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ABSTRACT

We report the results of a small-angle neutrontscag (SANS) study on the magnetic
microstructure of a textured Nd-Fe-B-based sintgrednanent magnet. By combining unpolarized
and polarized SANS (SANSPOL), we demonstrate thairaber of important conclusions regarding
the microscopic spin structure can be made. Spallifi the applied-field dependence of the
unpolarized neutron data is in agreement with tRkestence of long-range spin-misalignment
fluctuations, i.e., deviations of the magnetizatiamm the mean direction on a real-space lengtlesca
up to the micron range. In addition, measuremeiitts polarized neutrons provide evidence for the

presence of coupled nanometer-scale fluctuatiotisemuclear and longitudinal magnetic scattering-

length density.
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[. Introduction

Nd-Fe-B-based sintered magnets have been contilyuousstigated for the last three decades
due to their technological relevance as materisésiun energy-related applications (e.g., motots an
wind turbines) [1]. A crucial issue in researchMd-Fe-B-based magnets is the understanding of the
magnetization-reversal process, which eventually mesult in the preparation of dysprosium and
terbium-free Nd-Fe-B alloys with characteristic matic properties (coercivity, remanence,
maximum energy product) that guarantee their pevdoice also at the operating temperatures of
motors (up td1200 °C) [2].

In order to achieve this goal, the combination @fanced characterization techniques such as
aberration-corrected high-resolution transmissitatteon microscopy and three-dimensional atom-
probe tomography (e.qg., [3,4]) wittb initio calculations and numerical micromagnetic mode]sig
is required. Indeed, recent studies have providgmbitant information regarding the nature (chemical
composition, crystalline structure, ferro- or paagmetic) of the intergranular Nd-rich phases in Nd-
Fe-B sintered magnets, which decisively deterntieecbercivity mechanism of these materials [5].

Magnetic neutron scattering, in particular, smalile@ neutron scattering (SANS) is another
important technique for characterizing the bulk metge microstructure of engineering permanent
magnetic materials (see Ref. [6] for a recent m@ieConventional magnetic SANS provides
information on variations of both the magnitude aniéntation of the magnetization on a nanometer
length scale[{ 1-300 nm). However, this method has only recebégn employed for studying the
spin microstructure of this class of materials: fostance, the size and field dependence of
inhomogeneously magnetized regions (during magmétiz reversal) in  Nd-Fe-B-based
nanocomposites [7] and in isotropic sintered NcBHE] were determined; quantitative analysis of
field-dependent SANS data in terms of micromagngory allows one to estimate the value of the
exchange-stiffness constaft[9,10], and the observation of the so-called spkésotropy in the
magnetic SANS cross section [9] has been explawi¢id the formation of flux-closure patterns
(pole-avoidance principle). Moreover, nanocrystallitextured Nd-Fe-B magnets prepared by hot

deformation have also been investigated using SAdf®cifically, the effects of grain-boundary



diffusion on the magnetization-reversal processhasen studied [11,12,13]. The authors of Refs.
[11,12,13] report that in magnetically isolatedi(irated) samples, the spatial fluctuation of mem
moments appears to be reduced as compared to-tledamed samples.

In this work, we study the magnetic microstructafen anisotropic (textured) Nd-Fe-B-based
sintered magnet using magnetic SANS. We will dertrates that the combined use of unpolarized

and spin-polarized neutrons provides powerful méanthe study of engineering magnetic materials.

I1. Experimental

Commercially available Nd-Fe-B-based N@&&turedsintered magnets have been used in this
study. The magnetic characterization has beenechout at room temperature on a needle-shaped
sample (7 1 x 1 mn?) using a vibrating sample magnetomej@i..x = 14 T). The microstructure
has been characterized by scanning electron mmpgs(SEM) and phase identification has been
performed by X-ray diffraction (Cu-K radiation, Bragg-Brentano geometry). The textuegrde,
given by the/cos®) parameter, has been calculated by applying theeproe reported in Ref. [14].

The SANS experiments have been performedaR95 K at the instrument Quokka (ANSTO,
Australia [15]) usingunpolarizedneutrons with a mean wavelength o= 4.8 A @\/A 010 %
(FWHM)). The external magnetic field, (provided by a cryomagnet) was applied perpendicid
the wave vectok, of the incoming neutron beam and parallel to thsye(texture) axis of the
specimen (see Fig. 1). Neutron data were corrdotelackground scattering (empty sample holder),
transmission and detector efficiency, and set sollte units using a calibrated attenuated direct-
beam measurement. Additional neutron experiment® leso been performed at the instruments
KWS-3 (JCNS, Germany) and SANS-I (PSI, Switzerlamd)h unpolarized and spin-polarized
neutrons [16], respectively. For further detailganeling polarized SANS, we refer the reader to Refs

[17,18].

I11. SANS cross sections

In this section, we will briefly recall the basiquations (as required in this work) of magnetic



SANS using unpolarized and spin-polarized neutf6hsWhen the applied magnetic fielt | | e, is
perpendicular to the wave vectkg of the incoming neutron beam (Fig. 1), the elasticlear and
magnetic SANS cross section at momentum-transfetorg U (0, gy, g,) = g (O, sirB, co$) can be

expressed as:
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whereV is the scattering volumey, = 2.91x 10° A'm*, N(q) refers to the nuclear scattering
amplitude, ﬁx&.}g(q} represent the Fourier components (in Cartesianrdowates) of the
magnetization vector field.. . (1), the symbol “*” indicates the complex-conjugatedaqtity, and®
=0 (g, Ho).

For a polarized incident beam and no polarizatioalysis of the scattered beam, the two so-

called SANSPOL spin-up and spin-down (relative lte guide field) cross sectiorz/dQ and

d>"/dQ read [6]:
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whereP denotes the incident-beam polarization &iglthe efficiency of the spin flippef{ = 0 for
flipper off and f~ 2 1 for flipper on). The difference between both sptates yields the nuclear-
magnetic interference terms, also investigate@liswork, given by:
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I'V. Results and discussion

The room-temperature hysteresis curves (with theeite axis parallel and perpendicular to the
applied field) of the Nd-Fe-B sintered magnet ipided in Fig. 2; it indicates an anisotropic
microstructure with a coercive field (for the terdiaxis //Hg) of poH. = 1.20 T (typical for Dy-free
magnets) and a remanenkeavhich is ~ 8 % smaller than the polarization reatht 14 T. The XRD
pattern of the magnetic specimen (data not shovepjays only some of the 2:14:1 phase peaks due
to the crystallographic orientation of the samphe degree of texture i€os®) = 0.94. Besides,
additional Bragg peaks appear which can be relaiethe Nd-rich phase of hexagonal structure
(located mainly at triple points and with less ti8a¥ wt. in total). Both phases can be observetén
SEM micrograph shown in Fig. 3.

The 2D unpolarized SANS intensity distribution bettextured Nd-Fe-B sintered magnet at
10T is displayed in Fig. 4(a); the texture axip&allel toH, (which is horizontal in the plane).
Instead of the usual $B anisotropy, which is characteristic for (nearlydtwsated magnetic
microstructures, the 2D intensity distribution ralea “diamond-shaped” angular anisotropy. A
similar feature has also been reported by Kreyssal. [19] on a NdFe;,B single crystal with the-
axis oriented parallel to the incident neutron beatreero applied magnetic field, the origin ofsthi
particular pattern has been explained in [19] rmgeof a fractal domain structure. However, ouadat
do not support such a conclusion, since at an egield of 10 T the Nd-Fe-B specimen is in the
approach-to-saturation regime (compare Fig. 2)clwbiiggests the absence of a domain structure.

The azimuthally-averaged neutron data (Fig. 4(®arty show that within the studiegrange
the unpolarized SANS cross section is effectivididfindependent between +10 T and -1.2 [IH,;
in other words, the scattering-length density asttwhich is responsible for the obsend2ddQ is
constant for 0.04 nth< q < 2.0 nnt. Since magnetic scattering due to misaligned sisinsually
strongly field-dependent (compare Eq. (1) and Eig. 3 in [6]), this observation suggests a very
weak spin-misalignment scattering contributiom¥dQ2. Moreover, the field-independencedii/dQ
in Fig. 4(b) is indicative of an appreciable nucl8&ANS signal in the textured Nd-Fe-B magnet. It is

also worth noting the broad shoulderd®YdQ atq 0 0.5 nmt' (dashed square in Fig. 4(b)), which, in



real-space, corresponds to structure sizes of tberoof O 1-10 nm. Possible features in the
microstructure which could give rise to the hume aanometer-sized precipitates within the Nd-rich
phases (at triple points or grain boundaries) [PD,2

Magnetic-field-dependent measurements on the vegllsangle neutron scattering (VSANS)
diffractometer KWS-3 (JCNS, Germany) allow us toess the magnetization Fourier components at
small momentum transfers (see Fig. 4(c)). The gataide clear evidence that spin-misalignment
fluctuations in textured Nd-Fe-B are existing oleragth scale up to the micron range. Between +2.2
T and the remanent state, the total cross sectianges by a factor of about two (fpx 0.01 nrif),
which clearly points towards magnetic scattering do large-sized inhomogeneously magnetized
regions within the sample (related, e.g., to micuxsural defects such as grain boundaries) [6]. At
the smallest;-values, the data in Fig. 4(c) suggest a trendsautrate” (no field dependence), which
implies the absence of a change in the scatteongast.

Polarized neutrons are very useful in the studymafgnetic materials, for instance, for
separating weak magnetic signals from strong nusleattering [22] (see above). Experiments with a
polarized incident neutron beam allow us to measaadtering terms that depehdearly on the
nuclear and magnetic scattering amplitudes, instdéatie usualuadratic dependence of the total
unpolarizeddZ/dQ on these terms (compare Eqg. (1)). In fact, thizidihce between spin-up and spin-

down measurements, given by Eq. (3), depends @tfénénce termsVM. and ﬁﬁ}.. Figure 5

displays% —% atuoHo = 0.6 T for the cases where the texture axis ialleh (Fig. 5(a)) and

perpendicular (Fig. 5(b)) to the applied fiéld. The anisotropy of the pattern ishinth cases clearly
of the sifi® type with an elongatioperpendicularto H,. From the observation that the SANSPOL
data in Fig. 5(a) and 5(b) exhibit a dominant almloat “pure” sif® anisotropy, one may conclude
that both Fourier componeniand . are isotropic, i.e., they do not depend on thentation® of
the scattering vectar, only on its magnitudg. Furthermore, the dominating $rtype anisotropy (in

Figs. 5(a) and 5(b)) suggests the absence of SQgtErmsﬁH}. in Eq. (3), which would yield

extrema roughly along the diagonals of the detd@prThe 1D (azimuthally-averaged) data of both



difference SANSPOL cross sections (for the textarés parallel and perpendicular téy) are
compared in Fig. 5(c) and no significant differefe#ween them is noticed. Note also that Eq. (3)
predicts coupled nanometer-scale fluctuations & ribclear and longitudinal magnetic scattering-
length density; for the validity of Eq. (3), it i@t required that the sample is in the saturataig.sin
fact, by comparison to Fig. 2, it is readily infedrthat at a field of 0.6 T the sample is rather
subdivided into domains, but with a resulting netgmetization. SANS measurements at smaller

fields result in the depolarization of the neutb@am.

V. Conclusions

We have reported the results of a small-angle oaigcattering (SANS) study of the magnetic
microstructure of a textured Nd-Fe-B sintered magfer 0.04 niit < g < 2.0 nn, the unpolarized
neutron data reveal a field-independent SANS ceesdion (between +10 T andH. = -1.2 T),
which suggests a weak spin-misalignment scatteamgribution in thigg-range. However, our results
using the technique of very small-angle neutroritegag (VSANS) disclose the existence of long-
range spin-misalignment fluctuations at small moiumen transfers, usually not accessible with
conventional SANS. With the aid of a polarized d®it neutron beam (SANSPOL), the nuclear-

magnetic interference terms in the cross sectiaidcbe accessed. The SANSPOL data reveal the

absence of scattering terni&i,, sinfcos¢ and the presence of a strolgl sin® & anisotropy for

the cases in which the texture axis is both pdraltel perpendicular to the applied fighh. The
present study demonstrates the power of the SANSnigue for characterizing the magnetic

microstructure of textured Nd-Fe-B magnets on aasespic length scale (~ 1-1000 nm).
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List of Captions
Figure 1 — Sketch of the scattering geometry.

Figure 2 — Room-temperature magnetization curvetute axis parallel and perpendicular to the
applied field) of a textured Nd-Fe-B-based sintemehnet. The magnetic properties for the texture

axis //Hq are indicated in the inset.
Figure 3 — SEM image of the textured Nd-Fe-B magnet

Figure 4 — (a) Total (nuclear and magnetic) unpmdal SANS cross sectialE/dQ of the textured
Nd-Fe-B sintered magnet ggHo = 10 T (logarithmic color scale). (b) Azimuthabyeragedi=/dQ

as a function of the scattering vectpat selected applied magnetic fields (see inset}-lpg scale).
(c) Very small-angle neutron scattering (VSANS)adtiken at KWS-3 (log-log scale). The arrow
indicates the direction of increasing field.

- +
Figure 5 — Difference between spin-up and spin-d&@¥NS cross section%—%, of the

textured Nd-Fe-B sintered magnet/gH, = 0.6 T (logarithmic color scale). The texturesaid (a)
parallel and (b) perpendicular to the external netigrfield (horizontal in the plane of the imagg)

Corresponding azimuthally-averaged SANSPOL crossises (log-log scale) (solid liner g*).
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Highlights

The characterization of textured Nd-Fe-B magnets by small-angle neutron scattering is

addressed.

Long-range spin-misalignment fluctuations exist up to the micron range.

Polarized neutrons provide evidence for the presence of coupled nuclear-magnetic

nanometer-scale fluctuations.

SANS is a powerful technique for characterizing the magnetic microstructure of Nd-Fe-

B magnets on a mesoscopic length scale (1 ~ 1000 nm).



