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OCCUPANCY OF 44-STATES IN T (T: Mo, Nb) FROM
NEXAFS L;, SPECTRA OF Nd-Fe-B-T ALLOYS
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Samples of Nd,Fe s, B 14T, (T: Mo, Nb; x = 2, 4; y = 7, 8) alloys were studied by X-ray absorption
spectroscopy. The NEXAFS spectra of NdFeB ribbons produced by the melt spinning technique (as quenched, AQ)
and subsequently annealed (TT) were taken at Mo and Nb L; r-edge. We calculated the variations in occupancy of
the 4d-states (in both additives), finding an opposite trend in their filling. The most significant changes were
observed in the T>Nd; system, for which the electron occupancy in the 4d levels was modified to an excess of
1 electron/atom (after thermal treatment). The correlation between these results and magnetic features of the
alloys are evidenced.
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Cnnasvt Nd,Fess.,.)B 14T, (T: Mo, Nb; x =2, 4; y =7, 8) uzyuenvi memooom penmeeHo8cKoli abcopoyuoHHot
cnexmpockonuu. OQ6pasyvl umenu opmy nOJIOCOK, NOTYUEHHbIX MEMOOOM GbIMALUSAHUS U3 PACNIABA (6 COCMOsL-
HUU NOCJie 3aKaIKu), a 3amem OMoNCHCeHHbIX. TOHKAs CMpPYyKmypa peHmeeHO6CKUX CNeKmpOo8 NO2NOWeHUs. CHIdA-
606 NdFeB uccnedosana e6bnusu epanuyvt Lz ; Mo u Nb. Paccuumanul usmenenus 3aceneHnocmu 4d-cocmosnuti
(8 0beux npumecsix) u 0OHAPYI’CEHbL NPOMUBONONONCHBIE MeHOeHyuU 8 ux 3anoanenuu. Haubonee cywecmesennule
usmenenusi Habooanuce 6 cucmeme ToNd; 20e 3acenennocmv 4d-yposus usmensnace 6onee uem Ha 1 anexm-
pon/amom (nocie mepmoodopabomku). Koppensayus mesncdy smumu pesyibmamami U MASHUMHbIMU XAPAKmMepuc-
TMUKAMU UCCTeO0B8AHHBIX CNIABOE OYCBUOHA.

Knrouesvle cnosa: macnumol na ocnose Nd-Fe-B, dobaska, 3acenenHocns cOCmMOsSHUL.

Introduction. Neodymium-iron-boron nanocomposite permanent magnets were developed in the early 1990s
[1, 2]. Their low neodymium content, less than the stoichiometric amount of 12 at.%, made them cheaper and
more corrosion resistant. Moreover, their higher boron content improves the amorphization ability. These systems,
called exchange-spring magnets, exhibit interesting magnetic properties due to the exchange coupling between the
hard and soft magnetic phases at nanoscale. The coexistence of both types of magnetic phases results in rema-
nence and magnetic energy product ((BH),.,) enhancement. However, the presence of the soft phases reduces the
coercivity. The use of alloying components such as Mn, Cu, Nb, Ti, and Mo, among others, helps to control the
grain growth during the melt-spinning production of these kind of magnets, improving in this way the magnetic
response of the material [3—5]. In particular, the addition of Mo and Nb was reported to be very effective for grain
refinement of nanocomposites, leading to the improvement of the coercivity after annealing [6]. However, the
mechanisms that cause the suppression of a-Fe formation are not fully understood, as well as the role of Mo or Nb
as an additive component that helps to stabilize the Nd,Fe 4B phase (p-phase). Urse et al. explained the coercivity
enhancement by the pinning of domain walls at grain boundaries where the additive precipitates, in the case of
Mo-doped Nd-Fe-B thin films [7]. For Nb-doped ribbons, it was found that a higher concentration of this additive
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is required than in the case of Mo in order to obtain higher coercivities and (BH)m.x [8]. Thus, a study of the
electronic state of these elements becomes appropriate to elucidate the role they play as additives in Nd-Fe-B
magnets. Synchrotron radiation is a powerful tool that helps in this study. The information on the electronic
structure of occupied/unoccupied 4d-electron states in these alloys was derived from near-edge X-ray absorption
fine structure (NEXAFS) measurements.

The purpose of the present work is to quantify, by X-ray absorption spectroscopy, variations in occupancy of
the 4d-states of molybdenum and niobium added to NdFeB alloys produced by the melt spinning technique, both
as quenched (AQ) and subsequently annealed (TT), and to identify correlations between these results and
magnetic features of the alloys.

Experimental. The starting ingots with nominal compositions of Nd,Fe(ss,B14T, (T: Mo, Nb; x =2, 4; y =
=17, 8) were prepared by arc melting of pure elements in argon atmosphere. The ribbons were produced by rapid
solidification of molten alloy (melt-spinning) with a roll speed of 20 m/s. Ribbons were sealed in quartz ampoules
in a protective atmosphere of argon. Then, the overquenched ribbons were annealed at 973 K for 20 min. The
thickness of the ribbons was about 20 um. From here, the samples are identified by their x and y values, namely,
T,Nd, (T: Mo, Nb).

The measurements (fluorescence mode) were carried out at the SXS beamline (source: D0O4A bending
magnet) of the Laboratorio Nacional de Luz Sincrotron, Campinas, Brazil. X-ray absorption data were analyzed
using standards procedures: a linear background was fitted at the pre-edge region and then subtracted from the
entire spectrum; the jump of the spectrum was normalized to unity with the post-edge asymptotic value by using a
quadratic fit. All these procedures were performed using Athena software (version 0.8.056).

Results and discussion. Observed “white line” peaks, when a solid is irradiated by monochromatic X-ray
photons, are the characteristic L; and L, absorption edges of an atom under research. These white lines originate
from excitations of the 2p electrons to unoccupied d-states about an atom. It was showed that variations in nor-
malized white line intensities could be used to determine changes in the occupancies of the associated 4d-states [9].
Then the change in the normalized white line intensity from the experimental data should be first evaluated. The
width of the normalization window was chosen to be 50 eV and positioned 50 eV after the L; absorption edge of
Nb (Mo) [9].

In this way, the normalized white line intensity (Al'y,) is determined from the intensity difference between
the reference spectrum and other spectra in the regions from 2367 to 2377 eV and from 2462 to 2472 eV for the
Nb series (2519 to 2529 eV and 2622 to 2632 eV for the Mo series) divided by the integrated intensity in the
normalization window from 2372 to 2422 eV for the Nb series (2572 to 2622 ¢V for the Mo series). The Al'y,
values were also divided by the matrix-element factor of 0.0729 (Nb) or 0.0851 (Mo) and it was taking into
account that 6n44= (—1/1.4)Al'4, (in accordance with [9]). Then by this procedure, quantification in the variation of
the 4d-state occupancy (in electron/atom) can be obtained.

If the reference L;, spectra of metallic Mo and Nb are not available, the observed variations can be referred
to a known spectrum of the set. This prevents us from concluding about possible charge transfer. However, some
partial trends can be analyzed regarding the role of the additive in the modification of the electronic structure of
neighbor atoms. With this in mind, we decided to take as reference the spectra of AQ T,Nd; samples in order to
estimate variations in filling the 4d-states when the contents of neodymium or the additive element have been
changed as well as the synthesis condition.

For Mo, the L;,-edge spectrum obtained from the TT Mo,Nd; sample exhibits lower-intensity white lines
(Fig. 1a), as compared to AQ Mo,Nd; (used as reference), indicating that some electrons occupy the Mo 4d-states
after the sample has been submitted to thermal treatment. The difference in the 4d occupancy in these samples was
calculated to be nearly 1.1 electron/atom (see Fig. 2). Similar features were observed for other Mo-containing
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Fig. 1. Mo (a) and Nb (b) L, absorption edge for AQ and TT Mo,Nd;.
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Fig. 2. Variations in 4d states for Mo (4) and Nb (®) doped NdFeB alloys
taking as a reference AQ T,Nd; spectrum (T: Mo, Nb).

samples (although to a lesser extent). The spectrum obtained from the TT Nb,Nd; sample (Fig. 1b) exhibits
higher-intensity white lines as compared to the AQ Nb,Nd; one, indicating that some electrons have left the Nb
4d-states after the thermal treatment procedure. The difference in the 4d occupancy in these samples was calcula-
ted to be nearly —1.4 electron/atom (Fig. 2). Similar features were observed for other Nb-containing samples
(although to a lesser extent). As can be seen, the calculations show the opposite trends in filling the 4d-states for Mo
and Nb. This could be an indication of the acceptor nature (Mo) or donor nature (Nb) of the refractory elements in
NdFeB alloys. It is remarkable that the only exception was observed for the same concentration of the elements in
thermally treated samples: TT T,Ndg (T: Mo, Nb). Another interesting observation is that, in general, the variations
in the 4d-states of Nb are more significant than in Mo. This fact is an indication that the 4d orbitals of Nb are more
affected than the Mo ones when the sub-bands of the additive elements added to NdFeB alloys are considered.
Some interesting conclusions can be made from Fig. 2 about how thermal treatment influences 4d occupancy of
the as-quenched samples. For instance, for the AQ T,Nd;-TT T,Nd; (T: Mo, Nb) pair, thermal treatment leads to
an enhancement of the 4d occupancy in Mo (as was mentioned), while it diminishes in Nb. For the AQ T4Nd;-TT
T4Nd; (T: Mo, Nb) pair, the scenario is different: thermal treatment favors 4d-state filling in Nb, but not in Mo
(almost unchangeable). For the AQ T,Nds-TT T,Ndg (T: Mo, Nb) pair, when Mo is added, 4d filling is promoted,
while Nb addition is unfavorable for the occupancy of the 4d-states. When the AQ T4Nds-TT T4Ndg pair is analy-
zed, it is observed that in Mo thermal treatment favors filling of the 4d-states, while no appreciable changes were
observed in the Nb case. From these remarks, it seems that more relevant variations in the 4d-state occupancy
come from the alloys containing 2 at.% of the additive elements (both Mo and Nb) after the AQ samples have
been subjected to thermal treatment. XRD analysis revealed a considerable amount (~45 %) of the metastable
Nd,Fey;B; phase in both Mo,Nd; and Nb,Nd; TT samples [8]. The unit cell volume of this magnetic phase is
slightly larger than the corresponding to Nd,Fe4B, but it has 224 atoms per cell instead of just 68 atoms (as in this
latter phase), meaning that the free volume of the cell of the Nd,Fey;B; phase is smaller due to higher atomic den-
sity [10, 11]. The large differences in dn4, observed for T,Nd; could be attributed to a preferable dilution of the
T atoms in the Nd,Fe 4B structure and low precipitation of T-rich phases at grain boundaries (for which variations
in dn4y, depending on T and Nd concentrations are not expected). For the other samples studied in this work,
the dilution preference seems to be reduced but should not be ruled out. This fact could originate in a higher
amount of precipitates of Mo or Nb in grain boundaries.

A comparison between the variation in occupancy of the 4d-states in the refractory element and the magnetic
properties of Nb-doped samples is shown in Fig. 3. It is observed that larger variations in the Nb 4d electronic
levels match with the maxima in magnetic saturation (which is an indication of the moment of Fe atoms in Bohr
magneton units). As can be concluded from this figure, regardless of whether an electron is gained or lost in this
electronic band, the exchange coupling must be altered, which causes an enhancement of the Fe magnetic
moment.

Summarizing, the electronic structure of Mo and Nb atoms used as additive elements (in low concentration)
in Nd-Fe-B alloys shows variations that are the direct manifestation of different occupancies of the 4d states in
molybdenum and niobium. The variations are of different nature in these elements. The 4d-bands of both atoms
are sensitive to changes in Nd concentration and/or conditions of samples synthesis.
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Fig. 3. Magnetization saturation and dn,, data for each Nd-doped sample. The lines serve as a visual guide.

Conclusion. NEXAFS spectra at Mo and Nb L;,-edges were analyzed. From the differences in the
normalized white line intensities, the variations in occupancy of the 4d-states in Mo and Nb in the Nd-Fe-B-T (T:
Mo, Nb) alloys were determined. Two opposite trends in filling the orbitals were observed: predominantly more
occupied bands in Mo and less occupied in Nb with respect to the corresponding reference data. The occupancy
variation is slightly higher for Nb. Thermal treatment of AQ samples containing 2 at.% of the additive elements
induces more significant variations in occupancy of the 4d-states, quantified as 1.1 and —1.4 electrons/atom in Mo
and Nb, respectively. This can be attributed to a preferable dilution of T atoms in the @-phase rather than the
presence of Mo or Nb precipitates at grain boundaries. The presence of a large amount of the Nd,Fey;B; phase
indicates that the chemical potential is clearly modified for the lowest content of Nd and T atoms analyzed in this
work, this being the origin of the higher T-dilution. On the other hand, a clear correlation between the magnetic
saturation of the samples with the occupation degree of the 4d-states in the refractory atoms was found.
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