,EuFe B samples, the presence of

As a result of substitution of Nd by other nonmagnetic : '
rare earth or Y, both the whole magnetization and the mag§3z?;?ary phases being-Fe and 2:17 less than<8%

netocrystalline anisotropy of the system are stronglyO

reduced®® In addition, such a substitution weakens the SRT 1€ magnetic measurements were performed by using a
transition which takes place at lower temperatures. In thi§ommercial superconducting quantum interference device

paper, we report on the influence of europium substitutiofn@gnetometefQuantum Design MPMS-35Magnetic iso-
for neodymium in NgFe,,B, which gives rise to a peculiar therms were measured on loose powders in applied magnetic
magnetic behavior. In particular, while the substitution de-fieldsH<5 T. The saturation magnetizatidfs was derived
presses magnetization, the magnetocrystalline anisotropy fsom Honda M vs 1H) plots and subsequent correction for
preserved. The combined study of macroscopic magnetithe free iron content as given by the refinement of the x-ray-
properties and x-ray-absorption spectroscefAS) deter-  diffraction (XRD) data®> The same powders were used for
mines that these peculiarities can be attributed to the presnagnetization measurements performed on magnetically
ence of trivalent Eu. In addition, our results point out to thealigned samples. For these measurements cylindrical-shaped
role of the orbital momentum of Eu even whér0 in the  samples consisted of powders with a grain size of less than
ground state throughout the Nd EuFe B series. 20 um embedded in epoxy resin and aligned in a magnetic
The Nd,_EuFe B alloys (x=0, 0.2, 0.8 and Y,Fe ,B  field on about 0.5 T with the axis of the cylinder parallel and
were prepared by melting the pure elements in a highperpendicular, respectively, to the field direction at the room
frequency induction furnace, under Ar protective atmo-temperature were used. The Curie temperature was deter-
sphere. In the case of the Eu-containing compounds, preafrined from thermomagnetic curves measured with a
loys of (Nd,Eu were prepared using Eu excess amounts irFaraday-type balance between room temperature and 1073
order to compensate for the losgesainly in EU by evapo- K, and by using Ni standard as reference.
ration during melting and annealing, due to its high vapor X-ray-absorption spectroscopiXAS) experiments were
pressure. The Eu excess amounts were tailored by trial fatarried out at the ESRF BM29 XAFS beamline. The storage
each stoichiometry, so that the estimated shifts in the rareing was operated in 16 bunch mode with typical current of
earth content from the nominal stoichiometry to be less tham-90 mA at an electron beam energy of 6 GeV. XAS experi-
5% in the annealed samples. The as-cast alloys wemments were performed in the fluorescence detection mode on
wrapped in Ta foil and enclosed in silica tubes, under Ar gaspowder samples at the Hus-edge. The fixed-exit double-
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TABLE I. Lattice constantsg/a ratio, unit-cell volume, magnetic ordering ), and spin reorientation
temperaturesTsgy of the N&_,EuFe B and Y,Fe B compounds.

Compound aA) c(A) cla V(A3 T, (K) TsrT (K)
Y,Fe B 8.745%4) 12.01%1) 1.374 918.91) 574+2
Nd,Fe ,B 8.79863) 12.1891) 1.385 943.61) 593+2 1372
Nd; £ JFe B 8.80334) 12.1981) 1.386 945.31) 594+ 2 139+ 2
Nd, ,Eu gFe B 8.80398) 12.2032) 1.386 945.9) 591+2 136+ 2
Ni 6272
crystal monochromator was equipped with a pair of&i1) The behavior of the magnetization vs applied magnetic

crystals with the energy resolutiohE/E~7x 10 ° at the field for the N&_EuFe;,B compounds is shown in Fig. 1.
Eu Ls-edge (6977 e\}. The harmonics rejection was The magnetization decreases progressively as Eu content in-
achieved by detuning the second crystal from the paralletreases. In order to sort out the magnetic contribution of the
alignment to 50% intensity. Fluorescence spectra were redare-earth sublattice, we have applied the standard two sub-
corded with the sample aligned at 45° with respect to thdattice model to the analysis of the saturation magnetization
incident beam, using a 13-element Ge solid state detectdiMg), obtained from HondaNl vs 1H) plots. Hence we
(Canberrawith an energy resolutior-300 eV. At least 12 assume that the total magnetization of the, Nd&Eu,Fe,,B
fluorescence scans were recorded and averaged for the Bzempounds is the sum of the rare-earth and iron sublattice
subtituted sample. Fluorescence spectra were also recordathgnetizations, the latter one assumed to be identical to that
on Euk and Euk pellets, as reference for the determinationof Y,Fe B at each temperature. As shown in Table Il, ac-
of the Eu oxidation state. cording to the above approximations, the values derived for
Lattice parameters and magnetic transition temperatureg,y are consistent with Eu in nonmagnetic state throughout
of the Nd_,EuFe B series and ¥Fe,B compound are the Nd_,EuFe B series. Surprisingly, while the behavior
summarized in Table |. The Curie temperatiitewas deter-  of Mg as a function of the Eu content reveals a real magnetic
mined at the inflection point of the magnetization vs tem-dilution of the Nd ion(see inset of Fig. ] as in the case of
perature drop. The spin reorientation temperature was deteNd dilution by nonmagnetic elements like Y, the fact that
mined from the inflection point in magnetization vs both T. and Tggr remain constant through the
temperature curves measured in an applied field of 0.1 T. IiNd,_,Eu,Fe; ;B series suggests the contrary.
the case of the Eu-doped samples, bbghand Tggrremain In addition, Fig. 2 shows the magnetization curves mea-
unaltered, within the experimental error, with respect tosured on magnetically aligned samples, with the field applied
those of the pure NdFe,B compounds. This behavior is parallel,M|| and perpendiculai L, to the crystallographic
rather surprising. Indeed, bofi, and Tggtare linearly re- ¢ axis for Y,Fe,B and Ng_,EuFe B compounds at RT.
duced through the Nd Y, Fe, B series when increasing the Following Franse and Radwanéhe anisotropy fielH  is
Y content®>3® In particular, for Y concentrations betweean obtained, by definition, as the crossing point of the extrapo-
=0.5 and 1, the decrease ©gis reported to be-15 K lated low-field hard-axis magnetization curve with the easy-

(Refs. 2, 3, and B(ATggr1~10%). direction magnetization curve. The values derivedHgrare
summarized in Table Il. While Eu substitution leads to the
Nd,Fe B ’_.__.,_,,,,,,_,_.,,,_,,_::;.::1.-..--6 Qecrease of magnetization, the anlso_tropy field is found to
30 P e ey 7__”_”_”__,_',__'____ increase through the Nd,Eu,Fe;,B series.
o padn Y.Fe B This result is again surprising as compared to previous
; ."., Nd, ,Eu, Fe B 2 a1 studies on the effect of diluting Nd by a nonmagnetic ion in
"im ol ‘/‘ 3 ] Nd,Fe; ,B; see Fig. 3. Most of this research deals with the
~ u ¢
= 3 . .
I z < 3 e TABLE Il. Magnetic properties of Ng ,Eu,Fe;,B compounds.
; 2w
or =, 1 Compound T(K) Mo(ua/fu) ung(us) Ha (KOS
30
B Y,Fe.,B 300 29.79 18.5
0 - - L - 4.2 33.38 11.5
0 1 2 3 4 5
HT Nd,Fe,,B 300 34.64 2.4 69.5
M 4.2 39.62 3.1
FIG. 1. Room-temperature magnetization curves opf¢g8  NdigElpFe B 300 34.06 2.40.10 70
(@), Nd-EuFe B (¢), and Y,Fe B (H). In the inset the 4.2 38.68 3.6:0.15
dependence of the saturation magnetizatidhig of the Nd; EuygFe; B 300 32.65 2.4£0.10 73
Nd,_.EuFe B series @) with Eu content is shown. For the sake 4.2 37.40 3.30.15

of clarity the data for YFe;,B is also displayed ).
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FIG. 2. Room-temperature magnetization curves of magneti- 0.0
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cally aligned powders with the field applied parallel] kolid sym-
Energy (keV)

bolg), and perpendicularM_L (open symbols to the c axis:

NGFeyB (@), Nd, Elos-eB (¢), and YoFe,B (M). FIG. 4. EuL ;-edge x-ray appearance near-edge structure spectra

. . . . . of EuF, (solid line), EuR; (O), and Nd Eu, JFe B (@) at room
Nd,_,Y,Fe,B series in which Nd is subtituted by tempefaiure. ). Euks (O) deEtoFeads (@)

yttrium 268 The main results of this substitution can be sum-

marized as followsT: of the Nd-Y series decreases almost . N
2 WSic : dominated by the rare-earth contribution. However, the fact

linearly with the increase of the yttrium content; the satura- o .
tion magnetization decreases with decreasing Nd content; tthE.it Eu SUbSt'tUt'on. exerts smaller influence on the SRT tran-
magnetic moments per iron or Nd are not much altered b ition than Y substltutlon n Ng:_el“B and the observ_ed en-
the substitution of the nonmagnetic yttrium; and, finally, a ancement oH, when increasing the Eu content indicate
very sharp linear decrease H, is observed with the in- that Eu behaves not as§5|mple nonmagnetic ion. Contrary to
crease of the Y conteriFig. 3). Moreover, the reduction of the behavior obsgrvgd in the case of thg (NGFE,B se-
H, in Nd,_,R,Fe.B has been also reported even for mag-Nes: the Eu substitution does not determine the decrease of
netic ioné_tx?;(GdA Ho, E together with the relative de- POth the Curie and SRT transition temperatures. In addition,
crease 0fTggt.> O’n thé contrary, Nd substitution by Dy in the observeq ephancementhbj\ at RT when'increfasing the
(Nd, ,Dy )S FeB leads to the ,decrease of magnetizationEu content indicates that Eu has a behavior different from
but }[(;Xthexir?creg\se of the anisotropy fidld that of a simple nonmagnetic ion. Indeed, substituting Nd by

The variation ofT¢ induced in NgyléeMB ;‘or substitution & non.magnetic eIemenF such as Yorla reducgs the anisot-
of Nd with a nonmagnetic rare-earth element shows that th opy field, as ex_pecteq i ”“? main part of the anisotropy was
scale of T for the series is mainly set by the exchange ue to the Nd single-ion anisotropy. Moreovgr, a s'|m|lar be_—
interaction between the iron spihsyhile the magnetocrys- hgwor has been fpunq wheq the Ngloéublatnce anisotropy Is
talline anisotropy and the SRT transitions, instead, must bg”med by Gd, which is a sp!n-(_)nly lon. . .

In order to get a deeper insight on the origin of this pe-

& . . . . . . . . culiar behavior it is needed to establish the electronic state of
Eu in these materials since europium can be present as diva-
R _gNd..EuFe,B {  lent magnetic Eti" (L=0, S=7/2, J=7/2) or as trivalent
8--—~i|:r::;jj""” nonmagnetic Bt (L=3, S=3, J=0). To this aim we
have recorded the Elz-edge absorption spectra in the
80 o m Nd,_,EuFe B samples as well as in the references EuF
and Euk. The EulL 3z absorption line in the Eyfcompound,
) | shown in Fig. 4, exhibits at the absorption threshold the char-
x acteristic single and pronounced peak of trivalent rare-earth
ions’® By contrast, thel; absorption spectrum of Eu in
20 L J EuF, exhibits the typical double peak at the edge character-
*‘ istic of mixed-valent E4° From this figure it is clear that Eu
E in the Nd,_,Eu,Fe, ;B series behaves as Euin EuF,. This
o : o ; v . - : - spectrum can be also directly compared to that of&y°
’ ' ' | ’ thus suggesting a trivalent valence state for Eu through the
X Nd,_.EuFe 4B series. It is likely that the presence of triva-

FIG. 3. Comparison of the anisotropy field of NgEu,Fe, 8  lent Eu in the Nd_,EuFe,B series could explain why Y
(O) and Nd_,Y,Fe,B. The data for the Nd-Y substitution has and Eu substitutions influence differently on the spin reori-
been taken from Ref. @) and Ref. 3 &). In addition, data for the entation transition and the anisotropy field in both Y and Eu
pure NgFe B and Y,Fe ;B taken from Ref. 13 @) and Ref. 14  series. To this respect it should be noted that despite being
(A) are also shown. trivalent the magnetic properties of Eu do not simply corre-

H, (kOe)
z
'."Q-
=<
-~
o
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spond to the nonmagnetid€0) ‘F, Hund-rule *f5 ground  diluting Nd by a nonmagnetic ion as magnetization decreases
state. E&" differs from the other trivalent rare-earth ions in upon increasing the Eu content. This result is in agreement
having the multiplet intervals comparable k@ in such a  with x-ray-absorption spectroscopy studies showing that the
way that due to the multiplets mixing not only the ground electronic state of Eu within Nd ,Eu,Fe,,B series is triva-
state is populated at room temperattreut excited states |ent, thus ruling out the presence of divalent magneti&'Eu
may be populated as well. Therefore the enhancement of thgoth the magnetic ordering and spin reorientation transitions
magnetocrystalline anisotropy in the (N4R,)Fe;4B series  are not affected by Eu substitution, while the anisotropy field
when increasing the Eu content may be possibly accountegk the system is found to increase as Eu content does. The
for in terms qf an orbital cqntrlbutlpn of the Eu ions. In peculiar magnetic behavior of the NdEuFe, B series
addition, detailed heat-capacity studies of RyFe,B series g qasts the existence of spin and orbital Eu contributions to
¥e system that can be explained by taking into account the

entropy contribution that is explained in terms of the contn-mixing of the lowest spin-orbit multiplets of £,

bution of the rare-earth spii. The fact thatT. is not af-

fected by Eu substitution through the (NgR,)Fe ,B series This work was partially supported by Spanish CICYT-
should be in agreement with a magnetic contribution comingMAT99-0667-C04, MAT99-1142, and AragoDGA P0004/
from Eu ions. 2001 grants. The experimental work at the European Syn-

In summary, we have studied the influence of europiunchrotron Radiation Facility has been performed with the
substitution for Nd on the magnetic properties of,Ne ,B. approval of the ESRF Program Advisory Committé&o-
Eu substitution in NgFe ,B carries the main hallmarks of posal HE-958
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