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Absfract 

In order to investigate factors affecting coercivity a series of 

two-phase Nd2Fel4B-based nanocomposite alloys with dif- 

ferent excess iron concentrations were produced by melt- 

spinning methods. The constituent grain size was estimated 

by diffraction methods to be in the range of 150 8, - 500 A, 
and room-temperature demagnetization curves verify that 

the alloys studied exhibit a modest remanence enhance- 

ment. Isothermal remanence magnetization (IRM) and dc- 

demagnetization (DCD) measurements performed at tem- 

peratures in the range 275 K I T I 3 5 0  K illustrate that the 

coercivity and irreversible magnetization develops in a bi- 

modal, incoherent manner from a demagnetized state but 

upon demagnetization from a saturated state the system 

evinces collective, exchange-coupled behavior as illustrated 
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by the reversible magnetization Mrev. The temperature de- 

pendencies and values of the irreversible susceptibility Xirr 

(DCD) suggest that a moderating phase with a magnetic 

anisotropy intermediate to the two constituent main phases 

may be present in the alloys. 
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Introduction: 

Two-phase "exchange-spring" permanent magnets hold' 

great commercial promise if they can be fabricated so as to 

take full advantage of the optimal properties of each con- 

stituent phase. However, in practice itseems that such com- 

posites always possess a low coercivity, regardless of method 

of fabrication or elemental make-up. Both experimental 

(1,2) and theoretical (3-5) studies conclude that the coercivity 

is a sensitive function of the dimension of the soft phase. 

Theoretical calculations indicate that ideal exchange-spring 

magnets should possess coercivities on the order of 25% of 

the theoretical coercive limit 2Kl/Ms (6), where K1 is the 

first-order anisotropy constant and Ms is the saturation 

magnetization. The disparity between theoretical and em- 

pirical results indicates that the details of the interactions 

inherent to real magnets are not represented perfectly in the 

modeling efforts. To clarify factors affecting coercivity, in- 

vestigations were performed on the nature and evolution of 

the magnetic interactions in three 2-14-1 /a-Fe magnetic 

composites that differ in the amount of a-Fe present. 

Experimental: 

The alloys were made from commercial-grade materials 

by standard melt-quenching techniques at MQI and then an- 

nealed for four minutes at 690°C to optimize their magnetic 

properties. The starting compositions are given in Table I in 

both wt% and stoichiometry; henceforth the alloys will be 
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identified by their excess iron enrichment 6 ,  defined as 

Nd2Fe14+6B. Powders were verified by synchrotron x-ray 

diffraction (XRD) using h -. 0.90 A - 1.18 A to consist of only 

two phases: Nd2Fe14B and a-Fe. Lattice parameters (Table I) 

were obtained using a least-squares-fit algorithm, and the 

approximate particle size was determined with the Scherrer 

formula from the peak full-width at half-maximum. 

Magnetic measurements were made on isotropic cylindrical 

powder compacts in the temperature range 275 K I T I350 K 

with a MPMS SQUID magnetometer. The data was corrected 

for demagnetization effects. Room-tempera ture demagneti- 

zation curves were extrapolated to an infinite internal field 

to. calculate the remanence enhancement. Isothermal rema- 

nent magnetization (IRM) studies monitored the develop- 

ment of the coercivity and magnetization from an ac-de- 

magnetized state. DC-demagnetization (DCD) studies were 

done on samples saturated at -5 T and then subjected to in- 

creasingly positive fields until reversal and saturation in the 

positive direction was achieved. The reversible (Mrev(H)) 

and irreversible (B,(H)) components of the magnetization 

were determined with the relation Mtot(H) - Br(H) = 

Mrev(H), where Mtot(H) is the measured magnetization. 

Results and Discussion: 

Table I shows that the three samples studied possessed 

similar, but not identical, lattice constants and average con- 

stituent phase sizes. The alloys possess smooth second- 
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quadrant demagnetization curves and exhibit a modest re- 

manence enhancement compared io the value of 0.5 calcu- 

lated for an isotropic compact of isolated particles. It was not 

possible to ac-demagnetize the 6 = 0 sample in this study, 

therefore no lRM data from this sample are displayed. 

Fig. 1 (a)+) displays the irreversible components of the 

susceptibility, Xirr (DCD) and Xim (IRM) (where Xim = -), 

at various temperatures. The reversible magnetization 

component, Mirr, is shown in Fig. 2 for various tempera- 

tures as a function of internal field. The Mi* (IRM) data are 

shown only for T = 300 K because they exhibited very little 

temperature dependence; Mrev (DCD) for the 6 = 0 sample is 

small up to 5 T. Fig. 3 shows the dependence of ~ i r r  on tem- 

perature and internal field, along with the theoretical 

anisotropy fields (=2K1/MS) for a-Fe (7) and Nd2Fe14B (8); all 

data have been normalized to their values at 275 K. The ap- 

proximate room-temperature values of the anisotropy fields 

of a-Fe and Nd2Fe14B are 150 Oe and 89500 Oe, respectively. 

8Mim 
JHint 

The reversible and irreversible parts of the 

magnetization and their derivatives reveal the nature of 

magnetic reversal. The irreversible part of the 

magnetization describes . the relative ratio of reversed 

grains/domains as a function of internal field and is, by 

definition, associated directly with the coercivity. By 

extension, the irreversible susceptibility Xirr depicts the 

degree of collectiveness of the reversal process: very narrow 

Xirr peaks indicate a highly collective reversal that occurs at 
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one well-defined field, whereas broad zim peaks signal a 

non-collective reversal process that extends over a large field 

range. The progression of domain reversal from a 

demagnetized (IRM) state in the two-phase alloys, and hence 

: the attainment of coercivity, Figs. 1 (b), (c) is bimodal and 

broad, indicating that two processes are present and operate 

over an extended field range. The two Xirr (IRM) maxima 

likely stem from the two constituent phases of the alloy: the 

low-field maximum in the vicinity of Hint = 2000 G corre- 

sponds to the reversal of the soft a-Fe phase, whereas the 

higher-field maximum around Hint = 4000 G corresponds to 

the reversal of the hard 2-14-1 phase. Once all the grains 

are magnetically aligned, Fig. l(a), the peaks of Mi, (DCD) 

and the coercivity HCi occur at precisely the same fields as do 

the peaks in the Mrev (DCD) signals, indicating that the fwo 

constituent phases in the sample reverse coherently, Le., are 

exchange-coupled. The Xirr (DCD) data are very sharp and 

sensitive to temperature as well as to the amount of soft 

phase. The heights of the DCD Xim data exceed those of the 

analogous IRM data by approximately 50 times, Fig. 1, much 

larger than the factor of two that describes interactionless 

process (9). In contrast, the Xirr (DCD) data of the nominally 

single-phase sample S = 0 show very broad peaks (s 10 kG) 

with a maximum susceptibility value of 5 that occurs in the 

range 10 kG S T 5 15 kG. 

It is the a-Fe phase that creates the exchange coupling in 

these alloys, manifest in the behavior of the reversible mag- 

, .  . 
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netization Mirr (Fig. 2). Theoretical models (3-5) all empha- 

size that the nanocomposite phases will be exchange- 

coupled if the dimension of the soft phase does not exceed 

the domain wall width in the hard phase. Reversal from a 

saturated state is hypothesized to initiate in the exchange- 

isolated center of the soft phase and catastrophically proceed 

throughout the sample when the internal field exceeds the 

nucleation field of the magnetically-soft phase, HN, which is 

computed to decrease as the size of the soft precipitates in- 

creases. However, the results of this study indicate that the 

critical reversal field HN cannot be a simple function of the 

constituent phase anisotropy fields. Fig. 3 illustrates that 

both the temperature dependence of the anisotropy and the 

values of the critical reversal field of the alloys are interme- 

diate to those of the pure constituent phases, but closer to 

that of Nd2Fe14B. If reversal does initiate in the exchange- 

isolated regions of the soft a-Fe Precipitates, it would be ex- 

pected that the temperature dependence of Xim (DCD) would 

more resemble that of pure a-Fe; however, the temperature 

dependence is closer to that of the 2-14-1 phase. To explain 

this phenomenon it is hypothesized that a nanostructural 

feature, such as a gradual crystallographic or chemical transi- 

tion between the two phases, produces a region with a grad- 

ually-changing anisotropy constant of intermediate value. 

While preliminary electron microscopy performed on other 

samples with similar compositions (10) has not found such a 

proposed phase, it is likely to be manifest in other effects: for 
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, example, Dahlgren et  a2. (11) investigated the spin reorienta- 

tion temperature Ts of compositionally-rela ted nanocom- 

posite samples with ac susceptometry and found that Ts was 

depressed relative to the value found in single-crystal 

Nd2Fe14B by as much as 17 degrees. It is clear that new ideas 

must be explored to define the interactions that govern the 

magnetic behavior in this new class of magnetic materials. 
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Figure Captions: 

Figure 1: 

a). DCD (dcdemagnetization) curves for the S = 4.6 and 6 = 9.3 samples. 

b). 

sample. 

c). IRM (isothermal remanent magnetization) curves for the S= 4.6 sample. 

IRM (isothermal remanent magnetization) curves for the S= 9.3 

Figure 2: The reversibIe magnetization M,eV(DCD) and Mrev(1RM) as 

functions of internal field and temperature. 

Figure 3: Normalized critical reversal fields as a function of temperature 

from a saturated state. 
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Table I: Alloy Characterization. 6 characterizes the iron enrichment, defined 
as Nd2Fe14+6B. 

Sample/ Composition 2-14-1 Lattice Grain Sizes Remanence 
Stoichiometry (RE = rare earth) Parameters (A> 

P 

MQP-A ( 6 ~ 0 )  RE = 30 WUO a = 8.8042_~.0020 2-141: = 300 A 0.53 
Nd2.39Fe14B0.95 B = 0.9 wt% c = 12.2608&.0046 

Fe = 68.6 WUO 

MQ182 (6=4.6) RE = 21.3 wt% a = 8.7905k.0012 2-141: = 500 A 0.52 
Nd2Fe18.6B2.38 B = 1.90 wt% c = 12.1697k.0023 a-Fe: = 130 A 

Fe = 76.8 wt% 

MQ174 (6=9.3) RE = 18 WWO a = 8.8052.0023 2-14-1: a 300 A 0.60 
Nd2Fe23.3B1.45 B = 0.99 wt% c = 12.2135f.0053 a-Fe: = 150-250A 

Fe = 81.0 wt% 
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