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Abstract

A Ga-doped Nd-Fe-B sintered magnet has attracted significant attention as a
heavy-rare-earth-free high-performance magnet. We have studied the temperature
dependent magnetization reversal process of a Ga-doped Nd-Fe-B sintered magnet
based on the first-order reversal curve (FORC) analysis. The FORC diagram pattern
of the Ga-doped Nd-Fe-B sintered magnet changes from single spot in the high field
region at room temperature to double spots in the low and high field regions at 200
°C, indicating that the dominant magnetization reversal process changes from single
domain type to multidomain type. The single domain magnetization reversal at room
temperature is well confirmed by using the soft X-ray magnetic circular dichroism
microscopy observation. This change in the magnetization reversal process is well
discussed by the temperature dependent local demagnetization field and the
saturation field of multidomain state. Moreover, we have demonstrated the
quantitative analysis of the FORC diagram pattern, which makes a deeper
understanding of the magnetization reversal process of the Ga-doped Nd-Fe-B

sintered magnet.



1 Introduction

During the past decade, the development of a high-performance Nd-Fe-B magnet
without adding heavy-rare earth elements has been one of the crucial issues in the
field of permanent magnets. It has been known that a small amount of Ga addition
effectively enhances the coercivity of Nd-Fe-B sintered magnets [1-3]. Recently, an
optimally annealed Ga-doped Nd-rich Nd-Fe-B sintered magnet, hereafter referred as
a Ga-doped Nd-Fe-B magnet for simplicity, has attracted significant attention as one
of the solutions for this issue [4-6]. This magnet presents some unique features
compared with conventional Nd-Fe-B sintered magnets. The coercivity uoH¢ of the
as-sintered Ga-doped Nd-Fe-B magnet is about 1 T, and increases to 1.8 T after
annealing at the optimum temperature of 480 °C [5]. The increment of uoH. after the
optimum annealing is 80 %, which is much larger than that of about 20 % in
conventional Nd-Fe-B sintered magnets. Very recently, Sasaki et al. have revealed
that these different behaviors of uoH¢ against annealing is attributed to the different
grain boundary (GB) phase formations between the conventional and Ga-doped Nd-
Fe-B magnets [5,7,8].

The GB phases in conventional Nd-Fe-B magnets are assigned to crystalline and
amorphous ones. The former is mainly found along the c-plane, and its Nd content is
higher than 60 at. %. On the other hand, the latter exists along the ab-plane with
much lower Nd content of about 35 at. % [7]. This low Nd content amorphous GB
phase has been verified as ferromagnetic [9-12], indicating that the inter-grain
exchange coupling is non-trivial.

In Ga-doped Nd-Fe-B magnets, there are three types triple junction (TJ) phases,
that is, NdeFei3Ga, la3, and amorphous phases [5,8]. Latter two TJ phases are non-
magnetic because of their very high Nd content. The TJ phase of NdsFei13Ga has Fe
rich content, however, it is predicted as antiferromagnetic from the first-principles
calculation [13]. In the as-sintered Ga-doped Nd-Fe-B magnet, the isolation of
Nd.Fei14sB main phase grain is imperfect due to the insufficient growth of the GB
phases. After the optimum annealing, the GB phases become very clear, and their
chemical compositions and structures are identical to their connecting TJ phases [8].
This fact evidences that the TJ phases infiltrate into the surrounding GB. Moreover,
all these GB phases are verified as non-ferromagnetic from the elaborate electron
holography study [14]. Therefore, the large enhancement of uoH¢ in the optimally
annealed Ga-doped Nd-Fe-B magnets is attributed to the inter-grain exchange
decoupling due to the formation of non-ferromagnetic GB phases. Previously, it has
been discussed that the formation of NdsFe13Ga phase has a strong correlation with
the large enhancement of uoH¢ [15,16]. However, although the NdsFei13Ga phase is

one of the non-ferromagnetic TJ and GB phases, it is not essential for the large uoHc
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in Ga-doped Nd-Fe-B magnets [17].

These changes in the GB phases between the conventional and Ga-doped Nd-Fe-B
magnets also affect the magnetization reversal process. Soderznik et al. reported that
cascade magnetization reversal was dominant in the conventional Nd-Fe-B magnet,
whereas it was severely suppressed in the optimally annealed Ga-doped Nd-Fe-B
magnet from the magneto-optical Kerr effect (MOKE) microscopy observations [6].
These different magnetization reversal processes can be understood as consequences
of the different inter-grain exchange couplings in these two magnets. However, it is
hard to fully understand the magnetization reversal process of the Ga-doped Nd-Fe-
B magnet only from the MOKE microscopy since the information from the MOKE
microscopy is limited to the surface. Moreover, the surface of the magnet is
inevitably damaged during the mechanical polishing process which is required for
the MOKE observation.

Very recently, we have successfully demonstrated that the first-order reversal
curve (FORC) analysis is a potential method for analyzing the magnetization reversal
processes of Nd-Fe-B sintered magnets [18]. The magnetization reversal curve is
taken with the field H starting from a certain reverse field H, on the demagnetization
curve. These reversal curves are sequentially taken with changing H;, and
consequently, the inside of the major magnetization hysteresis curve is filled with
the reversal curves. Each point of magnetization m on the reversal curve is a function
of H and H;, and the FORC distribution p is defined as the second-order derivative
of m with respect to H and H,, as follows:

0 (om
p(H’H’):_a_Hr(a_Hj' )
The contour map of p as function of H and H; is called as the FORC diagram [19,20].
So far, the FORC analysis has been applied to many magnetic materials [21-30], and
most of them have been analyzed under the assumption of the Preisach model [19],
in which the magnetic material is considered to consists of many hysteresis units
called as hysterons. In our previous study, however, we have demonstrated that the
straightforward adoption of this model is not adequate for Nd-Fe-B sintered magnets,
and we have alternatively proposed to analyze the FORC diagram of Nd-Fe-B sintered
magnets based on the definition of pin eq. (1) [18]. Eq. (1) represents that p is the
derivation of the magnetic susceptibility (om/oH). Thus, the FORC diagram
visualizes the change in the magnetic susceptibility on the field plane of (H, H/). A
commercial Nd-Fe-B sintered magnet typically exhibits a FORC diagram pattern with
two remarkable spots, one in the low-field and the other in the high-field region. The
high-field FORC spot corresponds to the large magnetic susceptibility state at the
coercivity, while the low-field FORC spot evidences the presence of high magnetic

susceptibility state in the low-field region. These low-field and high-field FORC
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spots of a Nd-Fe-B sintered magnet have been commonly reported [31-33]. Soft X-
ray magnetic circular dichroism (XMCD) microscopy was used to examine the
magnetization reversal processes corresponding to these two FORC spots [18]. As a
result, the large magnetic susceptibility states of the low-field and high-field FORC
spots were attributed to the magnetization reversals of multidomain (MD) and single
domain (SD) grains, respectively. Thus, it is concluded that the demagnetization
process of the commercial Nd-Fe-B sintered magnet is initiated by the MD
magnetization reversal followed by the SD magnetization reversal. Moreover, the MD
magnetization reversal becomes dominant with increasing the temperature.

In this study, we have adopted the FORC analysis to the as-sintered and annealed
Ga-doped Nd-Fe-B magnets, and their different magnetization reversal processes are
investigated in detail. From the FORC analyses, we have clearly verified that the SD
magnetization reversal is dominant in the annealed Ga-doped Nd-Fe-B magnet at
room temperature (RT) whereas the MD magnetization reversal is dominant in the as-
sintered one. The SD magnetization reversal in the annealed Ga-doped Nd-Fe-B
magnet is well confirmed by the XMCD microscopy observation. However, the MD
magnetization reversal becomes dominant in the annealed Ga-doped Nd-Fe-B magnet
at an elevated temperature. This change in the magnetization reversal process against
temperature is discussed from the local demagnetization field and the saturation field
of MD state. Finally, we have attempted the quantitative analysis of FORC diagram
pattern of the Ga-doped Nd-Fe-B magnet, which offers more detailed information on

the magnetization reversal process.

2 Experimental

Two magnet samples of as-sintered and optimally annealed Ga-doped Nd-Fe-B
magnets are studied. The nominal composition of the magnets is
Fe77.1Nd11.6Pr3.7Bs.1Cu0.1C01.0Al0.9Gao.5 in at. %, which is slightly rich in rare-earth
elements, and doped with a small amount of Ga of 0.5 at. %. The microstructures of
these magnets were well studied in ref. [5,8]. The major demagnetization and reversal
curves of the magnets were measured using a vibrating sample magnetometer (VSM)
with a maximum magnetic field of 2.6 T. The measurement temperature was varied
from RT to 200 °C. To avoid the extrinsic deformation of FORC diagram pattern
owing to the macroscopic demagnetization field [32,34], the samples used for FORC
measurements were shaped into a pillar of 0.5 mm in width and 3 mm in length with
their long axes along the magnetic easy axes of the magnets [18,35], resulting in the
very small macroscopic demagnetization factor N, of 0.04. The magnetic field was
applied along the long axis of the pillar.

The XMCD microscopy observations under the similar field sequence of FORC

measurements were performed at the soft X-ray beamline of BL25SU in SPring-8
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[12,18,36,37]. Measurements were conducted at RT, and the X-ray absorption signal
was detected using a total electron yield method at the Fe L3 (707.9 eV) edge. The
detailed measurement conditions are the same as those described in ref. [18]. The
pillar-shaped magnet sample was fractured in a high vacuum condition (~3x10°% Pa)
of the sub-chamber of the XMCD measurement system, and then it was promptly
transferred into the main chamber (< 5x10°7 Pa). After the fracturing, the sample
shape was 0.5 mm in width and 3.5 mm in length, resulting in N, of 0.03. The
fracturing is preferentially taken place at the thin GB phase rather than the Nd;Fe1.B
main phase grain, consequently, most the grains on the fractured surface are covered
with the very thin GB phase without having any mechanical damages. It was
confirmed that the magnetization curve of the commercial Nd-Fe-B sintered magnet
obtained using XMCD measurement was identical to that obtained using VSM [12,18].
These surface grains are referred as inter-grain fractured grains. Some grains take
intra-grain fracturing. These inter-grain and intra-grain fractured grains are easily
discriminated in a chemical contrast image using the absorption intensity ratio of the
Fe Ls and Nd M4 edges [18,37].

3 Results and discussion
3.1 FORC measurements

Figure 1 shows the coercivity uoH¢ of the as-sintered and annealed Ga-doped Nd-
Fe-B magnets as a function of temperature T. The value of uoH. of the as-sintered
magnet is 0.6 T at RT, and it significantly increases up to 1.7 T after annealing. Then,
it monotonically decreases with increasing the temperature. The values of uoH: at RT
are slightly smaller than those reported in ref. [5] (1 and 1.8 T for the as-sintered
and annealed Ga-doped Nd-Fe-B magnets, respectively) even though the magnets are
the same. This is probably due to the different macroscopic demagnetization fields,
which is resulted from the different sample shapes used in these two works.

Figures 2(a) and 2(b) show the reversal curves and FORC diagram of the as-
sintered Ga-doped Nd-Fe-B magnet at RT. The FORC diagram pattern of the as-
sintered magnet exhibits the low-field and high-field FORC spots highlighted by the
blue and red lines in Fig. 2(b), respectively, and these corresponding large magnetic
susceptibility regions on the reversal curves are also highlighted in Fig. 2(a). These
two FORC spots have been commonly observed in the conventional Nd-Fe-B sintered
magnets [18,31-33]. The high-field FORC spot obviously corresponds to the large
susceptibility state at the coercivity, while the low-field FORC spot corresponds to
the large susceptibility state in the vicinity of the zero-field region. The reversal
curve corresponded to the low-field FORC spot starts from uoH, at around uoHe,
whereas that for the high-field FORC spot is traced from uoH: much larger than woH..
According to our previous study [18], these low-field and high-field FORC spots

-5-



correspond to the MD and SD magnetization reversals, respectively. Therefore, the
demagnetization process of the as-sintered Ga-doped Nd-Fe-B magnet is initialed by
the MD magnetization reversal, and then the SD magnetization reversal takes place
near the saturation. Here, it should be addressed that the position of the high-field
FORC spot is underneath the diagonal line of H = —H,, reflecting that the high-field
FORC spot requires uoH; much larger than uoH:. Moreover, the shape of the high-
field FORC spot is obliquely prolonged. The prolonged shape of the high-field FORC
spot reflects the H, dependent coercivity, as will be discussed in section 4.

Figures 3(a) and 3(b) present the reversal curves and the FORC diagram of the
annealed Ga-doped Nd-Fe-B magnet at RT, respectively. Contrary to the FORC
diagram of the as-sintered magnet shown in Fig. 2(b), only the high-field FORC spot
highlighted by the red line is detected in Fig. 3(b), and its position is very close to
the diagonal line of H = —H,. These results indicate that the SD magnetization
reversal, which mainly occurs at —H, = H¢, is dominant in the annealed Ga-doped Nd-
Fe-B magnet at RT. These results are in good agreement with the recent MOKE
microscopy observations [6]. This SD magnetization reversal would be attribute to
the inter-grain exchange decoupling nature of this magnet. With increasing the
temperature, however, these features of the FORC diagram dramatically change as
shown in Figs. 3(c)-3(f). The low-field FORC spot becomes visible, and the position
of the high-field FORC spot deviates from the diagonal line of H = —H; at 100 °C
(Figs. 3(c) and 3(d)). These changes become more significant at 200 °C (Figs. 3(e)
and 3(f)). The low-field FORC spot becomes very strong, and the high-field FORC
spot largely deviates from the diagonal line of H = —H,. These results indicate that
the MD magnetization reversal becomes dominant at high temperature even in the
annealed Ga-doped Nd-Fe-B magnet. Moreover, the shape of the high-field FORC
spot at 200 °C is obliquely prolonged, similar to the one observed in the as-sintered
magnet shown in Fig. 2(b). These results strongly indicate that the magnetization
reversal process does not determined only by the inter-grain exchange coupling.
Detailed discussion on this issue will be given in Section 4.

Note that the small kinks are observed in the major demagnetization and reversal
curves at uoH =~ 0, which indicates the presence of superficial magnetic damaged
layers owing to the mechanical polishing [6,18,38]. While the FORC spot that
corresponds to these kinks should have occurred near the origin of the FORC diagram,
no remarkable spots are observed near the origins of the FORC diagrams shown in
Figs. 3(b), 3(d), and 3(f). Therefore, the kinks only cause the reversible
magnetization changes and their effect on the magnetization reversal process of the

entire magnet is less significant.

3.2 XMCD microscopy observations



The FORC diagram in Fig. 3(b) illustrates that the SD magnetization reversal is
dominant in the annealed Ga-doped Nd-Fe-B magnet at RT. To confirm this SD
magnetization reversal, the XMCD microscopy observation is conducted under the
field sequence similar to that used for the FORC measurements.

The red dots in Fig. 4(a) show the major XMCD demagnetization curve of the
fractured surface of the annealed Ga-doped Nd-Fe-B magnet. For comparison, the
black dots in Fig. 4(a) represent the major demagnetization curve obtained using
VSM. Figures 4(b)-4(g) show the XMCD images at the magnetic fields corresponding
to the encircled data points on the XMCD curve. The grain boundaries are rimmed by
black and white lines, which denote the inter-grain and intra-grain fractured grains,
respectively. The intra-grain fractured grains tend to be larger than the inter-grain
fractured ones. Starting from the positively saturated state at uoH = 3 T (Fig. 4(b)),
some grains reverse at goH = 0 T (Fig. 4(c)). Subsequently, with decreasing woH up
to -2 T, each grain sequentially reverses (Figs. 4(d)-4(g)). At uoH =2 T (Fig. 4(9)),
where is the tail region of the demagnetization curve, while most grains negatively
reverse, some grains remain lastly. During this reversal process, most grains appeared
to reverse as SD state although a few MD grains are found. This is different from
that in the commercial Nd-Fe-B magnet, where many MD grains reverse in cascade-
like [6,18]. Moreover, contrary to the good agreement between the XMCD and VSM
curves in the commercial Nd-Fe-B magnet [12,18], the XMCD curve of the annealed
Ga-doped Nd-Fe-B magnet obviously deviates from the VSM one, particularly in the
shoulder region of the magnetization curve (0 T > uoH > -2 T in Fig. 4(a)). This
indicates that the fractured surface of the annealed Ga-doped Nd-Fe-B magnet is
easily demagnetized compared with the inside of the magnet. This would be
understood by the different inter-grain exchange couplings between the commercial
and the annealed Ga-doped Nd-Fe-B magnets. In the commercial Nd-Fe-B magnet,
the magnetization of the surface grains is supported by the surrounding grains due to
the presence of the inter-grain exchange coupling. On the other hand, this support by
the surrounding grains is very weak in the annealed Ga-doped Nd-Fe-B magnet due
to the inter-grain exchange decoupling, leading to the prompt demagnetization at the
surface.

Figure 5(a) presents the XMCD reversal curve of the annealed Ga-doped Nd-Fe-B
magnet starting from wuoHr = -=1.6 T (= woHc¢), which corresponds to the high-field
FORC spot, as indicated by the red dots. For comparison, the black and gray dots
denote the reversal curve and the major demagnetization curve measured by VSM,
respectively. Figures 5(b)-5(g) are the XMCD images corresponding to the encircled
data points on the XMCD reversal curve. Similar to the major demagnetization curve
in Fig. 4(a), the XMCD reversal curve also deviates from the VSM reversal curve,
particularly in the shoulder region (0 T < goH < 1.5 T in Fig. 5(a)). The XMCD image
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at woHr = =1.6 T exhibits many negatively reversed SD state grains (Fig. 5(b)).
Subsequently, with increasing the magnetic field up to 1.8 T, these negatively
reversed grains gradually reverse back positively (Figs. 5(c)-5(g)). During this
process, whereas some grains become MD state particularly at goH = -0.2 and 0.2 T
(Figs. 5(c) and 5(d)), most grains appear to reverse as SD state.

Figure 6 shows the color maps of the grains that reverse as SD and MD states or
remains as unreversed for each reversal curve. Moreover, the histogram of SD, MD,
and unreversed grains as a function of woH, is presented. At the beginning of the
demagnetization process (uoHr = -=0.7 and —1.1 T), the numbers of SD and MD grains
are almost the same, but the diameter of the MD grain tends to be larger than that of
the SD grain in this magnetic field range. The number of SD grains rapidly increases
from wuoH, = -1.6 T, and the SD grains became dominant. These results clearly
demonstrate that the SD magnetization reversal is dominant in the Ga-doped Nd-Fe-
B magnet at RT, consisting very well with the FORC diagram pattern with the single
high-field spot (Fig. 3(b)). It is very interesting to note that the number of MD grain
decreases during the latter half of the demagnetization, indicating that some grains
which firstly take MD state converted into SD state during the latter half of the
demagnetization process once they are fully saturated. The intra-grain fractured
grains tend to take the MD state and easily reverse at the beginning of the
demagnetization process. This would be explained by the larger effective local
demagnetization field owing to the larger grain size of the intra-grain fractured grains
[39].

4. Discussion
4.1 Temperature dependence of magnetization reversal process

As mentioned in Introduction, all the GB phases of the annealed Ga-doped Nd-Fe-
B magnet are non-ferromagnetic [5,6,8], indicating the inter-grain exchange
decoupling. This well agrees with the sequential magnetization reversal of each grain
with SD state observed by XMCD microscopy (Fig. 5). Therefore, someone may say
that the SD magnetization reversal in the annealed Ga-doped Nd-Fe-B magnet is the
consequence of the inter-grain exchange decoupling. With increasing temperature,
however, the FORC diagram pattern changes from single spot to double spots,
indicating that the MD magnetization reversal becomes dominant at elevated
temperature. Moreover, this double spot FORC diagram pattern is quite similar to
that of the as-sintered Ga-doped Nd-Fe-B magnet which has the non-trivial inter-
grain exchange coupling. These facts indicate that the inter-grain exchange coupling
is not the essential factor for the SD magnetization reversal. Then, let us discuss
what is the decisive factor for the SD and MD magnetization reversals in the Ga-

doped Nd-Fe-B magnets.



Both the SD and MD magnetization reversals in the Ga-doped Nd-Fe-B magnets
are initiated by the nucleation of a small reversed domain because the grain size is
much larger than the exchange length of NdzFe14B, which is roughly estimated to be
~4 nm from the Bloch wall width. In this situation, the boundary between the SD and
MD magnetization reversals is given to be Hy,/HMP ~ 1, where H, and HsMP are the
nucleation and MD saturation fields, respectively. For the condition of H,/HMP > 1,
the reversed domain nucleated at H, is rapidly wiped out, resulting that the SD
magnetization reversal is observed. Otherwise the revered domain remains in the
grain, resulting in the MD magnetization reversal.

Roughly saying, H¢ is a good measure of H,. Then, we will propose that HsMP is
evaluated from a remanent initial magnetization curve. Since an initial magnetization
curve starts from the thermally demagnetized state, most grains in the magnet
initially stay to be MD state. With increasing magnetic field, the domain in each
grain moves against the local demagnetization field. Therefore, the saturation field
of the initial magnetization curve Hs' is regarded to be a good measure of the local
demagnetization field. However, this is not the MD saturation field HsMP. If a vestige
of the reversed domain remains, it would quickly expand when the magnetic field is
removed. This behavior is obviously observed in a remanent initial magnetization
curve. Figure 7(a) presents the initial and remanent initial magnetization curves of
the annealed Ga-doped Nd-Fe-B magnet at RT. The magnetization value of each data
point on the initial magnetization curve largely decreases when the magnetic field is
removed, as illustrated in the inset of Fig. 7(a). The remanent initial magnetization
curve is obtained by plotting the remanent magnetization value as a function of the
magnetic field. The saturation field of the remanent initial magnetization curve Hs'
is much larger than Hs', indicating that much larger magnetic field is required to
perfectly collapse the vestige of the reversed domain. Thus, Hs" is considered to be
a good measure of HsMP. Quantitatively estimating Hs' and Hs", however, is not easy,
since the initial and remanent initial magnetization curves vary gradually near their
saturations. The saturation fields of Hs' and Hs" are defined as the crossing points of
two lines: the extrapolation from the saturation and the tangent at the point of largest
slope change (maximum d?m/dH?). Thus determined values of uoHs' and uoHs" of the
as-sintered and annealed Ga-doped Nd-Fe-B magnets are plotted as a function of the
temperature as shown in Fig. 7(b). In addition, wmoH: is also plotted. For the as-
sintered Ga-doped Nd-Fe-B magnet, uoHs" is much larger than uoH: at RT,
corresponding to the case of Ho/HsMP < 1. This looks consistent with the conclusion
obtained from the FORC diagram in Fig. 2, that is, the MD magnetization reversal is
dominant in the as-sintered Ga-doped Nd-Fe-B magnet. On the other hand, the
temperature dependence of uoHs' and uoHs" of the annealed Ga-doped Nd-Fe-B magnet

is less significant, whereas the coercivity rapidly decreases with increasing the
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temperature. Thus, woH¢ is much larger than uoHs" at RT, corresponding to the case
of H,/HMP > 1. However, this relationship becomes inverted for T > 150 °C. These
results are in good agreement with the conclusions obtained from the FORC diagrams
of the annealed Ga-doped Nd-Fe-B magnet in Fig. 3, that is, the SD magnetization
reversal is dominant at RT, and the MD magnetization reversal becomes dominant at
200 °C in the annealed Ga-doped Nd-Fe-B magnet.

As mentioned above, since Hs' is considered to be a measure of the local
demagnetization field, the small temperature dependence of Hs' would be very
reasonable since the local demagnetization field is proportional with the saturation
magnetization which exhibits very small temperature dependence in this temperature
range. By contrast, Hs" exhibits somewhat larger temperature dependence compared
with Hsf, since Hs" is assumed to consist of the local demagnetization field, which is
represented by Hsi, and the collapsing field of the reversed domain vestige Hsc°'.
Table | summarizes the representative values of uoHs' and uoHs®' (= poHs" — uoHs').
The temperature variations of uoH°! are larger than those of uoHs' because uoHs®°!
reflects the domain wall energy [40]. umoHs®°' of the as-sintered Ga-doped Nd-Fe-B
magnet is very large compared with those of the annealed magnet. For the as-sintered
magnet, the domain wall could move from grain to grain owing to the imperfect grain
isolation [5]. Therefore, the largest uoHs°' among these connected grains might

govern the saturation of the entire magnet.

4.2 Quantitative analysis of FORC diagram

Previously, quantitative analysis of FORC diagrams has been studied under the
assumption of the Preisach model [19], and the coercivity and interaction field
dispersions have been discussed [21-30]. For Nd-Fe-B sintered magnets, however,
the analysis based on the Preisach model is not adequate, as discussed in our previous
study [18]. Instead, we have qualitatively analyzed the FORC diagram patterns of
Nd-Fe-B sintered magnets based on the original definition of FORC distribution p
(eqg. (1)) as discussed in Section 3. Here, we attempt to draw some of quantitative
parameters from the FORC diagram based on the original definition of p. Figures
8(a) and 8(b) again show the reversal curves and FORC diagram, respectively, of the
as-sintered Ga-doped Nd-Fe-B magnet as graphical quantitative analysis examples.
The red and blue dots in Fig. 8(b) denote the peak top positions of the high-field and
low-field spots, respectively, while their corresponding positions on the reversal
curves are also represented by the red and blue dots in Fig. 8(a). The peak fields
woHp (M) and xoH,-(M) along the H.- and H-axes of the FORC diagram are plotted as
a function of temperature T as shown in Figs. 8(c) and 8(d), respectively. The
superscripts of L and H denote those of the low-field and high-field FORC spots,

respectively. The coercivity uoH. is also plotted for comparison. The value of uoHp -
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of the as-sintered Ga-doped Nd-Fe-B magnet in Fig. 8(c) is very close to uoHc,
indicating that the low-field FORC spot is attributed to the reversal curve starting
from near the coercivity. On the other hand, uoH; " of the as-sintered Ga-doped Nd-
Fe-B magnet is much larger than goHc. Both woHp b and woH,, " of the annealed Ga-
doped Nd-Fe-B magnet exhibit very large temperature dependences, as well as that
of woHc. While woHp ™ is very close to wuoHc at RT, it deviates from uoH. at high
temperature. By contrast, uoHp, - becomes close to uoHc at high temperature. These
changes reflect the changes in the magnetization reversal process from the SD
magnetization reversal at RT to the MD magnetization reversal at high temperature.
While wuoH," of the annealed Ga-doped Nd-Fe-B magnet shown in Fig. 8(d) also
exhibits a significant temperature dependence, the values are slightly smaller than
oHc. Moreover the woHpt is almost zero regardless of the sample and temperature,
indicating that the domain wall in the MD state smoothly propagate by applying very
small fields.

The full width at half-maximum (FMHM) along the H;- and H-axes of the FORC
diagram podH M and wodH(M), respectively, are depicted in Fig. 8(b), while their
corresponding field ranges on the reversal curves are depicted in Fig. 8(a). Thus
obtained uoAH"(M) and uoAHY(H) are plotted as a function of temperature T in Figs.
8(e) and 8(f), respectively. Interestingly, uodH:" is much larger than uo4H", and
both are almost independent of sample and temperature, as shown in Fig. 8(e). podH"
and uoAH.- obviously represent the reversal field distributions of the SD and MD
magnetization reversals during the demagnetization process. In particular, godH"
involves the tail region near the saturation. According to the XMCD microscopy
observations in Fig. 4(g), this tail region corresponds to the magnetization reversals
of the lastly remaining grains. Since these remaining grains gradually reverse,
uoAHM becomes much larger than uo4H:-. The very small temperature dependences
of poAH:" and uoAHH suggest that the reversal field distributions of the MD and SD
magnetization reversals of the Ga-doped Nd-Fe-B magnet are governed by the local
demagnetization field as aforementioned saturation field of the initial magnetization
curve.

The values of poAH and wodH" in Fig. 8(f) represent the magnetizing field ranges
of the MD and SD magnetization reversals on the reversal curves, respectively.
Unlike wodH" in Fig. 8(e), uodH" of the as-sintered Ga-doped Nd-Fe-B magnet at
RT is much larger than that of the annealed magnet at high temperature. It is very
interesting to note that woAH" of the annealed magnet significantly depends on
temperature, but its behavior is obviously different from those of woHp ™ and uoH,",
as presented in Figs. 8(c) and 8(d). wmodH" largely decreases in the range of RT-
100 °C, then it changes very gradually in the range of 100-200 °C. This behavior

could be explained by assuming two contributions to uo4H", i.e., the coercivity
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dispersion and the H;-dependent coercivity. The former is mainly identified in the
annealed Ga-doped Nd-Fe-B magnet at RT. In this case, the high-field spot of the
FORC diagram locates very close to the diagonal line of H = —H; as presented in Fig.
3(b). The latter contribution is mainly found in the as-sintered Ga-doped Nd-Fe-B
magnet at RT, as presented in Fig. 2(b) and the annealed magnet at high temperature,
as shown in Figs. 3(d) and 3(f), respectively. This contribution causes the obliquely
prolonged shape of the high-field FORC spot. As mentioned above, the SD
magnetization reversal only appears after the MD states is fully saturated in the as-
sintered Ga-doped Nd-Fe-B magnet at RT and annealed magnet at high-temperature.
Therefore, the reversal curves for the high-field FORC spot mainly originates from
the tail region near the saturation of the demagnetization process. The magnetization
reversal in this region is attributed to the lastly remaining grains as confirmed by the
XMCD microscopy observation (Figs. 4(g)). Interestingly, the values of wodH" of
the as-sintered Ga-doped Nd-Fe-B magnet at RT and annealed magnet at high
temperature are almost the same, whereas their uoH: are quite different. This fact
indicates that the H,-dependent coercivity might not originate from the magnetically
locked pinning mechanism as previously considered [41], but rather from the stray

field of the lastly remaining grains in the tail region near the saturation.

5. Summary

We have studied the FORC analysis on the as-sintered and optimally annealed Ga-
doped Nd-Fe-B sintered magnets and discussed the temperature dependent
magnetization reversal process. The FORC diagram pattern of the as-sintered Ga-
doped Nd-Fe-B magnet consisted of low-field and high-field FORC spots, which is
typically observed in conventional Nd-Fe-B sintered magnets. The appearance of the
low-field FORC spot indicates that multidomain magnetization reversal is dominant
in the as-sintered Ga-doped Nd-Fe-B magnet. On the other hand, the FORC diagram
pattern of the annealed Ga-doped Nd-Fe-B magnet at room temperature presents only
the high-field FORC spot, which indicates that the single domain magnetization
reversal is dominant. This is clearly confirmed using the XMCD microscopy
observation. However, with increasing temperature, the FORC diagram pattern of the
annealed Ga-doped Nd-Fe-B magnet becomes similar with that of the as-sintered
magnet, indicating that the magnetization reversal process of the annealed magnet
varies from single domain reversal to multidomain reversal. This change in the
magnetization reversal process is well explained from the temperature dependence of
the saturation field of the multidomain state, which is evaluated using the remanent
initial magnetization curve. The quantitative analysis of the peak top positions of the
low-field and high-field FORC spots and their FWHMSs are very useful for the deeper

understanding of the magnetization reversal behavior of magnets.
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We postulate that the above findings and conclusions drawn from the FORC
analysis on the Ga-doped Nd-Fe-B magnets could be generally applicable to many
permanent magnetic materials, and this method would be very powerful for
characterizing the properties of permanent magnets and for understanding the

detailed magnetization reversal processes.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Temperature T dependence of coercivity uoH: of the as-sintered (open

circle) and the annealed (solid circle) Ga-doped Nd-Fe-B magnets.

(a) Reversal curves and (b) FORC diagram of the as-sintered Ga-doped Nd-
Fe-B magnet measured at RT. The blue and red lines indicate the low-field
and high-field FORC spot regions, respectively. The color bar indicates the

normalized value of p in the FORC diagram.

Reversal curves and FORC diagrams of the annealed Ga-doped Nd-Fe-B
magnet. (a) and (b) are the results measured at RT, (c) and (d) at 100 °C,
and (e) and (f) at 200 °C. The blue and red lines indicate the low-field and
high-field FORC spot regions, respectively. The color bar indicates the

normalized value of p in the FORC diagram.

(a) XMCD demagnetization curve of the annealed Ga-doped Nd-Fe-B
magnet. The black dots denote the magnetization curve by VSM. (b)-(g)
XMCD images taken with the demagnetization field varying from 3 to -2
T, corresponding to the encircled data points in (a). The grains rimmed by
black and white lines in (b)-(g) are the inter-grain and intra-grain fractured

grains, respectively.

(a) XMCD reversal magnetization curve corresponding to the high-field
FORC spot of the annealed Ga-doped Nd-Fe-B magnet. The black dots and
gray denote the reversal and demagnetization curves by VSM. (b)-(g)
XMCD images taken with the field varying from -1.6 to 1.8 T,
corresponding to the encircled data points in (a). The grains rimmed by
black and white lines in (b)~(g) are the inter-grain and intra-grain fractured

grains, respectively.

Upper images are the color maps of the SD reversed, MD reversed, and
unreversed grains of each uoH;. The grains rimmed by black and white lines
are the inter-grain and intra-grain fractured grains, respectively. Lower
graph shows the histogram of these SD reversed, SD reversed, and

unreversed grain numbers as a function of uoH,.

(a) Initial and remanent initial magnetization curves of the annealed Ga-

doped Nd-Fe-B magnet measured at RT. Inset shows the relationship
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Figure 8

between the data points on the two magnetization curves. (b) Saturation
field woHs' and woHs" of the initial and remanent initial magnetization
curves of the as-sintered and annealed Ga-doped Nd-Fe-B magnet as a

function of temperature T. uoH¢ is also plotted for comparison.

(a) and (b) are the reversal curves and the FORC diagram of the as-sintered
Ga-doped Nd-Fe-B magnet, respectively, measured at RT as graphical
examples of peak top positions and FWHM of the low-field and high-field
FORC spots. (c) and (d) are the peak fields along the H;-and H-axes
woHp M) and woHp (M), respectively, as a function of temperature T. (e)
and (f) are the FWHM along the H,- and H-axes uodH"MM) and goAH-(H),
respectively, as a function of temperature T. Superscripts of L and H denote
those for low-field and high-field FORC spots.
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Table |

Sample As-sintered Annealed
Temperature RT RT 200 °C
woHs' (T) 0.37 0.28 0.19
woHsco! (T) 0.53 0.41 0.27
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