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Reversible magnetization measurements, micromagnetic modeling, the temperature dependence of coerciv-
ity, and magnetic viscosity measurements have been used to clarify the magnetic reversal mechanism of
Nd,Fe 4B particles contained in a Nd matrix. The coercivity was observed to increase markedly as the dilution
of the Ng,Fe,B phase was increased. The increase in coercivity was accompanied by a change in the reversal
mechanism. In the least dilute samples, domain wall motion involving several grains governed by intergrain
interactions was active. In the most dilute samples nonuniform reversal of individual grains was dominant,
reversal occurring particle by particle and resembling the behavior of isolated Stoner-Wohlfarth particles. The
value of the coercivity in the most dilute sample was in excellent agreement with micromagnetic modeling
results for isolated particles when the effect of thermal activation of magnetization reversal was accounted for.
Despite the single particle reversal mechanism of the most dilute samples, a linear dependence of coercivity on
packing fraction was not observed. This is attributed to a clustering of the grains in the samples and changes
in grain shape with composition. In all samples, regardless of dilution, the initial magnetic state after thermal
demagnetization was found to be one in which a substantial proportion of grains were in a multidomain state.
However, micromagnetic simulations for isolated particles of similar shape to those in the most dilute sample
showed that the single domain state is the lowest energy state. It is concluded that thermal demagnetization can
result in the system remaining in a local metastable state and not the global energy minimum. Micromagnetic
calculations showed that one or more domain walls can arise in a grain during thermal demagnetization and
that magnetostatic effects provide a significant energy barrier in zero field to the removal of a domain wall once

it is formed.
DOI: 10.1103/PhysRevB.66.184418 PACS nuni®er75.60.Jk, 75.50.Tt, 75.50.Vv
I. INTRODUCTION rotating, randomly oriented, randomly placed particles, in-

cluding exchange and magnetostatic interactions. They found
The study of interaction effects in magnetic systems conthe variation of coercivity with packing fraction to be nearly
sisting of small particles is of interest from the point of view linear for fractions less than 0.4, suggesting in general that
of using such systems as a probe of the fundamental physidggher order terms are not important.
of magnetic interactions, as well as from the technological Recently a series of samples have been made by the melt-
standpoint of understanding interacting fine particle systemguenching technique using a starting alloy consisting of
such as magnetic recording media. Nd,Fe,; ;B wherex is 2.05, 6, 38.1, or 147.8>which ranges
Previous theoretical works on granular magnetic soliddrom slightly Nd rich compared with the stoichiometric com-
consisting of ferromagnetic particles embedded in a nonmagposition to containing atomically over 90% Nd. In the as-
netic matrix have shown that magnetic interactions have guenched condition the samples are amorphous. Appropriate
strong effect on the coercivity. & found, by a simple en- annealing treatments result in the formation of ,Re|,B
ergy argument, that magnetostatic interactions should degrains with dimensions in the tens of nanometers, separated
crease the coercivity linearly as the concentration of ferroto varying degrees by a crystalline, paramagnetic Nd matrix.
magnetic particles increases. Wohlfarttwent on to The amount of the matrix phase depends on the degree of
rigorously derive, for certain particle arrangements, the magenrichment of Nd in the starting alloy compared with sto-
netostatic interaction between particles which reverse by cachiometric NgFe;,B. These samples are all slightly en-
herent rotation. He found that the leading term for the coersiched in boron compared with the stoichiometric alloy, but
civity, although not identical to Na's, decreases linearly this does not have a large effect on the coercivithe co-
with increase in packing fraction. The slope of the linearercivity has been found to increase markedly with increasing
relationship between coercivity and packing fraction wasdilution, but the variation is not lined&rOne analysfs has
found to be a function of the geometrical arrangement ohown that coercivity may vary linearly with average particle
particles. El Hiloet al® used a numerical simulation to ex- separation rather than concentration.
amine the effect of concentration on coercivity for coherently These samples provide an ideal experimental material to
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TABLE I. Sample label, sample compositions and annealing 1
treatment for the samples examined. - 2
M/Ms — e -6
Sample label Composition Annealing treatment — % -38
--m--147
2 Nd, o €3 B 4 min at 973 K 0.51—
6 NdsFe 5 B 2 min at 873 K
38 Ndsg {Fe31B 4 min at 823 K
147 Nd 47 &€3B 4 min at 823 K

examine interaction effects between grains and to examine

the changes in the magnetization reversal mechanism which

occur as the level of interactions between grains is reduced. -0.5
There are two main intergranular interactions which change

in magnitude and effect as the dilution is increased; ex-

change interactions, which are short ranged and required

close contact between grains, and dipolar interactions, which 1
are comparatively long ranged and can penetrate nonmag-

netic or paramagnetic material. The changing importance of Field (T)
each of these interactions as dilution is increased is one rea-

son the coercivity does not vary linearly over the ful raNg€igealized isotropic ensemble of coherently rotating particles, de-

of cor_lcentratlon. . . noted “theory” in the figure. The paramagnetic contribution from
This paper reports on a series of magnetic measuremeniS, \d matrix has been subtracted

performed on these samples. Of interest was how the mag-

netization reversal mechanism changed as magnetic interac- Its sh hat by chanaing the Nd . h
tions decreased and how close the ideal non-interacting smaficSults show that by changing the Nd concentration, the ra-

particle limit, typified by the theory of Stoner and tio be_tween the NeFe,,B- and Nd'_”Ch matrix can be Sys-
Wohlfarth” could be approached. While behavior displayingtemat'ca}”y controlled. _The extensive previous work on this
all aspects of the ideal limit was not observed, the deviatiorsYStEM IS one reason it is of interest for fundamental mag-
from the idealized behavior in the sample of greatest dilutior'€tiC studies.

can be explained with the aid of both two- and three-

dimensional micromagnetic calculations. The coercivity as a B. Hysteresis

function of dilution was not found to obey the ideal relation- L .
ship of Neel over the whole range of packing fraction inves- _Magnetization measurements were performed in the tem-

tigated but rather two different regimes of behavior wereP€rature range from 300 to 550 K using a maximum external
observed. Also found was that the thermal demagnetizatiofiPPliéd field up 0 5.5 T in a superconducting quantum in-
of the most dilute sample did not result in a global energyt€'férence device magnetometer. For measurements below
minimum state being reached. Rather a metastable equilikfpom temperature an exiraction method was used with fields
rium was established, separated from the global energy minkP {0 23 T. The hysteresis loops for samples 6, 38, and 147

mum by a significant energy barrier caused by magnetostateOntain contributions from the ferromagnetic J¥e,B _
interaction. phase and paramagnetic Nd-rich phases. The paramagnetic

contribution for each sample was determined from high field

measurements above the anisotropy field of,Mgl,B,
Il. EXPERIMENTAL RESULTS where the magnetization of the pfek ,B phase is constant.
The paramagnetic contribution was in good agreement with
the paramagnetic contribution of-Nd, and was subtracted

The NdFe ;B (2.05<x=<147.6) alloys, prepared by arc from the data for all subsequent analysis. The samples were

melting, were melt spun in an argon atmosphere using & the form of thin ribbons measured parallel to the ribbon
copper wheel with a surface speed of 35 m/s. For ease dafirection so demagnetizing corrections were negligible.
description the four samples will be labeled by their Nd con- Room temperature hysteresis loops for the four samples,
tent, as shown in Table | along with the annealing treatmenttogether with an idealized hysteresis loop for isotropic par-
applied to the samples to achieve optimum coercivity. Theséicles of Nd,Fe B reversing by coherent rotatidnare
are the same annealing treatments for samples of the sarshown in Fig. 1. The idealized hysteresis loop assumes iso-
composition used by Giret al® except for sample 2, which lated particles and accounts only for the magneto-crystalline
was annealed at a higher temperature in this work, 973 Kanisotropy, neglecting particle shape effects. It can be ob-
compared with 923 K for Giret al® The as-quenched and served that as the degree of dilution increases, the hysteresis
annealed ribbons were characterized previously by differenloop approaches more closely that of idealized coherent ro-
tial scanning calorimetry, x-ray diffraction, thermomagnetictation. However, even in the most dilute sample the coerciv-
analysis, and transmission electron microsc¢pgEM).*>® ity is some 0.8 T below that of idealized heky,B particles.

FIG. 1. Hysteresis loops at room temperature, as well as an

A. Sample Preparation
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b) 3 T T T T T FIG. 3. Initial curves at room temperature from the thermally
demagnetized state for the samples shown in Fig. 1, along with the
L . idealized isotropic Stoner-Wohlfarth curv&theory”). The para-
147 magnetic contribution from the Nd matrix has been subtracted.
2.5 —
38 of Woodwardet al® on similar samples. It should be noted
H M} L) i that such a relationship has no current theoretical basis.
c The initial curves for the samples, including the idealized
2 L 13 | curve for comparison, are shown in Fig. 3. On the initial
6 9 curve the behavior of all the samples is very different to that
| 4 ) of the idealized theory. The initial curves show a rapid in-
® crease in magnetization in low fields. For samples 2 and 6
15 L | these curves resemble those measured in melt-quenched Nd-
) FeB magnetswith two steps on the curve, associated with
single and multidomain grains reversing. For samples 38 and
L > i 147 the curves resemble those of sintered NdFARBf. 9
T | | | with a large low field step, although a second small high field
L 1.5 D) 25 3 step is also present. From the initial curves it can be deter-

s mined that in all samples domain walls are present in at least
o ) ~ some of the grains in the thermally demagnetized state. The
FIG. 2. Coercivity as a function of Nd composition in pronortion of grains containing domain walls in the ther-
Nd,Fey3 B for the samples measured in this work, as well as somen |1y demagnetized state increases with particle dilution.
similar samples measured in previous work of Ref. 5 The numbers These measurements are in agreement with previous
on the figures refer to the sample number from Table I. For samplealork 45 except for sample 2, which for a different annealing
not listed in Table | the Nd compositionis used as the labela) treatr,nent was found to dis:play only single domain initial

Coercivity as a function of packing fraction. Lines are drawn as a . . .
. i . . . curve behavior. In this work sample 2 has been subject to a
guide to the eye(b) Coercivity as a function of linear particle

separatiorias defined by Ref.)6 The line shown is a line of best fit hlghe5r anngallng temperature compargd with that in Girt
to all the data excluding sample 2. et al,> and it is expected that some grain growth may have
occurred. This is the likely reason for the presence of multi-

: L : . domain grains observed for sample 2 in this work compared
Figure Z2a) shows the coercivity as a function of packing with their absence in the work of Giet al®

fraction for the four samples measured, together with addi-
tional points for similar samples from previous work.can

be seen that the linear relationship predicted belNeloes
not exist over the whole range of packing fraction investi- Previous TEM worR showed that, for nearly single phase
gated. For comparison Fig(l® shows the coercivity for the Nd,Fe;,B prepared by the same method as the samples in
same samples as a function of average linear separation #ss work, the grains are randomly oriented, polyhedral and
defined by Woodwarét al® This figure shows a much more with an average size between 50 and 70 nm. Diluting the
nearly linear relationship over almost the whole range ofsample with a higher Nd content promotes the growth of the
packing fraction measured, in accord with the measurementsd,Fe;,B grains into an elongated shapEor the less dilute

1. Transmission electron microscopy

184418-3



D. C. CREWet al. PHYSICAL REVIEW B 66, 184418 (2002

magnetization §;,,) is defined as the remnant magnetiza-

tion once the field is removed. An analysis of reversible mag-

netization, as described by Crest al.’ was conducted at

room temperature on both the initial curve and the demagne-

tization curve. Recoil curves to zero field from a variety of

fields along the initial curve and the demagnetization curve

were measured for each sample. From these recoil curves the

dependence oM., on M;,, at a fixed magnetic field was

calculated using the method described by Cetval® Plots

of this dependence are known as reversible magnetization

curves, and the shape is indicative of the magnetization re-
FIG. 4. Lorentz TEM image, using the Fresnel imaging method versal mechanism. This dependence can be described by a

of a grain in sample 147 showing a domain wall within the grain in parametery which is defined as

the thermally demagnetized conditigmarked by the arrows (a)

Underfocused imaggb) Overfocused image. Fresnel imaging in- dM

volves slightly under focusing or overfocussing the image to reveal n= rev ) 1)

magnetic domain wall contrast so the grain image is slightly blurred dMir H

in both cases. Note that the contrast of the domain wall changes

between the two images which is indicative that it is magnetic ingnd is equivalent to the slope of the reversible magnetization
nature. curves. Normallyy is calculated at the point on the revers-
samples, 2 and 6, many grains are close to each other afffe magnetization curve nearest the positMe;, end, as
intergranular contact at grain boundaries is common. For théis point is closest to the major hysteresis curve or initial
more dilute samples, 38 and 147, the grains are elongate@urve (as appropriateand is the point of greatest interest.
typical dimensions for sample 147 being 2080x 25 nn?¥ For the major hysteresis loop, reversible magnetization
with the easy axis parallel to the short side of the grain. Theurves can be divided into two broad categofidhe first
grains are randomly oriented and most are isolated frontype consists of straight lines where the slope increases as the
neighboring grains by the Nd matrix, with only the occa- reversing field increases. In this cageis always negative
sional cluster of grains observed, less so in sample 147 thaend becomes increasingly negative as the reversing field is
in sample 38. increased. This first type of behavior is the result of revers-
These previous results on grain size and distribution sugible magnetization arising from rotation of the magnetic mo-
gest that the grains in the most dilute samp@é® and 147  ments of the sample out of the easy axis and indicates that
are too small to support domain walls in the thermally de-domain walls play little part in the reversible magnetization
magnetized state. In this work Lorentz microscopy was pereomponent. This first type of reversible magnetization curve
formed in a Philips CM200 FEG microscope using theis seen in idealized Stoner-Wohlfaftparticles® In the sec-
Fresnel imaging method to investigate the multi-domainond type of behavior the reversible magnetization curves ex-
structure deduced to be present from the initial curve of théibit a minimum » measured at the positivd;,, end point
most dilute samples. In this imaging method, domain wallsas a function of reversing field is initially positive, passes
provide the magnetic contrast. The imaging was performedhrough zero and becomes negative only in higher fields.
with the objective lens switched off to minimize the mag- This second type of behavior is associated with domain wall
netic field in the sample area. In order to obtain high magnibowing being the predominant mechanism giving rise to re-
fication, a Gatan Imaging Filter with a CCD camera wasversible magnetization and indicates that domain wall mo-
used. In Fig. 4 Fresnel images of the multidomain structureion plays a significant part in the reversal procEss.
of Nd,Fe B grains in sample 147 are shown. The domain For the initial curves the same two broad categories &xist.
wall is formed perpendicular to the longest side of theln the first category of behavior, wheMd ., arises from
platelet-like grain. Note that the domain wall width is lessrotation of magnetic moments, both the reversible magneti-
than 5 nm in NgFe;,B,'% and is close to the resolution limit zation curves andy are similar to those measured on the
of the microscope. Despite this, Fig. 4 clearly shows thehysteresis loop for the same mechanism. The behavior for
multidomain structure of these grains. the second category when domain wall bowing is the domi-
A variety of magnetic measurement techniques were usedant reversible magnetization mechanism, is different on the
to investigate the reversal mechanism of the samples to exaitial curve compared to that seen on the hysteresis loop. In
amine how the magnetic behavior changed with increasinghis case the reversible magnetization curves are bowed
dilution. These techniques included measurement of hystedownward, often quite steeply; becomes large and nega-
esis(shown abovg reversible magnetization, magnetic vis- tive, and may even approach a value-ot .*® For materials
cosity, and the temperature dependence of the coercivity angith a distribution of single domain and multidomain grains,
remanence. often both types of behavior are seen in different field
ranges,» is large and negative in low fields where wall
motion is dominant, then becomes smaller, but still negative,
Reversible magnetizationM,,) is defined as the change when rotation takes over as the dominant reversible magne-
in magnetization upon removal of the field while irreversibletization mechanism.

2. Reversible magnetization
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FIG. 5. Reduced reversible magnetization.{, =M, /M) as FIG. 6. The variation of; along the major hysteresis loop of the

a function of reduced irreversible magnetization,{ =M. /Ms)  four samples studied, compared with an idealized isotropic en-

for the four samples studied and an idealized isotropic ensemble Qfemple of Stoner-WohlfarttRef. 7) particles(“theory” ). Lines are
Stoner-Wohlfarti{Ref. 7) particles(“theory”) along the major hys-  shown as a guide to the eye.

teresis loop, measured and calculated as described in the text. The
paramagnetic contribution from the Nd matrix has been subtracted(:urve are shown for a field of-5 kOe in Fig. 7. These

) o curves are similar to curves measured on the initial curve of
The reversible magnetization curves on the hysteresige|t-quenched NdFeBThe » curves for the initial curve
loop are shown in Fig. 5 for a field of 5 kOe, as well as an  for 31| four samples, shown in Fig. 8, are also similar to the
idealized curve for. coherently rotating partlclgs. Thesemelt-quenched materials in that they show large negative
curves vary depending on the degree of separation betwegp es of 5, up to —0.5. The maximum magnitude af
the Nd.Fe,,B particles. For the least dilute samples, 2 and 6,ncreases as the dilution increases, because more multido-

the reversible magnetization curves exhibit a minimum. Foimain grains are present in the more dilute samples, as seen
the most dilute samples, 38 and 147, the curves become

straight lines with a negative slope. The curve for sample  _gga
147 is almost identical to the theoretical coherently rotating |—_

particle curve. The value ofy as the field is changed is

shown in Fig. 6 for all four samples, together with the ide-  Mrev |X >

alized behavior for coherent rotation. As the dilution of the ; . < \
particles is increased the behavior pfapproaches that of \h’@ "

idealized coherent rotation until for sample 147 the experi-  -0.06 +-+§! \
mentally measured and theoretical curves are almost identi- .., X \
cal. These results are comparable to the results obtained by N
Woodwardet al® on substantially similar samples. Sample . \
147 is the first sample measured to display such near ideal T+
behavior. A change in behavior of this form, from one dis- 008 L w2 ’ \
playing domain wall motion to one displaying rotational be- ’ -6 n \
havior, has been observed previously in a sintered sample of _ » -38 %
PrFeB as a function of temperature by Crewal* This m--147 &
change in behavior was explained in that work in terms of Theor
the reducing importance of magnetostatic interactions to the y
reversal process as the temperature decré4sge increas- -0.1 I I I I
ing dilution of the samples in this work is likely to lead to a 0.5 04 03 02 -0.1 0
similar decreasing importance of magnetostatic interactions ire
in the reversal mechanism and result in a similar change in g, 7. Reduced reversible magnetization{, =M, /M) as
reversal behavior. The change in reversal behavior as integ function of reduced irreversible magnetization; (=M, /M)
actions are decreased suggests that magnetostatic interactiiisng the initial curve for the four samples studied and an idealized
are responsible for the domain wall processes observed igotropic ensemble of Stoner-WohlfartiRef. 7 particles
samples 2 and 6. (“theory” ), measured and calculated as described in the text. The
Reversible magnetization curves taken from the initialparamagnetic contribution from the Nd matrix has been subtracted.
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FIG. 9. The variation o8/ y;,,(1+ %) as a function of field for

FIG. 8. The variation ofy along the initial curve for the four O?ample 147. The line is shown as a guide to the eye.

samples studied compared with idealized isotropic ensemble
Stoner-Wohlfarth(Ref. 7) particles(“theory”). Lines are shown as

a guide to the eye. wherek is Boltzmann’s constanfl the temperaturey ¢ the

spontaneous magnetization, amdis the parameter which
describes the dependencedf., on M;,, defined in Eq(1),
yvhich is required to correct for reversible magnetization
changes during magnetic viscosity. This correction must be

from the initial curves in Fig. 3. This increases the domain
wall area and allows more reversible domain wall movemen
to occur. On the initial curveg is indicating the fraction of I 48
material reversed by reversible domain wall motion com-"’lpp“ed if true values oV, are to be measured. e

pared with the fraction reversed when a domain wall is re- The value of the_ magnetic  viscosity - parameter,
moved from within a grain. For sample 147 approaches S/xirr (1+ 7) as a function of the applied field is shown in

—0.5 as a maximum, which indicates that, on average, doI_:|g. 9. The average value of the viscosity parameter agrees

. . 6 . .
main walls move half as far reversibly as they move irrevers-" 't.h that .obtalned by Wood\./varelt.al. on a similar sample
- P using a different methotf. Using this parameter, and E@),
ibly when annihilated. o

the activation volumeV,,; was found to correspond to a

sphere between 7.6 and 9.2 nm in diameter. This is consid-
. - _erably smaller than the particle size in this samplEne

~ For the most dilute composition, sample 147, magnetiarend in the viscosity data, a steep increase in the viscosity
viscosity measurements were performed on the major hystefrarameter as the reversing field is increased, is consistent
esis loop. These measurements consist of saturating thgith that predicted for an ensemble of non-interacting isotro-
sample in a large positive field, quickly applying a negativepic Stoner-Wohlfarth particle§. This behavior was ex-
reversing field, and recording the time dependence of maglained by the fact that as the field is increased the orienta-
netization as the field is held constant. The magnetizatiogion of the partides which reverse at that field Chaﬁaes

was recorded for a period of 20 min at a variety of differentwhich results in the magnetic viscosity parameter increasing
fields along the major hysteresis curve. For this sample thgith field.

decay of magnetizatioM) in a constant fieldH) can be

approximated by a logarithmic function of tim# of the 4. Temperature dependence of coercivity
form

3. Magnetic viscosity

In the theory of micromagnetism the coercive fiéld of
_ a permanent magnet can be described by an extended version
M()=A+SIn(t+t), @ of Brown’s expression for the nucleation fieldy ,’

whereA andt, are constants an8describes the logarithmic
rate of change of magnetization with time. The irreversible He=akayHy—NeriMs, (4)
susceptibility () was calculated from the recoil curves
measured previously using the dc demagnetizgd@D)
method!® and the activation volume for reversal (., was
then calculated from the expression

where ayx, a, and Ng¢; are microstructural parameters
which account for the non-ideal reversal mechanism, includ-
ing reduced crystal anisotropy at the surface of the grains
(ak), misalignment of the grainsa(,), and the strong local
demagnetization field at the edges and corners of the grains
3) (Ngfg) - Fpr rgndomly oriented magnetic grains, as in the
samples in this worke,= a}""=0.5 anda,Hy=H{". In

_ KTxirr (14 7)
act™ SMS ’
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magnetic materials with non-vanishing high order anisotropy a) 2
constants(such as NgFe,B), HY'" can be calculated as gD 190 9/
(K;+K5)/M¢.Y The values for anisotropy constarts and
K, were taken from Hock and Kronmull&t.Equation (4) —® -6 /
can then be written as 15+
Ho/Mg= agHE"™Mg— Ngy;. (5 H /M, /.

Thus the microstructural parametesig, andNgs¢, can be 1L 300 .
derived from the linear dependence &f./Mg versus
Hn/Mg. Shown in Fig. 108) is the linear dependence of -

H./MgonHy /Mg in the temperature range from 190 to 540 400 p +

K for samples 2 and 6 while Fig. 10 shows a similar plot 0.5 ._,_-P"'

in the temperature range from 100 to 540 K for sample 147. ) f"

The variation for sample 38 is similar to that for sample 147 T 500

shown in Fig. 10b). The microstructural parametes, and + b

Netf from Eq.(5) for the four samples are shown in Table II. T /‘ | | | |

In Nd,Fe;,B the second anisotropy constdf} exceedK; %.5 1 1.5 2 2.5 3 3.5
below 190 K, associated with a spin reorientation, causing H /M,

deviation from linear dependence below 190 K, which is
shown for sample 147 in Fig. 116). Above 490 K an abrupt b) 35
decrease in coercivity of samples 38 and 147 causes a non-
linear dependence di./Mg. 3
Regarding the temperature dependence of coercivity and
the micromagnetic parameters calculated and shown in Table
_ : . X . 2.5
I, it can be noted thatyy increases with an increase in the
Nd concentration. For samples 38 and 14¢~1, which is H /M,
most likely due to the perfect surface of theRd,,B grains 21
in these samples as observed by TEK perfect surface is
without inhomogeneities which would reduce the magneto- 1.5
crystalline anisotropy at the surface and hence the coercivity.
The value ofNg¢; first increases with the Nd concentration,
reaching the largest value for sample 38, and then decreases
slightly in sample 147. TEM observations show that the
shape of the Ng~e,B grains changes from polyhedral in 0.5
samples with low Nd concentration, to plate-like for high Nd
concentration. These platelike NgFe,B grains have the 0
crystallographiac axis aligned normal to the plate. Thus the 0
demagnetization factor of these grains is large and negative,

N=N;—N, == 0.48" The Increase i with Increasing FIG. 10.H./M, as a function oHy /M. (a) For samples 2 and

Nd content is due to the change in shape of the constituen the |ines shown are lines of best fit to the data. The temperature
grains. The shapes of the Nk ,B grains in samples 38 and 4t measurement is indicated on the plot for sample(t. For

147 are similar, however. Moreover, the Jif@,B grains in  sample 147, showing the nonlinear behavior at low temperature
these samples are randomly distributed in the Nd-rich matrix(due to the spin reorientation at 135 Knd at temperatures above
The magnetostatic interparticle interactions, which also con490 K. The line of best fit in this plot is only for data between 190

tribute toNg¢¢, decrease with the increase in Nd concentra-and 490 K. The temperature of measurement is indicated on the
tion in these two samples. This could explain the decrease gfiot. Sample 38not shown displayed a similar nonlinear behavior
Ne¢s in sample 147 as compared with sample 38. at high temperature.

For sample 2 the value & is much lower than that in

the other three samples measured. This is probably due (o thge reyersal mechanism of isolated particles. To this end two
absence of nonmagnetic inclusions in this sample, which arﬁ']icromagnetic models were used to examine the reversal of
known to increaséley;. Also the grain shape is more nearly ,,qicies typical of those found in samples 38 and 147.
spherical in this sample, compared with the plate-like grair The first model used was a two dimensional model based
shape in the other samples, which is likely to increblser o the Object Oriented MicroMagnetic Framework
relative to sample 2. (OOMMF) software available from NIS¥ In the OOMMF
) model three-dimensional spins are arranged on a two-
C. Modeling dimensional mesh and relaxed using a Landau-Lifshitz ordi-
In order to understand the effect of interactions on thenary differential equation solv&with a damping constant
reversal of these dilute systems it is important to understandf 0.5. The NdFe4,B particle was modeled as a rectangular
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TABLE II. Micromagnetic characterization parameterg and
Neff-

Sample label ag Nets
2 0.36 0.15
6 0.84 0.90
38 0.98 0.93
147 1.06 0.87

parallelepiped of size 10040x 25 nn? (ax bx ¢) with ma-
terial properties K=5 MJ/n?, A=10 pJ/m, and M,
=1274 kA/m. This is the size and shape of particles ob-
served in sample 147 by TERMThe cell size chosen was 1.5
nm, sufficiently small to allow a modeling of the 4.5-nm-
wide domain walls in this system. Some calculations were 0.4
performed with a cell size of 0.25 nm which yielded the
same results as those with a larger cell size. Thaxis,
which is the easy axis in this system, was modeled both in FIG. 11. Micromagnetic modeling results for coercivity as a
the plane of the simulation as well as out of the plane. Refunction of applied field angl® for particles of similar shape to
sults for the value of coercivity were similar to within 5% those in sample 147a(< bx c=100x 40X 25 nn?). The points in-
regardless of the geometry. The field was applied at angledicate the coercivity calculated from the two-dimensional model,
between 0 and 90° to theaxis. the solid line the coercivity expected from Stoner-Wohlfarth coher-
Coercivities were calculated for particles similar to those€nt rotation theory, and the dotted line to coercivities equal to 90%

in sample 147 as a function of the applied field angle. Theof that expected from Stoner-Wohlfarth coherent rotation theory.

coercivities were consistently 10% below that expected fron he Plane modeled was that containing the a anakes of the

coherent rotatiod,including only the magnetocrystalline an- Particle, with the applied field in the same plane. Thaxis is the
isotropy of the particle. The values of coercivity calculateg®dSy axis in this system. A full three dimensional modeling treat-
as a function of the angle between the field and the easy ax@ent returned coercivities very similar to those shown for the two-
for one particular geometry, using the OOMMF model, are Imensional model.

shown in Fig. 11 and compared with that expected for coher- ] ) ) .

model of 7.8 T. Most, but not all, of the difference between©f the magnetization again follows the Landau-Lifshitz equa-
the model results and Stoner-Wohlfarth theory, can be credion of motion,

ited to the effect of shape anisotropy of the particle, which

lowers the effective anisotropy field by approximately 0.58 T dMm o oM

or 7.5%?° One criticism of these results is that it might be —— ==y MXHgss+—MX—, (6)
expected that the values of coercivity obtained from this dt Ms at

model represent lower bounds on the coercivity, compared to

the values which would be obtained in a full 3 dimensionalwhich describes the physical path of the magnetizatbn
model, because of the tendency of two-dimensional modeltoward equilibrium.y, is the gyromagnetic ratio of the free

to overestimate the demagnetizing field efféétdn the  electron spin andy is the damping constant, taken to be 1.
OOMMF model however, the spins are able to orient in 3The value ofa taken for the three dimensional treatment was
dimensions and this makes the OOMMEF results close talifferent to that assumed for the OOMMF modeling to allow
those obtained with a full three-dimensional model. Indeed, @ faster convergence, but the coercive fields were found to be
full 3 dimensional treatment for limited orientations of the insensitive to the value af chosen. The effective field ¢

field to the easy axis returned similar values for the coercivis the negative functional derivative of the total magnetic
ity. It is therefore expected that for a randomly oriented en-Gibb’s free energy, which can be expressed as the sum of the
semble of particles of the geometry seen in sample 147 thaixchange energy, the magneto-crystalline anisotropy energy,
the coercivity will decrease approximately 10% comparedthe magnetostatic energy, and the Zeeman erférfy.solve

with the ideal Stoner-Wohlfarth theory. The decrease in cothe Gilbert equation numerically the magnetic particle was
ercivity compared with idealized theory, even including divided into finite elements. A hybrid finite element bound-
shape effects, arises because the actual reversal of the pary element methdd was used to calculate the scalar poten-
ticle consists of nucleation of a reverse domain at both theial u on every node point of the finite element mesh. The
top and the bottom surfaces, which then expands to reverstemagnetizing field, which contributes to the effective field,
the whole particle. To confirm this picture of the mechanismwas taken as the negative derivative of the scalar potantial

of reversal a full three-dimensional treatment of the particleThe effective fieldHq¢; at the node point i of an irregular
reversal was modeled. finite element mesh was approximated using the box scheme
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creased from 4.787 to 4.866 T, which is equal to the coercive
field for this particle. Figure 12 shows the nonideal nature of
the reversal, with nucleation of a reverse domain occurring at
the top and bottom surfaces of the particle.

D. Discussion
1. Coercivity and packing fraction

From Fig. Za) the coercivity is plainly not linear with the
packing fraction over the full range of packing fractions in-
vestigated. Sample 2, which is close to stoichiometric
Nd,Fe ,B, has a markedly lower coercivity than the other
samples. This is due to the large amount of exchange inter-
actions which are present between grains in this sample. The
reversible magnetization measurements show the presence of
stable domain walls during magnetization reversal. Two
mechanisms can lead to stable domain walls in high reversal
fields in the absence of pinning sites within the grains. Mag-
netostatic interactions at grain corners can stabilize domain
walls to quite high fields, as was shown in sintered PrFeB
samples:* However, from Table Il the value M is low in
sample 2 so magnetostatic effects are likely to be small. Ex-
change interactions across grain boundaries can also stabilize
domain walls as seen in melt-quenched NdRBe&RBgnificant
intergranular exchange interactions in this sample are consis-

FIG. 12. Simulated magnetic reversal in a constant field of atent with the substantially lower value af observed, com-
particle similar to that observed in sample 147. The external field ipared with the more dilute samples. In addition the micro-
applied in theH,=—1, H,=0, andH,=—6 directions. The two magnetic parameters shown in Table Il for sample 2 are
upper pictures show the magnetization immediately after the fieldubstantially lower than the other, more decoupled, samples.
was increased from 4.787 to 4.866 T, which is equal to the coerciv§/ost notably,a is lower indicating a substantially different
field. Also shown in the upper pictures are thg, andz directions.  reyersal process. The lower coercivity of this sample com-
The arrows show the projection of the magnetization onto thepared with the Nd rich samples is in accord with previous
shaded plane. The perpendicular component of the magnetization {& ¢ its in which small additions of Nd above stoichiometry
shaded according _to the key at bottom right. The bottom Ieft picturqmproves the coercivitfl'?’%
shows thg magnetlgatlon state near the surface of the particle 24 ps Sample 6, together with the samples taken from other
after the field was increased. work shown in Fig. 2a), form a second regime of coercivity

as a function of packing fraction. The reversible magnetiza-
:_(‘9_Ei) __ ia_E, for V.—0 @) tion measurements of Figs. 5 and 6 together with the two
efti M|V amy b steps on the initial curve in Fig. 3 show that sample 6, com-
pared with the highly diluted samplé88 and 147, has a
whereV; is the volume of the surrounding nodesuch that  gifferent reversal mechanism, which includes domain wall
motion. This is most likely due to a clustering of grains
2 Vi=V and V,NV;=0 for i#j. (8) within the sample which leads to the_grains not being com-
i pletely exchange decoupled. Clustering of grains also leads
to a smaller increase in coercivity with decreasing packing

The space discretization of the Landau-Lifshitz equationfraction than expected from the overall bulk composition of
leads to three ordinary differential equations for every nodethe sample.

In the case of a stiff problem a backward differentiation for-  In samples 38 and 147, the coercivity increases faster as
mulas is used for the time integration, which leads to a systhe packing fraction is decreased than for less dilute samples.
tem of nonlinear equations. After applying Newton’s methodThe reversible magnetization measurements for these
the resulting system of linear equations is solved using theamples indicate a nonuniform reversal of individual grains

scaled generalized minimal residual metRdd. suggesting that full exchange decoupling has been achieved.

The process of reversal in the full three-dimensional mi-The increasing coercivity with dilution arises because of the
cromagnetic model is shown in the series of micromagneticlecreasing importance of intergranular magnetostatic inter-
states in Fig. 12. This figure is a time series of the reversal imctions. It is only in this region that the relationship ofelle
a constant field and the states shown are not equilibriunand Wohlfarth would be expected to be obeyed.
states. In Fig. 12 an external field is applied in tHg There is one further influence on the coercivity which is
=-1, Hy=0, andH,=—6 direction as indicated in the not due purely to clustering of grains. The TEM measure-
figure. The timet=0 is immediately after the field was in- ments of Girtet al®> showed that the size and shape of the
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grains changes as the packing fraction is decreased. Thiction in coercivity of 0.78 T. The predicted coercivity is
grains for high packing fractions are polyhedral and equithus 2.82 T, which when compared to the measured coerciv-
axed. For lower packing fractions the grains become elonity of 2.83 T is a remarkably close agreement.
gated parallelepipeds with the axis ratio changing with the
Nd concentration. It is difficult to quantify this effect of the 2. Reversal mechanism
changing shape, and thus “corregt”_the measured COercivity | the least dilute samples, 2 and 6, the reversal mecha-
values because an exact description of the shapes of thgsm consists of domain wall motion, evidenced by the re-
grains is not available. The effect is likely to be a small, but e gjpje magnetization measurements in Figs. 5 and 6. In
not qegllg|ble, change in coercivity. An estlmate _for the Siz€samples 38 and 147 reversal is by a nonuniform mode of
of this effect, based on the shape demagnetization factor fQgividual grains.
sample 147 gives a “shape anisotropy” of approximately 0.3 pegpite the differences between the samples in magneti-
T, which is 10% of the measured coercivity. This factor will 74401 veversal behavior on the demagnetization curve, the
be less for samples with lower Nd contents as the shape Qfitia| curve behavior is similar, with domain walls present
the grain changes to a more spherical one. This shape COkfier thermal demagnetization in all samples. In samples 38
recthn is not large enough to make the coercivity plot of Fig.gng 147 the presence of domain walls on the initial curve
2(a) linear. o means that the absence of domain walls on the demagnetiza-
Once saturated, at room temperature the grains in sampigy curve is not because the Mek; B particles in these two
147 never again have stable domain walls within them, agamples cannot support domain walls, but rather is because
evidenced by the reversible magnetization results. Despitgye gynamics of the reversal are different in these dilute
the single domain reversal process of the grains in th'%amples compared with samples 2 and 6.
sample, the coercivity is still some 20% below that expected  careful examination of the initial curves in Fig. 3 reveals
for idealized coherent rotation. The reduction in coercivityipat for all samples there are two steps on the curve. The
for these grains compared with theory is a result of a numbegecong step appears at a field which is close to the coercive
of factors, the magnitudes of which can only be estimatedsig|q of that sample on the major hysteresis loop. In the less
Firstly the reversal mechanism of these grains is not coherenf; ;te samples, 2 and 6, where intergranular exchange cou-
rotation, as shown cle_arl_y by the micromagnetic modellngp”ng is suggested, this second step is most likely due to the
results of Fig. 12, but is instead a process in which reVerSEnpinning of domain walls from grain boundaries. In these
domains nucleate within the grain and subsequently reversggs gilute samples the second step is quite large, indicating a
the whole grain. The micromagnetic modeling suggest thagjgnificant fraction of the material reverses in this way. For
this reversal mechanism, compared with idealized coherenfe most dilute samples, 38 and 147, due to the absence of
rotation, results in a decrease in coercivity of approximatelyiergranular exchange interactions, this second step on the
10%, equivalent to 0.4 T. This estimate includes the reduciyitia| curve most likely corresponds to the reversal of single
tion expected because of the shape anisotropy of the particlgomain grains. The second step is much smaller than the first
The reversal mechanism is not coherent rotation because t'%?ep on the curve, suggesting that in these dilute samples
particle size is much larger than the size for which coherengy 4 small fraction of the grains are single domain in the
rotation is the preferred reversal mode, estimated to be aRhermally demagnetized condition.
proximately 10 nm in most materiaf$ The reversal mecha-  por the less dilute samples, 2 and 6, the presence of stable
nism pictured in Fig. 12 is supported by the similar sizes foryomain walls during reversal at the fields new domain walls
the_nucleus of reverse magneuzapon and the calculated actiye nucleated on the demagnetization curve, suggests there
vation volume determined from time dependence measuresyist pinning sites strong enough to prevent the motion of
ments. o , o these domain walls. In the absence of pinning sites within the
Thermal activation will reduce the coercivity further com- 44ins the presence of sufficiently strong pinning sites must
pared with that expected from the micromagnetic modelinge qye to intergranular interactions, especially exchange in-
results. Estimating from the values of the magnetic viscositygractions in sample 2 but including magnetostatic interac-
parameter mea;ure_d in F|g. 9, the reduction in coercivityjons in sample 6, evidenced by the larger valueNgf; for
from thermal activation will be this sample in Table II. The intergranular interactions lower
the nucleation fields while simultaneously allowing the grain
e 2nS © boundaries to become pinning cent&s! The strength of
CXin(L+ ) the intergranular pinning centers is indicated by the position
of the second step on the initial curves in Fig. 3. For the most
wheren is the power of the reduced field/H, which is  dilute samples, 38 and 147, the grain boundaries cannot act
assumed to be the dominant term in the description of thas pinning centers because of the lack of sufficiently strong
variation of the energy barriers to reversal with magneticintergranular interactions. In addition the absence of inter-
field.?® For randomly oriented particles a power of 3/2 is granular exchange interactions raises the nucleation fields
often takeR® which results in a measured coercivity decreasesuch that any pinning sites which might exist within the

of 0.38 T. grains are too weak to prevent subsequent domain wall mo-
The value of coercivity for idealized coherent rotation in tion.
isotropic NgFe;,B is 3.6 T. In sample 147 the nonideal re- In summary, the reversal mechanism for the least dilute

versal mode and thermal activation of reversal lead to a resamples, 2 and 6, is domain wall motion and pinning on both
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initial and demagnetization curves. The pinning is hypoth-

esized to result from intergranular exchange and magneto-
static interactions. In contrast, the most dilute samples, 38
and 147, contain no substantial pinning sites, because of the
lack of intergranular interactions, and reverse via a nucle-

ation mechanism.

3. Domain walls on the initial curve

The presence of domain walls on the initial curve for all
samples is somewhat in contradiction to the small particle
size observed by transmission electron microscopy.the
less dilute samples, 2 and 6, the JRé,,B grains are well
below the single domain limit of 200-300 nm in
Nd,Fe;,B.32% However, similar to other fine-grained Nd-
FeB magnets, domain walls can be supported across a num-
ber of grains because of the intergranular interactions which
are present: The domains which are formed in this way are
known as interaction domains. For the most dilute samples,
38 and 147, strong intergranular interactions are absent and a
different explanation is required for the observed presence of
domain walls on the initial curve.

Using the three-dimensional micromagnetic model, it is
possible to calculate the energy of particles similar in size
and shape to those in samples 38 and 147, with and without
the presence of the domain wall. The magnetostatic self en-
ergy of such a particle is 5310 8 J. The total energy of a
particle with a domain wall present, in the configuration
shown in Fig. 4, is 6610 8], consisting of a magneto-
static self-energy of 3210 '8 J and a domain wall energy
of 27x10 8 J. Thus a multidomain particle has an energy
some 25% higher than a single domain particle. Why then
does such a particle take up a multi-domain state following
thermal demagnetization? The answer lies in considering the
energy barrier between these two states.

To move a domain wall out of a multidomain particle
requires overcoming an energy barrier resulting from the in-
crease in magnetostatic energy during the domain wall trans-
lation. This energy barrier can be estimated as 14
X 10 18], being the difference in magnetostatic energy of
the multi-domain and single domain configurations. This is -1 ' 0 1
equivalent to 3400 KT at room temperature, which means
that a particle in the metastable multidomain state is in a very .
deep energy minimum. At higher temperatures this energy -

barrier drops sharplye.g., the barrier is 900 kT at 500)K ticular run a two domain state is found to be stable, even though a

because it scales W"M_g as well as the temperature. single domain state has a lower energy. The snapshots correspond to
An estimate of the field stability of the two domain state the initial state and 0.1, 0.2, and 1 ns after commencing the simu-
iS 0.12 T, CaICUIated as the f|e|d that iS required in Order foﬂation_ The last Snapshot is the stable state. Il’m)mponent of
the Zeeman energy to be equivalent to the energy barriemagnetization is shaded according to the key shown.
Detailed modeling with both the two- and three-dimensional
models gave a higher stability field of 0.28 T, which is largerand the system allowed to evolve to a stable configuration
because of the detailed calculation of the magnetostatic erusing room temperature material properties. This procedure
ergy as a function of wall position. The results of the modelss formally equivalent to an instantaneous quench from
in this case however, are somewhat sensitive to the details above the Curie Temperature to room temperature. The evo-
the magnetization configuration in the domain wall. lution of the magnetization configuration for one such run is
To investigate the likelihood of the multidomain state shown in Fig. 13. From the result of 20 simulated runs it was
arising during cooling from the Curie temperature, a simu-determined that the single domain state was reached in only
lated cooling procedure was undertaken using the three35% of the simulations. The rest of the simulatidi6s%)
dimensional micromagnetic model, in which the micromag-became stable in a multidomain state, with the vast majority
netic elements were initially assigned direction randomlybeing a two domain stat&0%) although some thre¢10%)

FIG. 13. A simulation of the approach to a stable state. The
cromagnetic elements are initially assigned a random direction,
d the system is allowed to evolve to a stable state. For this par-
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and four-(5%) domain configurations were also found. The in coercivity was accompanied by a change in the reversal
proportion of single domain states observed from the simumechanism. In samples 2 and 6, domain wall motion involv-
lation is higher than that seen on the initial curve, evidencedng several grains governed by intergrain interactions was
by the size of the second step in Fig. 3, but this is a result octive. In samples 38 and 147 nonuniform reversal of indi-
using an instantaneous quench rather than using a true simuidual grains was dominant, reversal occurring particle by
lated cooling from the Curie temperature. The energy barrieparticle and resembling the behavior of isolated Stoner-
between the single domain and multidomain states is muckohlfarth particles. The value of the coercivity in sample
higher at room temperature than at higher temperatures, aridt7 was in excellent agreement with micromagnetic model-
thus using room temperature properties in the simulation wiling results for isolated particles once the effect of thermal
more favorably predispose the system to stabilize in thectivation of magnetization reversal was accounted for.
single domain state compared with the experimental cooling The initial magnetic state after thermal demagnetization
regimen. was found in all samples, regardless of dilution, to be one in

The important implication of this study is that thermal which a substantial proportion of grains contained domain
demagnetization of magnetic samples does not guarantee thaalls. Micromagnetic simulations showed, for sample 147,
the system is subsequently in a global energy minimum statehat the single domain state is the lowest energy state. It was
This has implications for the interpretation of initial curves concluded that thermal demagnetization does not result in
because the system may be in a metastable state, rather thithe material assuming a global energy minimum, but rather
a global minimum of energy. It may be presumed that thehe system remains in a local metastable energy minimum.
global minimum energy state can be reached by coolindMicromagnetic calculations revealed a significant energy
through the Curie temperature sufficiently slowly, but howbarrier for the removal of a domain wall within the grain
slowly is required for the system to be ergodic has not beewnce it is formed.
determined.
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