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Experimental and theoretical researches on nanostructured exchange coupled magnets have been carried out since
about 1988. Here, we review the structure and magnetic properties of the anisotropic nanocomposite soft’/hard multilayer
magnets including some new results and phenomena from an experimental point of view. According to the different compo-
nent of the oriented hard phase in the nanocomposite soft/hard multilayer magnets, three types of magnets will be discussed:
1) anisotropic Nd;Fe 4B based nanocomposite multilayer magnets, 2) anisotropic SmCos based nanocomposite multilayer
magnets, and 3) anisotropic rare-earth free based nanocomposite multilayer magnets. For each of them, the formation of the
oriented hard phase, exchange coupling, coercivity mechanism, and magnetic properties of the corresponding anisotropic
nanocomposite multilayer magnets are briefly reviewed, and then the prospect of realization of bulk magnets on new results
of anisotropic nanocomposite multilayer magnets will be carried out.
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1. Introduction

Exchange couplings in magnetic thin films have attracted
a great deal of attention in the areas of permanent mag-
nets, magnetic recording, sensors, and spin electronics. The
exchange-coupled permanent magnets are one of the model
systems for studying the exchange couplings in magnetic thin
films. The exchange-coupled magnets were firstly experi-
mentally realized in ribbons by melt-spinning in 1988.1"1 The
merits of such magnets were a high saturation magnetiza-
tion provided by a soft-magnetic phase and a mediate coer-
civity provided by a hard-magnetic phase if the two phases
can be exchange-coupled well. Consequently, Kneller and
Hawig!?! theoretically predicted a high maximum magnetic
energy product and an unusually high remanence ratio or re-
duced remanence M, /M, due to exchange coupling between
nano-grains of the soft and hard magnetic phases. In addi-
tion, they predicted a unique magnetic behavior character-
ized by a reversible demagnetization curve, that is, a max-
imum recoil permeability as distinguished from the conven-
tional single-phase permanent magnets, where the demagne-
tization curves reflect essentially the distribution of the irre-
versible switching fields. It is for this unique magnetic behav-
ior of the nanocomposites, in a sense resembling a mechan-
ical spring, that such magnets have been termed exchange-
spring magnets by Kneller and Hawig. Skomski and Coey!*!
attempted to predict the nucleation-field coercivities H, = Hx
for three-dimensional two-phase nanostructures, which gave
rise to a quantitative analysis of the permanent-magnet per-
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formance of oriented two-phase nanostructures. They pre-
dicted that the maximum energy product in suitably nanos-
tructured SmoFe 7N3/FegsCoss composites was as high as
1090 kJ/m?. But the maximum energy products of the rare-
earth nanocomposite magnets prepared by means of rapid
quenching and mechanical alloying have been much lower
than the theoretical expectation, due to difficulties in control-
ling the nanostructures. *~"] Although the remanence enhance-
ment effect has been observed due to effective exchange cou-
pling between hard and soft phases in such a bulk hard/soft
phase system, the squareness of the demagnetization curve
of the samples was not good enough for obtaining a higher
energy product than that of the single phase, in which the
hard phase is isotropic. The higher maximum energy product
(BH)max Was possible if the particle size (or layer thickness)
of the soft-magnetic phase did not exceed the domain thick-
ness of the hard-magnetic phase. However, in bulk samples, it
was not so easy to control the microstructure compared with
thin films. So, many works have been done on multilayer films
or nanostructured films with Nd—Fe—-B, PtFe, SmFe or SmCo
as the hard magnetic phase.[®-131 Later, based on the summary
and analysis of previous work on nanostructured exchange-
coupled magnets!'*! and our work on exchange couplings in

magnetic films, 3]

it was realized that the higher energy prod-
uct may be obtained in anisotropic exchange-coupled multi-
layer magnetic films.

However, it is difficult to prepare anisotropy nanocom-

posite permanent magnets due to the difficulties in control-
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ling the formation and alignment of the hard phase and dif-
fusion between the hard and soft phases. It is well known
that the temperature of the formation of the hard phases such
as NdyFe 4B, SmCos, and FePt should be above their crys-
tallization temperature, for example, 550 °C. In addition, if
the oriented hard phase is obtained, the anisotropic film will
be directly epitaxially grown on single crystal substrates at
high temperatures or at low temperatures following subse-
quent annealing at higher temperatures. It is easy to realize
an anisotropic film of a single hard phase layer by means of
the preparation method mentioned above, but for a multilayer
with hard and soft phases, the formation and alignment of the
hard phase are easily destroyed by diffusion of the soft phase
at high temperatures. In order to solve this problem, Cui et al.
realized an anisotropic soft- and hard-magnetic (SM and HM)
nanocomposite multilayer by inserting a non-magnetic spacer
layer to prevent diffusion between the SM and HM layers. [1%]
Thus, the oriented hard phase is well coupled with the soft
phase layer. It is found that the interactions between SM and
HM layers can well work over a very long distance, which
cannot be fully understood based on the theories mentioned
above.[>3! So it is important to make clear the long-ranged in-
teractions mechanism to obtain a higher energy product.

In this review, according to the different component of the
oriented hard-magnetic phase in the nanocomposite soft/hard
multilayer magnets, three types of magnets will be studied: 1)
anisotropic Nd,Fe 4B based nanocomposite multilayer mag-
nets, 2) anisotropic SmCos based nanocomposite multilayer
magnets, and 3) anisotropic rare-earth free based nanocom-
posite multilayer magnets. For each of them, the forma-
tion of the oriented hard phase, exchange coupling, coerciv-
ity mechanism, and magnetic properties of the corresponding
anisotropic nanocomposite multilayer magnets are briefly re-
viewed, and then the prospect of realization of bulk magnets
on new results of anisotropic nanocomposite multilayer mag-
nets will be carried out.

2. The anisotropic Nd,;Fe 4B based nanocom-
posite multilayer magnets

Generally, to obtain the Nd—Fe-B/a-Fe multilayer film,
an easy way is to deposit o-Fe onto the top of the Nd—Fe-
B layer. A Mo (50 nm)/Nd¢Fe71B13 (800 nm)/Fe (11 nm)/
Nd;gFe71B13 (800 nm)/Mo (50 nm) trilayer film onto a heated
Si substrate was fabricated. The XRD patterns of all textured
films show that the (105) reflection has the highest intensity.
Figure 1(a) shows the hysteresis loop of the trilayer film at
295 K.['1 The magnetization along the perpendicular direc-
tion starts to drop drastically at a positive external field. The
results obtained perpendicular and parallel to the film plane are
anisotropic. However, exchange-decoupling behavior appears
clearly in the perpendicular direction. This indicates that, due

to interdiffusion between soft- and hard-magnetic phases in
the interface region, the width of the soft-magnetic region is
larger than the critical correlation length Lek so that the soft
phase is not exchange-coupled with the hard phase.
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Fig. 1. Hysteresis loops of (a) the trilayer film Mo (50 nm)/Nd;cFe7; B3
(800 nm)/Fe (11 nm)/Nd;¢Fe71B;3 (800 nm)/Mo (50 nm) at 295 K, the
textured multilayer film Mo (50 nm)/Nd;¢Fe71B3 (800 nm)/Mo (2 nm)/Fe
(11 nm)/Mo (2 nm)/ Nd;¢Fe71B13 (800 nm)/Mo (50 nm) (b) at 295 K and
(c) at 180 K, (d) the textured multilayer film Mo (50 nm)/ Nd;¢Fe7;B13
(800 nm)/Mo (4 nm)/NdgFe7;B3 (800 nm)/ Mo (50 nm) at 180 K, (e)
the textured single-layered film Mo (50 nm)/Nd;¢Fe71B13 (800 nm)/Mo
(50 nm) at 180 K, (f) the isotropic multilayer film Mo (50 nm)/Nd;¢Fe7; B3
(800 nm)/Mo (2 nm)/Fe (11 nm)/Mo (2 nm)/Nd;cFe71B13 (800 nm)/Mo
(50 nm) at 180 K, with the magnetic field applied parallel (||) and perpen-
dicular (L) to the film plane.!°]

......
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In order to prevent the interfacial diffusion, a Mo (2 nm)
was deposited between the Fe layer and the Nd-Fe-B layer.
A Mo (50 nm)/NdFeB (800 nm)/Mo (2 nm)/Fe (11 nm)/Mo
(2 nm)/NdFeB (800 nm)/Mo (50 nm) multilayer film was pre-
pared. The hysteresis loops measured at 295 K are shown
in Fig. 1(b). Smooth loops can be observed along perpen-
dicular and parallel directions. It can be seen that coercivity
is increased from 4 kOe in Fig. 1(a) to 10 kOe with better
squareness, indicating the good exchange-coupling between
soft/hard magnetic phases. Such sandwiched microstructure
can be proved by bright field and high-resolution transmission
electron microscopy (HRTEM) images, as shown in Fig. 2.
From Fig. 2(a), the columnar 2:14:1 grains are very clear. The
Mo/Fe/Mo stack layer appears in between two Nd—Fe-B lay-
ers. In the HRTEM image, a bright line between the Nd—Fe—
B layer and the Fe layer corresponds to the Mo spacer layer.
This indicates that the soft/hard magnetic phases are well sep-

117502-2



Chin. Phys. B Vol

26, No. 11 (2017) 117502

arated by the Mo spacer layer and interfacial diffusion is pre-
vented. It means that by using the spacer layer, exchange-
coupled hard/soft magnetic multilayer film with textured mi-
crostructure can be fabricated.
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Fig. 2. Cross-sectional morphology image (a) and HRTEM image (b)
at the interface region of the textured multilayer film Mo (50 nm)/
Nd;¢Fe71B13 (800 nm)/Mo (2 nm)/Fe (11 nm)/Mo (2 nm)/Nd;¢sFe71 B3
(800 nm)/Mo (50 nm).[16!

The hysteresis loops at 180 K of the textured Mo
(50 nm)/Nd¢Fe71B13 (800 nm)/Mo (2 nm)/Fe (11 nm)/Mo
(2 nm)/Nd;gFe71B13 (800 nm)/Mo (50 nm) multilayer film are
shown in Fig. 1(c). A good squareness of the demagnetiza-
tion curve is observed in the direction perpendicular to the film
plane. At 180 K, a clear kink in the hysteresis loop is found
in the direction parallel to the film plane, which indicates ex-
change decoupling between hard and soft phases in the film. It
is surprising that different exchange-coupling behavior is ob-
served in the two measuring directions.

The thickness of the a-Fe layer has been changed to
investigate its effect on the exchange-coupling between the
soft/hard phases. Due to the existence of the Mo spacer layer,
an effective critical correlation length LS is proposed which
is represented by the critical thickness of a-Fe at which a kink
occurs in the demagnetization curve with increasing thickness
of a-Fe. The effective critical correlation lengths at 295 K
and 180 K in the two measuring directions are listed in Ta-
ble 1. It is found that the effective critical correlation length

is always smaller at 180 K than at 295 K, both perpendicular
and parallel to the film plane. This temperature dependence is
consistent with what is found in the isotropic case and is due to
the enhanced magneto crystalline anisotropy at lower tempera-
ture. However, in the textured films, in contrast to the isotropic
films, Lgﬁf is anisotropic and always larger in the perpendicu-
lar direction than in the parallel direction, both at 295 K and
at 180 K. In order to confirm that the constricted shoulders
originate from the exchange-decoupling between soft and hard
phases due to the existence of the ¢-Fe layer, we prepared a
textured trilayer film Mo (50 nm)/Nd;¢Fe7;B13 (800 nm)/Mo
(4 nm)/Nd;gFe71B3 (800 nm)/Mo (50 nm), in which the soft
a-Fe layer is decreased to zero, and a textured single-layered
film Mo (50 nm)/Nd;¢Fe7;B13 (800 nm)/Mo (50 nm) and mea-
sured their hysteresis loops at 180 K both parallel and perpen-
dicular to the film plane (see Figs. 1(d) and 1(e)). It is clear
that the demagnetization is smooth and that, in both directions,
there are no kinks in the loop, confirming that the constricted
shoulders are related with the o-Fe layer and indeed caused by
exchange-decoupling between the soft and hard phases paral-
lel to the film plane. Moreover, it is shown that there are no
kinks as long as the thickness of the soft layer is below a crit-
ical value (see Table 1), which also proves that the exchange-
decoupling is strongly related to the soft phase.

Table 1.  Effective critical correlation length LET for textured
Nd,Fe4B/a-Fe multilayer films in two directions at 295 K and
180 K.[161

295 K 180 K
LT (1) 38 nm 26 nm
L (| 18 nm 10 nm

In comparison with the microstructure of the isotropic
film, it is clear that the only difference is that the hard phase
is of textured growth. Good squareness of hysteresis loops
in the direction perpendicular to the film (the c-axis of the
columnar grains) means that N, is close to 0 and N perpen-
dicular to the c-axis of the columnar grains (in-plane direc-
tion of the film), is much larger than N,. This is opposite
to the case of isotropic multilayer films where N, is larger
than Nj. Therefore, it is easy to understand that additional
shape anisotropy besides the magnetocrystalline anisotropy
should be overcome when the demagnetization process is in
the direction perpendicular to the c-axis of columnar grains
(in-plane direction of the film) compared with the demagne-
tization along the c-axis of columnar grains (perpendicular to
the film). To account for the shape anisotropy, a total effec-
tive anisotropy parallel to the film (Kefr) = (Kmag) + (Kshape)
is proposed, where (Kmag) and (Knape) represent the mag-
netocrystalline anisotropy and the shape anisotropy, respec-
tively. Taking the shape anisotropy into consideration, we
propose Lex = m(A/ <Keff>)1/ 2 in accordance with Ref. [2].
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When the effective critical correlation length LS is measured
in the parallel direction, it will be (A /((Kmag) + (Kshape))) /%,
which is smaller than its value 7(A/Kmag)'/? in the perpen-
dicular direction, both at low temperature and at room tem-
peratures, as observed experimentally. Moreover, (Kmag) is
larger at 180 K than at room temperature, which leads to a
smaller LI at 180 K than at room temperature for both di-
rections, just like in the case of isotropic films. In order to
prove what we propose above, we have measured the hys-
teresis loops at 180 K of an isotropic multilayer film Mo
(50 nm)/Nd;¢Fe71B3 (800 nm)/Mo (2 nm)/Fe (11 nm)/Mo
(2 nm)/Nd;¢Fe71B13 (800 nm)/Mo (50 nm) (Fig. 1(f)). Be-
cause the grains of the hard phase are isotropic in the film, the
film shape leads to a slight difference between the two mea-
suring directions. However, no kinks are observed in both di-
rections, showing that the anisotropic correlation length found
in the textured exchange-coupled hard/soft films is really due
to the shape anisotropy of the textured structure of the hard
phase.[16]

Cui et al. reported the structure, magnetic properties, and
coercivity mechanism in textured Nd,Fe4B/o-Fe multilayer
films with Mo spacer layer.!!”! Columnar Nd,Fe 4B grains
grow along the direction perpendicular to the film’s plane and
the sandwich structure is preserved after deposition. Coer-
civity and rectangular ratio increase with decreasing temper-
ature. It is concluded that reversal domain nucleation is the
dominant mechanism in films. With increasing period num-
ber, the controlled coercivity mechanism is changed to the
domain-wall pinning mechanism. The calculated width for
planar inhomogeneities, thinner than domain wall thickness,
increases with more periods. The coercivity analysis shows
that the exchange-coupling of the hard/soft phase is not influ-
enced by the existence of Mo spacer layer, which is confirmed
by micromagnetic calculations for all five films.

From the above experiments, it is worth noticing that
even when there are several nanometers of spacer layers the
exchange-coupling between soft-magnetic and hard-magnetic
phases can still happen. As mentioned above, once there are
spacer layers between soft’/hard magnetic layers, the structure
would be like FM/NM/FM[!'8! trilayer or FM/NM/AFM!!?]
exchange bias systems. In the latter two cases, the NM spacer
layer plays an important role in mediating the interlayer ex-
change coupling.

The strength of the exchange-coupling between soft/hard-
magnetic layers is related to LT, Due to the similarity in
the film structure with those of FM/NM/FM!'#! trilayer or
FM/NM/AFM!?! exchangebias systems, it is interesting to
investigate how the spacer layer affects the exchange cou-
pling in hard-magnetic-layer/spacer-layer/soft-magnetic-layer
systems. So, in the following part, some factors that influence
the exchange-coupling are discussed.?"!

As can be seen in Fig. 1, it is clear that LT shows an
anisotropic behavior in textured multilayer films. By grad-
ually increasing the thickness of the Fe layer, the LS along
directions perpendicular or parallel to the thin film plane mea-
sured at 295 K or 180 K can be obtained for a certain thick-
ness of spacer layer. The inset in Fig. 3 shows an XRD pat-
tern which is typical of all multilayer films with spacer lay-
ers. It can be seen that the intensity of the (105) reflection
is largely enhanced, indicating the structure of strong c-axis
textured films. In Fig. 3, the dependence of LT on the thick-
ness of the Mo spacer layer is shown, which was measured
at 180 K and 295 K with the field applied either perpendic-
ular or parallel to the film plane. Because LS (180 K, ||) is
very small and rapidly decreases to zero, its dependence on
the thickness of Mo spacer layer is not obvious and shown
in Fig. 3. L& (295 K, L), which means LE is measured at
295 K along the direction perpendicular to the thin film plane,
decreases with increasing thickness of the Mo spacer layer,
but does not vary significantly when the thickness of the Mo
spacer layer varies between 4 nm and 6 nm. When the thick-
ness of the spacer layer exceeds 8 nm, the LT (295 K, 1)

decreases rapidly to zero. For the same thickness of spacer
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o (180 K, L) becomes smaller in com-

layer, the value of L
parison with that at room temperature, due to the enhanced
magnetocrystalline anisotropy. In addition, the value of Lg,t;f
(295 K, ||) is also smaller than LS (295 K, 1) under the same
thickness of spacer layer, due to the contribution of the shape
anisotropy of textured hard-magnetic phases. However, the
nonlinear dependence of L& (295 K, ||) or L& (180 K,.L) on
the spacer-layer thickness is similar with that of LS (295 K,
1). Only a vertical shift along the y axis is observed due to the
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Fig. 3. (color online) Dependences of on the thickness of the Mo
spacer-layer in Mo (50 nm)/NdFeB (800 nm)/Mo (x nm)/Fe (y nm)/Mo
(x nm)/NdFeB (800 nm)/Mo (50 nm) multilayer films, measured at
180 K and 295 K with the applied field perpendicular and parallel to
the film plane. The inset in Fig. 1(a) shows an XRD pattern typical of a
textured HM/NM/Fe/NM/HM multilayer film. 2]

In order to identify whether such nonlinear dependence
is spacer-layer dependent, Cu and Cr spacer layers were used.
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Figure 4 shows the dependence of LS (295 K, L) on the thick-
ness of spacer layers (Cu or Cr) in NdFeB/a-Fe and Mo in
PrFeB/a-Fe multilayers. Those dependences are qualitatively
similar to that of Lgﬁf (295 K, L) as shown in Fig. 3, where
a flat region can be seen between the thickness of the spacer
layer from 4 nm to 8 nm, indicating that such nonlinear de-
pendence is not sensitive to what materials are chosen for the
NM spacer layer or hard-magnetic phases. But at the same
thickness of spacer layer, the value of LS is dependent on the
spacer layer materials. From Fig. 4, when the thickness of
spacer layer is thinner than 10 nm, the value of L& for Cu as
the spacer layer is larger than the value of LS for Cr as spacer
layer, which may be due to the intrinsic properties of spacer
materials. When the thickness of the a-Fe layer is extrapo-
lated to zero, this thickness of spacer layer is defined to be the
decay length, indicating the depth that the soft-/hard-magnetic
exchange coupling can propagate in the spacer layer. As seen
from Fig. 4, for the cases of Cu spacer layer (curve a) and Cr
spacer layer (curve b), the penetration length is around 11 nm.
Since the dependence of LS on the thickness of NM spacer
layer is plotted along the direction perpendicular to the thin
film plane at room temperature, compared with the penetra-
tion depth of around 11 nm in thin film with Mo as spacer
layer materials (dark-square curve of Fig. 3), the penetration
depth is not changed for different spacer layer materials. How-
ever, penetration depth is a temperature and texture-direction
dependent parameter because it is reduced at lower tempera-
ture (triangle red curve in Fig. 3) or along the direction par-
allel to the thin film (blue circle curve in Fig. 3) due to the
enhanced magnetocrystalline anisotropy at low temperature
or the contribution of shape anisotropy in textured structure.
When the hard-magnetic layer is changed into a Pr—Fe—B layer
with Mo as spacer layer, the penetration length is also around
11 nm (curve c of Fig. 4). However, it is worth noting that the
exchange-coupling between the soft- and hard-magnetic layers
even happens when the thickness of the spacer-layer is as large
as 10 nm, much larger than the decay length of 5 nm reported
in exchange-biased AF/NM/FM trilayers.!'”] Compared with
the thickness of NM spacer layer in FM/NM/FM multilayer
films, '8 it is concluded that the exchange coupling between
the soft- and hard-magnetic phases is a long-ranged interac-
tion.

Usually, the Hankel ploti>!l is used to clarify the
exchange-coupling or the static interaction between neigh-
bor grains in hard magnets or hard/soft composites. The
Hankel plot relates the isothermal remanence ratio my(H)
(= M (H)/M;(c0)), obtained through progressive magneti-
zation, with demagnetization remanence ratio mgy(H) (=
My(H)/M;(=)), obtained through progressive demagneti-
zation from a previously saturated state to the same de-
magnetization field, where M;(e) is the remanence ob-

tained in the saturated state. It is expressed as om(H) =
mg(H) — [1 — 2m;(H)].!*" Figure 5 shows the typical Han-
kel plots of Mo (50 nm)/NdFeB (800 nm)/Cu (6 nm)/Fe
(22 nm)/Cu (6 nm)/NdFeB (800 nm)/Mo (50 nm) and
Mo (50 nm)/NdFeB (800 nm)/Cr (6 nm)/Fe (21 nm)/Cr
(6 nm)/NdFeB (800 nm)/Mo (50 nm) thin film, in which the
thickness of a-Fe is the LS for a spacer layer of Cu (6 nm) and
Cr(6 nm). The coercivities are also marked. Since the dm(H)
value is always negative for such two films in Fig. 5, it is pro-
posed that there is at least the existence of magnetostatic inter-
actions between soft- and hard-magnetic layers, which leads
to the observed non-linear dependence.
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Fig. 4. (color online) L in Mo (50 nm)/HM (z nm)/NM (x nm)/Fe

(9
(y nm)/NM (x nm)/HM (z nm)/Mo (50 nm) (NM = Mo, Cu, or Cr,
and HM = Nd¢Fe7;B 3 or PrigFe7;B3) multilayer films at 295 K,
with the applied field perpendicular to the film plane. Its dependence
on (a) NM = Cu for HM = Nd,¢Fe7; B3 (800 nm); (b) NM = Cr for
HM = Nd16F671B13 (800 nm); (C) NM = Mo for Pr16F671B13 (800 nm)
and (d) Mo for HM = Nd,¢Fe7,B13 (200 nm). 2!

Later, Cui ef al.? realized anisotropic hard/soft multi-
layer films [Nd—Fe-B (30 nm)/Nd (3 nm)/Ta (1 nm)/Feg7Co33
(10 nm)/Ta (1 nm)]y/Nd-Fe-B (30 nm)/Nd (3 nm) multi-
layer films (N =0, 4, 9, 14,19) the Nd-Fe-B and Nd lay-
ers were each deposited at 600 °C. After the substrates were
cooled down, the Ta (1 nm)/Feg;Cos3 (10 nm)/Ta (1 nm)
layers were deposited at around 200 °C. After deposit-
ing a stack of the Nd-Fe-B (30 nm)/Nd (3 nm)/Ta
(1 nm)/Feg7Co33 (10 nm)/Ta (1 nm) layers, the substrate tem-
perature was increased to 600 °C before depositing the next
stack. After depositing all of these stacks, the thin films were
annealed at 650 °C to allow Nd to diffuse into the Nd—Fe-B
layer along the grain boundaries.

Based on the previous work mentioned above, the Ta
spacer layer was found to be indispensible in keeping a high
coercivity in Nd,Fe 4B/Fe nanocomposite films. To attain a
higher saturation magnetization in the nanocomposite films,
a Feg7Cos3 (10 nm) soft magnetic layer is used instead of
the Fe layer since it has a higher saturation magnetization
(HoMg = 2.35 T). In addition, the thickness of the Nd—Fe—
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B layer is reduced to 30 nm to increase the volume frac-
The Ta (1 nm)
spacer layers are inserted to control the exchange coupling

tion of the Feg7;Co33 soft-magnetic phase.

between the Nd-Fe—B/Feg;Coss layers and to prevent in-
terfacial reaction. Thus, nanocomposite mutlilayer films of
[Nd—Fe-B (30 nm)/Nd (3 nm)/Ta(1 nm)/Feg;Cos3 (10 nm)/Ta
(1 nm)]y/Nd—Fe-B (30 nm)/Nd (3 nm) were fabricated and
the volume fraction of the soft magnetic phase was adjusted
by the stack number N. Nd (3 nm) was used to enhance the
coercivity of the Nd-Fe—B layers by the grain boundary dif-
fusion. The hysteresis loops of the multilayer composite thin
films with different N are shown in Fig. 6.[2?]

0.1

o
(=]
T

om/H
S
[\

\\ //

\ ]

.\\ /J(JiHc /
\ _—
R

0.0 0.5 1.0 1.5 2.0
Applied field/T

-Cr

—e—Cu

Fig. 5. (color online) Variation of m(H) as the function of applied field
for the thin film Mo (50 nm)/NdFeB (800 nm)/Cu (6 nm)/Fe (22 nm)/Cu
(6 nm)/NdFeB (800 nm)/Mo (50 nm) (dark) and Mo (50 nm)/NdFeB
(800 nm)/Cr (6 nm)/Fe (21 nm)/Cr (6 nm)/NdFeB (800 nm)/Mo (50 nm)
(red) measured along the direction perpendicular to the film plane. 2]
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Fig. 6. Hysteresis loops of multilayer films Ta (50 nm)/[Nd—Fe-B (30nm)/Nd
(3 nm)/Ta (I nm)/Fe;Co (10 nm)/Ta (1 nm)]y/Nd-Fe-B (30 nm)/Nd
(3 nm)/Ta (20 nm): (a) N =4, (b) N =9, (c) N = 14, and (d) N = 19.1?%

All the films show strong perpendicular anisotropy be-
cause of the preferred orientation of (001) planes parallel to

the films. The remanent magnetization ypM, and maximum
energy product (BH )yax are shown in Fig. 71??! as a function
of the stack number N, together with the expected values from
the film structures. The coercivity yoH, ~ 3 T was realized in
thin films with N = 0. It decreased monotonously to 1.77 T
for N =4 and 1.38 T at N = 9 due to the increased fraction
of the Feg7Co33 soft magnetic phase. These coercivity val-
ues are higher than the typical ones for Nd-Fe-B sintered
magnets (UoH. ~ 1.2 T) because of the Nd diffusion process
which weakened intergranular exchange coupling within the
Nd-Fe-B layers. The lowest coercivity of 0.9 T is obtained
for N = 19. The remanence (shown in Fig. 7b) increases
gradually from 1.15 T for N =0to 1.25 T for N = 4. The
remanence reaches the maximum value of 1.61 +0.05 T in
the thin film with N = 9 and then decreases to oM, = 1.54 T
for N = 14 and pyoM; = 1.4 T for N = 19. The initial increase
in the remanence is due to the increasing volume fraction of
the soft magnetic phase from zero for N = 0 to about 20% for
N = 19. Correspondingly, the (BH )max (Fig. 7(c)) increases
from 255 kJ-m 3 for N = 0 to 311 kJ'm ™3 for N = 4. The
highest (BH)max of 486+ 15 kJ-m~2 is obtained in the thin
film with N = 9. In the thin film with N = 9, experimentally
measured poM, = 1.61 £0.05 T is slightly higher than the
designed value. It may be because the actual thickness of the
film was thinner than the designed value due to the experimen-
tal error based on the predetermined sputtering rates of each
layer. However, the experimental (BH )y is still lower than
the designed one because the squareness of the actual demag-
netization curve is not perfect. The (BH )yax of ~ 480 kJ-m—3
for N =9 film is even comparable with the best performance
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Fig. 7. (color online) Coercivity (a), remanence (b), and (BH )max (c) de-
pendences of stack number N in multilayer films of Ta (50 nm)[Nd-Fe—
B(30 nm)/Nd (3 nm)/Ta (1 nm)/Feg;Co33 (10 nm)/Ta (I nm)]y/Nd—Fe—
B(30 nm)/Nd (3nm)/Ta (20 nm). The expected uMs and theoretical (BH )max
based on the expected pM; are compared. The errors in the remanence and
(BH) max are shown based on the errors on the thickness of the thin films.?!
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Fe loss

Fig. 8. Cross-sectional TEM images of multilayer films Ta (50 nm)[Nd—
Fe-B (30 nm)/Nd (3 nm)/Ta (1 nm)/Feg7C033(10 nm)/Ta (1 nm)]n/Nd—
Fe-B (30 nm)/Nd (3 nm)/Ta (20 nm) with stack numbers (a), (b) N =4,
(c)~(e) N =9, and (f) N = 14.122]

achieved in the strongly textured sintered magnet with a low
fraction of the Nd-rich phase, 451 kJ .m~3, which is the largest
(BH)max ever achieved for anisotropic Nd—Fe-B composite
films. (>3]

The microstructures of these multilayer thin films are
characterized by TEM as shown in Fig. 8.[*21 Each layer
can be clearly observed in the film with N = 4, Fig. 8(a).
The corresponding Nd loss image shows that Nd is enriched
in the interlayer region between the Nd—Fe-B layers. In
the high-magnification TEM images in Fig. 8(b), Nd,Fe 4B
grains are observed with rectangular crosssections and the
c-axis normal to the film plane. These grains are closely
packed within the Nd-Fe-B layer but separated by the Ta
(1 nm)/Feg7Co33 (10 nm) Ta (1 nm) layers. The Feg7Cos3 par-
ticles are embedded in the Nd-rich phase. It means that the
Ta (1 nm)/Feg7Co3z3 (10 nm)Ta (1 nm) layers are fragmented

during the growth at elevated temperature and Feg;Cos33 are
partially alloyed with Nd, causing a lower magnetization than
the expected one. A low magnification cross sectional TEM
image of the film with N =9 is shown in Fig. 8(c) and is
used to determine the average thickness. Figure 8(d) shows
that Nd infiltrates into the interlayer region. In a higher mag-
nification TEM image, Fig. 8(e), the Nd,Fe 4B grains have
The Nd-rich
phase forms a shell surrounding the Nd,Fe 4B grains, which

the same shape as that shown in Fig. 8(b).

is thought to be the reason for keeping the coercivity of the
film (uoH. = 1.38 T). However, the Nd-rich phase is not found
to be alloyed with the Feg7Coss phase as evidenced by the
clear NdyFe 4B/Feq7Co33 interfaces, thanks to the deposited
Ta spacer layer. Figure 8(f) shows the TEM image of the
thin film with N = 14. It shows the fragmented lamellae mi-
crostructure along the in-plane direction. The thick lamellae
of about 30 nm and the thin lamellae of 10 nm correspond
to the NdyFe 4B phase and the Feg;Cos3 phase, respectively.
The interlayer regions are enriched with Nd, similar to the Nd-
rich phase distribution observed in the thin films with N = 9.
Note that the Nd,Fe 4B phase grain shape in multilayer films
(N =9) is similar to that of hot pressed bulk nanocomposite
magnets. >4

To gain a better understanding of the coupling mechanism
and demagnetization process in spacer-layer-tuned SM/HM
multilayer systems, Cui et al. investigated the magnetic cou-
pling mechanism between soft-/hard-magnetic (SM/HM) lay-
ers with various Ta and Fe thicknesses. Figure 9 compares the
hysteresis loops of the NdFeB (100 nm)Nd (10 nm) SL film
and those of the NdFeB (100 nm) Nd (10 nm)/Ta (x nm)/Fe
(10 nm) films (x = 0, 2, 10, 50, 250, and 400).%3 In the SL
film, good squareness and a high remanence ratio are achieved
along the out-of-plane (OOP) direction, as shown in Fig. 9(a).
Along the in-plane (IP) direction, the magnetization is hard
to saturate, and a wide hysteresis is observed, indicating the
strong perpendicular anisotropy. The coercivity of the SL film
is "1.2 T. When the Fe (10 nm) layer is deposited on the NdFeB
film directly, the saturation magnetization is increased, while
keeping the perpendicular anisotropy (Fig. 9(b)). However,
owing to the exchange coupling between the NdFeB layer and
the Fe layer, the coercivity is substantially decreased to 0.48 T,
following the same tendency observed in Ref. [17]. When the
Ta (2 nm) spacer layer was inserted between the SM and HM
layers, the coercivity was recovered to 0.95 T, although not as
high as 1.2 T of the SL film, owing to the existence of the Fe
(10 nm) layer. Along the OOP direction, the magnetization
starts to decrease from a positive field smoothly to the near-
zero field. The squareness and remanence become lower com-
pared with those of the SL film. In contrast, the discontinu-
ity becomes observable along the IP direction, compared with
the smoothness of near-zero fields along the OOP direction in
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Figs. 9(a) and 9(b). The hysteresis loops of the films with Ta
thickness from 10 nm to 250 nm can be seen in Figs. 9(c)-9(e).
Along the OOP direction, a common feature is that the magne-
tization starts to decrease at a positive field with the smooth de-
magnetization process to the nucleation field of the HM layer.
Along the IP direction, a kink is observed in all the Ta inserted
films and becomes sharper with increasing thickness of the Ta
spacer layer, indicating complete decoupling between SM/HM
layers along the IP direction. When the thickness of Ta is fur-
ther increased to 400 nm, a kink appears along the OOP di-
rection. Note that the kink appears at 2 nm of the spacer layer
along the IP direction, while it appears at 400 nm along the
OOP direction. This indicates that the threshold thickness at
which the kink appears is different along the OOP direction

15

and the IP direction. Figure 9(h) shows the coercivity depen-
dence on the thickness of the Ta spacer layer along the OOP
direction. The coercivity of the films with a Ta spacer layer
from 2 nm to 250 nm is between 0.8 T and 0.9 T, larger than
0.47 T for Ta-free film, but lower than 1.2 T for the SL film,
owing to the existence of the SM layer. However, the coerciv-
ity is recovered to 1.34 T in the thin film with 400 nm thick-
ness of Ta spacer. Because in this film the Fe moments are
totally decoupled from the NdFeB layer and rotated easily by
the external field, the rotation of Fe moments will not lead to
the rotation of the moments in the NdFeB layer. Therefore,
the coercivity of this film is dependent mainly on the NdFeB

layer.
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Fig. 9. (color online) Hysteresis loops of (a) Ti (20 nm)/NdFeB (100 nm)Nd (10 nm)/Ti (20 nm) SL film and (b)—(g) Ti (20 nm)/NdFeB
(100 nm)Nd (10 nm)/Ta (x nm)/Fe (10 nm)/Ti (20 nm) nanocomposite films ((b) x = 0, (c) 2, (d) 10, (e) 50, (f) 250, and (g) 400). (h)

The coercivity dependence of Ta thickness. (>

Summarized from the hysteresis loops in Fig. 9, the
change in the demagnetization process between near-zero field
and the coercivity field for different thicknesses of Ta spacer
layer is shown schematically in Fig. 10(a). Strong coupling
leads to good squareness and higher remanence. In the sat-
urated state, all the moments of Fe layer and NdFeB layer
are parallel. At the nucleation field, some moments in the
SM layer are already tilted from the OOP direction. There-
fore, there will be a reduction in the saturation magnetization,
termed as dM, as shown in Fig. 10(a). Figure 10(b) shows
OM as a function of the thickness of Ta spacer layer. When
the Ta spacer layer is thin, exchange coupling is dominant.
Then, most of the Fe moments are pinned by the HM layer,
leading to low dM. With thicker Ta, magnetostatic coupling
becomes dominant, and some Fe moments rotate freely from
the hard layer, leading to larger M. It can be seen that, when
the Ta spacer is thicker than 5 nm, dM is almost constant at
3 x 1073 emu/cm?, equal to twice the magnetization of Fe
(10 nm) layers (see inset in Fig. 10(b)). This means that, once

all Fe moments are reversed by the external field, magnetiza-
tion reversal starts in the NdFeB layer. Therefore, between the
zero field and the nucleation field, for each dM;, the external
field H; is needed to rotate the moment from the remanence
state to antiparallel alignment with NdFeB moments. So, the
energy needed in this process is do = —H;dM;, which is nu-
merically equal to the coupling energy of dM; pinned by the
HM layer. Therefore, the coupling energy along the OOP di-
rection can be expressed as

G:chi:—/

MNdreB —Mre

M
H;dM;,

where M; is the remanence. Mygre—MFe is the magnetiza-
tion at nucleation field, at which state all Fe moments are
almost antiparallel to the NdFeB moments. Here, ¢ includes
the contributions from both exchange coupling and magne-
tostatic coupling, schematically represented by the area in-
dicated in Fig. 10(c). Figure 10(d) shows the dependence of
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Fig. 10. (color online) (a) Schematics of the demagnetization process of thin films with different Ta thickness. (b) dM as a function
of the thickness of Ta spacer layer in Ti (20 nm)/NdFeB (100 nm)Nd (10 nm)/Ta (x nm)/Fe (10 nm)/Ti (20 nm) films (x = 0-400).
The inset shows the magnetization curve for 10 nm of the Fe layer. (c) Schematic of the estimation of coupling energy. (d) Coupling
energy r as a function of the thickness of Ta spacer layer along the OOP direction. >3]

o on the thickness of the Ta spacer layer along the OOP di-
rection. When the Ta spacer is very thin, ¢ is ~ 5.5 mJ/m?2,
which is comparable with 3-11 mJ/m? reported in Ref. [26]
estimated by ferromagnetic resonance, indicating the reliabil-
ity of this approach to estimate the coupling energy.

Figure 11 shows (BH )max as a function of the thickness of
Tain Ti (20 nm)/NdFeB (100 nm)Nd (10 nm)/Ta (x nm)/Fe (10
nm)/Ti (20 nm) films (x = 0-50) and the thickness of Fe in Ti
(20 nm)/NdFeB (100 nm)Nd (10 nm)/Ta (2 nm)/Fe (y nm)/Ti
(20 nm) films (y = 0-20). In Ti (20 nm)/NdFeB (100 nm)Nd
(10 nm)/Ta (x nm)/Fe (10 nm)/Ti (20 nm) films, the initial in-
crement of (BH )max from 113 kJ/m? in the film without Ta
spacer to 205 kJ/m? in the film with 2 nm of Ta spacer is
due to the recovery of coercivity as shown in Fig. 9. In Ti
(20 nm)/NdFeB (100 nm)Nd (10 nm)/Ta (2 nm)/Fe (y nm)/Ti
(20 nm) films, with increasing thickness of the Fe layer, the
(BH )max increased from 195 kJ/m? at y = 0 to the maximum
of 269 kJ/m3 at y = 5. Ta and Fe layers that are too thick
lead to either diluted magnetization or poor squareness and
coercivity, causing a reduction in (BH )pnax. It is noticed that
the volume fraction of the SM phase in this model system

is low. The squareness is also reduced by 2 nm in the Ta
spacer layer and the free surface of the Fe layer. The highest
(BH )max cannot be as high as the optimized (BH )max in a mul-
tilayer film.!??! Figure 11 indicates that strong exchange cou-
pling is not indispensable in gaining higher (BH )max in agree-
ment with the numerical simulation in Ref. [27]. By properly
controlling the thickness of the Ta spacer layer and the SM
layer, weakened exchange coupling can also lead to improved
(BH ) max, assisted by magnetostatic coupling. A combination
of weakened exchange coupling and magnetostatic coupling is
promising for realizing superior (BH )max and moderate coer-
civity in anisotropy nanocomposites, as reported in multilayer
systems. [2?]

From the results mentioned above, it can be concluded
that the interactions between soft- and hard-magnetic layers
can still work well over a very long distance, which is sev-
eral times larger than the Rudermann—Kittel-Kasuya—Yosida
(RKKY) type of interaction reported in Fe/Cr/Fe multilayer

film?7~2°1 and the Heisenberg exchange interaction. This
kind of long-range interaction is a good supplementary for
(3,301

the exchange-coupling model of nanocomposite magnets.
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Thus, it is very important to make clear the mechanism of the
long-range interactions between the hard- and soft-magnetic
layers. Dai et al.3! analyzed the interactions mechanism
by using the first-order-reversal-curves (FORCs) distributions
and discussed the dependence of the mean interaction on the
distance between soft- and hard-magnetic layers.

300
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Fig. 11. (color online) (BH )max as a function of the thickness of the Ta
spacer layer in Ti (20 nm)/NdFeB (100 nm)Nd (10 nm)/Ta (x nm)/Fe
(10 nm)/Ti (20 nm) films (x = 0-50) and the thickness of Fe layer in Ti
(20 nm)/NdFeB (100 nm)Nd (10 nm)/Ta (2 nm)/Fe (y nm)/Ti (20 nm)
films (y = 0-20). The dashed line stands for the (BH ) max benchmark of
SLTi (20 nm)/NdFeB (100 nm)Nd (10 nm)/Ti (20 nm) thin film. 23!

The room-temperature in-plane (IP) and out-of-plane
(OOP) hysteresis loops of Nd—Dy-Fe—Co-B (150 nm)/MgO
(tve0)/Fe (10 nm) (tveo = 0 nm, 2 nm, 60 nm, 70 nm, and
100 nm) multilayers are shown in Fig. 12. Along the OOP di-
rection, the Nd—Dy-Fe—Co-B single layer (Fig. 12(a)) shows
a coercivity of 23 kOe and a good squareness. When the soft-
magnetic a-Fe layer is directly deposited on the Nd-Dy-Fe—
Co-B layer (Fig. 12(b)), the remanence of the film increases
in comparison with that of the Nd—Dy-Fe—Co-B single-layer
due to the interactions between Nd;Fe 4B and soft-magnetic
a-Fe. On the other hand, the coercivity decreases to 6 kOe due
to interdiffusion in the interface region between the soft- and
hard-magnetic layers. When the MgO (tmgo = 2 nm) spacer
layer is inserted, a coercivity of 19 kOe is obtained. The in-
creased remanence and smooth hysteresis loop ranging from
the positive saturation field to the nucleation field confirm that
the soft- and hard-magnetic layers are well coupled through
the MgO spacer layer. When fyg0 increases to 70 nm (see
Fig. 12(e)), initially a kink appears in the OOP hysteresis loop
of the film, due to the decoupling between the soft- and hard-
magnetic layers. Upon further increase of #ygo to 100 nm,
a poor squareness with a substantial decrease of the rema-
nence is found. Along the IP direction, a kink is observed in
all MgO-inserted films which become sharper with increasing
thickness of the MgO spacer layer. This anisotropic coupling
behavior observed in the two measuring directions implies the

existence of different effective correlation lengths due to dif-
ferent shaped anisotropies along the two directions.!1%?]
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Fig. 12. (color online) The room temperature in-plane (IP) and out-
of-plane (OOP) hysteresis loops of Nd—Dy-Fe—-Co-B (150 nm)/MgO
(tmgo)/Fe (10 nm) (tygo = 0 nm, 2 nm, 60 nm, 70 nm, and 100 nm). 31

The OOP demagnetization curves of multilayers with Ta
and Cr, O3 spacer layers are presented in Figs. 13(a) and 13(b),
respectively. It is found that the effective interaction length
(L°™) is different for Ta, Cr,03, and MgO spacer layers. Here,
L®T is defined as the thickness of the spacer layer at which the
kink in the hysteresis loop initially appears, which is different
from the definition in the previous work.!'%! As can be seen in
Figs. 13(a) and 13(b), the demagnetization curves indicate at
which thickness of the spacer layer the kink appears. For the
Ta spacer layer, L = 150 nm, while, for the Cr,03 spacer
layer, L°T = 20 nm. The exchange interactions propagated by
itinerant electrons in metallic systems are well understood in
terms of the RKKY type of interaction and will exponentially
decrease by the insulating spacer layers due to electron tunnel-
ing in the limit of ultrathin spacer layers.32331 It is expected
that the RKKY interaction and the dipolar interaction coexist
in the multilayer with the metallic Ta spacer layer, while the
insulating MgO and Cr; O3 spacer layers will eliminate the in-
fluence of the exchange interaction at the surface between the
soft- and hard-magnetic layers. Accordingly, different values
of LT are observed for the multilayers upon the use of dif-
ferent spacer-layer materials. It is clear that LT (=~ 70 nm)
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for the MgO spacer layer should be larger than L°T for Cr, 03
(~ 20 nm) spacer layer. Since Cr,Os3 is an antiferromagnet
with blocking temperature 75 around 307 K, the smaller ¢
may result from the antiferromagnetic structure, which sup-
presses the interactions between the hard- and soft-magnetic

layers.
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Fig. 13. (color online) OOP demagnetization curves of Nd—Dy—Fe—Co—
B (100 nm)/S/Fe (10 nm). (a) The thicknesses of the Ta spacer layers
are 2 nm, 20 nm, 100 nm, 150 nm and (b) the thicknesses of the Cr,O3
spacer layers are 2 nm, 10 nm, 15 nm, 20 nm. 31

To understand the nature of long-range interactions in
anisotropic nanocomposite multilayers, FORC diagrams are
made. The FORC distributions are thought to be highly sen-
sitive to the interacting particles and have been widely used
on nanocomposite magnets. 337! It was initially proposed as
a method to identify the Preisach model parameters and was
later extended as a model-independent technique to character-
ized the hysteresis in the magnetization reversals of the mag-
netic materials.'3%31 Subsequently, it has been proven to be
a useful technique to model the behavior of hysteretic materi-
als, including the determination of interactions in multiphase
magnetic systems.*?] The acquisition of a FORC begins by
saturating the system in a positive applied field. Then the ap-
plied field is decreased to a reversal field H;, and the mag-
netization M is measured starting from H, back to positive
saturation.[*!*?] The magnetization on a FORC curve at an
applied field H, for a reversal field H; is denoted by M(H,,
H;), where H, > H,. A FORC distribution is defined as*3#

1 9°M(H;, H,)

P ) = =3 S mam,

which eliminates the purely reversible components of the mag-
netization. Thus, any non-zero value corresponds to irre-
versible switching processes. The FORC distribution can also
be represented in (H., Hy,) coordinates, where H, corresponds
to the coercive field of each single-domain loop in the ab-
sence of interactions and H; is the local interaction field,
by means of a rotation of the coordinate system defined by
Hy = (Hy+ H;)/2 and H, = (H, — H;)/2.1*") Compared with
other similar experimental methods, the FORC is more con-
venient because it does not require the magnetization to be

measured in a remanent state or an AC demagnetized state. In

addition, the FORC method gives more information than the
AM curve including the information about coercivity distribu-
tion and the dependence of the ratio of the reversible and irre-
versible magnetization processes on the reversible field H,.[*?]

A number of color lines filling the interior of the ma-
jor hysteresis loops of the Nd—Dy-Fe—Co-B single layer and
the Nd-Dy-Fe—Co-B (100 nm)/Ta (2 nm)/Fe (10 nm) multi-
layer are shown in Figs. 14(a) and 14(c). The contour plots
of the FORC distribution as a function of H, and H, are rep-
resented by three different horizontal dashed lines at H, along
H, in Figs. 14(b) and 14(d) (the reference marks 1, 2, 3 are
marked in Figs. 14(a) and 14(c)). For the Nd-Dy-Fe—Co-B
single layer (Fig. 14(b)), the reversal is initiated by the forma-
tion of domain walls and their successive movements. This
is indicated by marking 1 around —15 kOe. Generally, less
energy is required for domain-wall motion compared to co-
herent rotation of the magnetization. So, after saturating the
magnet, the domain wall starts moving during the reversal
process from one energy minimum to another. In this pro-
cess, after the Nd—Dy-Fe—Co-B film has initiated nucleation,
the applied field will not bring the system back to the ini-
tial states, which gives rise to an irreversible magnetization
when the applied field returns back. Thus, it can be concluded
that the domain nucleation occurs around the field range from
—15 kOe to —23 kOe (between line 1 and line 2) with a
decrease of the magnetization in the major loop. Two non-
zero tails of the FORC distribution are seen between lines
2 and 3 (—23 kOe< H; < —34 kOe). The significance of
irreversible processes is due to the onset of annihilation of
the domains, which continues until negative saturation. Fig-
ure 14(d) shows the FORC distribution of the Nd-Dy-Fe—Co—
B/Ta (2 nm)/Fe multilayer. Here, the beginning of irreversible
switching is around line 1 at H; < 12 kOe. Between lines 1 and
2 (=12 kOe< H; < —20.5 kOe), the nucleation process hap-
pens as the domains of the soft-magnetic phase are pinned with
the hard-magnetic phases which leads to irreversible switch-
ing of both the hard- and soft-magnetic phases. This corre-
sponds to the fact that both the hard- and soft-magnetic layers
are well coupled with each other. Non-zero tails of the FORC
distribution are observed between lines 2 and 3 (—20.5 kOe
(Hy < —29 kOe) accompanied with a number of negative ar-
eas below line 2 (H; < —20.5 kOe). This indicates the onset
of annihilation of the domains.

Combining the characteristics of the hysterons and the
FORC distribution function,[’! the FORC diagrams of the
multilayer system with a mean interaction field were obtained
in Figs. 15(a)-15(e). In the FORC distribution of Nd-Dy—
Fe-Co-B single layer (Fig. 15(a)), a peak (Pmax) With two
branches (one along the Hy, = 0 axis, another one in the neg-
ative Hy, direction) forming a “wishbone” structure is shown.
As the Fe layer is added (Fig. 15(b)), pmax increases initially.
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With increasing the thickness of the inserted Ta spacer layer
from O to 150 nm (Figs. 15(c)-15(e)), Pmax continuously de-
creases. In principle, a larger value of p indicates a larger
ferromagnetic interaction, which originates from the interac-
tions between the soft- and hard-magnetic layers. From the
phenomenon mentioned above, it can be concluded that, with
increasing thickness of the spacer layer, the average interac-
tion becomes weaker. Additionally, in Fig. 15(e), another peak
(indicated by an arrow) appears in the low-H, region. Ac-
cording to the phenomenon that a kink appears in the major
hysteresis loop if the soft-magnetic and hard-magnetic layers
become decoupled (Fig. 13(a)), it indicates that the low-H, re-
gion originates from individual switching of the soft-magnetic
layer in the multilayer. By observing the behavior of the max-
imum in the FORC distribution, one can conclude: For the
Nd-Dy-Fe—Co-B single layer, the maximum of FORC dis-
tribution is centered around Hy = 0 kOe. By direct coupling
with Fe, the value becomes H, = 1.5 kOe. When the thick-
ness of the spacer layer is 2 nm, the maximum of FORC dis-
tribution lies around Hy = 1.6 kOe. Upon further increasing
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the thickness to 100 nm, it reaches Hy, = 2.2 kOe. Eventu-
ally, when St, = 150 nm, the maximum of FORC lies around
Hy, = 0 kOe. According to the results reported by Pike er
al.,'*! when a mean interacting field is introduced in an as-
sembly of non-interacting single-domain particles, the max-
imum in the FORC distribution is generally located on the
H, = 0 axis. If the interaction is of a dipolar type, the distri-
bution will go into a positive Hy, direction, giving a maximum
centered at a positive H,. Meanwhile, the exchange interaction
causes a negative shift of the FORC distribution, which leads
to a negative H,. In the Nd-Dy-Fe-Co-B single layer, the
grains of the oriented Nd,Fe 4B phase are well separated by
the grain-boundary phase and the exchange coupling between
adjacent hard grains is weak. In the multilayer system with
Fe layer, the mean interaction is dipolar in nature. However,
upon increasing the thickness of the spacer layer to 150 nm,
both the peaks at the high and low values of H, are located at
Hy, = 0 kOe. This indicates that the interaction between the
soft- and hard-magnetic layers is weak.
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Fig. 14. (color online) (a) Color lines: first-order reversal curves for single-layer Nd—-Dy—Fe—Co-B. Color contour plots: M and H; dependence of the
FORC function distribution; (b) the main analysis data: color contour plots of the H. and H;, dependence of FORC function distribution. (c) Color lines:
first-order reversal curves for Nd—-Dy-Fe—Co-B (100 nm)/Ta (2 nm)/Fe (10 nm) multilayer. Color contour plots: M and H, dependence of the FORC
function distribution; (d) the main analysis data for Nd—-Dy—Fe—Co-B (100 nm)/Ta (2 nm)/Fe (10 nm) multilayer: color contour plots of the H. and Hj,
dependence of FORC function distribution. The color scale represents the distribution of the values of p.3!

The quantitatively extracted reversible and irreversible
components from the FORC diagrams of the Nd—Dy-Fe—Co-
B single layer and Nd—Dy-Fe—Co-B (100 nm)/Ta/Fe (10 nm)
multilayers are presented in Figs. 15(f) and 15(g). The sep-
aration of the reversible and irreversible processes has been
carried out near the descending branch of the major loop by

monitoring the magnetization change versus H; in the original

FORC. In mathematical form, the reversible/irreversible parts

are represented by the following equations: [43-46)

dM™(H,) = lim [M(H;,H,)—M(H;)],

H,—H;

dM™(H,) = lim [M(H,) — M(H;, H,)),
H,—H;

dM™(H;) = HlinllLI [M(H;,Hy) — M(H,dM™ (H;))]
a—Hr
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: _ rev
Hlll}llHr[M(HrvHa) M(H dM™ (H;))]

- HliinHr [M(HrvHa) - M(Hr)]'

Integration of the dM/dH; curves will quantitatively re-
flect the magnetic entities involved in the reversible or irre-
versible process. The soft-magnetic part in the magnet con-
tributes mostly to the reversible components, whereas the
hard-magnetic part requires the larger fields to rotate the ir-
reversible components. Therefore, the maximum value of the
irreversible process is around the coercive field (see Fig. 15(f))
and the maximum of the reversible process is around H, =
0 kOe (see Fig. 15(g)). Since the percentage of hard-magnetic
layer in the present experiments is approximately 90%, the
switching mechanism of the multilayers is highly irreversible.

By fitting the experimental irreversible and reversible values to
Gauss distributions, the effective areas have been calculated.
As a result, 99% of the area is associated with the irreversible
magnetization of the Nd—-Dy—Fe—Co-B single layer and 97%,
94%, 90%, and 64% with the irreversible magnetization of the
Nd-Dy-Fe—Co-B (100 nm)/Ta/Fe (10 nm) multilayers with
Sta = 0 nm, 2 nm, 100 nm, and 150 nm, respectively. Al-
though, the ratios of soft- and hard-magnetic layers are fixed
in the series of multilayers, the amount of the irreversible mag-
netization continuously decreases with increasing thickness of
the spacer layer. This indicates that, with increasing thickness
of the spacer layer, the shape anisotropy overcomes the weak-
ened interactions between soft- and hard-magnetic layers and
forces the magnetization into a reversible process.
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Fig. 15. (color online) Contour plot images converted from FORCs for (a) Nd-Dy-Fe—Co-B, (b) Nd-Dy-Fe-Co-B/Fe, (c) Nd-Dy-Fe—-Co—
B/Ta (2 nm)/Fe, (d) Nd-Dy-Fe—Co-B/Ta (100 nm)/Fe, and (e) Nd-Dy-Fe—-Co-B/Ta (150 nm). Extracted (f) irreversible and (g) reversible

distributions, which correspond to the samples in panels (a)—(e).31
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Fig. 16. (color online) (a) FORC distributions for Nd-Dy-Fe—Co-B/MgO (5 nm)/Fe in Hy, vs. H, representation. (b) FORC distribu-

tions for Nd-Dy—Fe—Co-B/Cr,O3 (5 nm)/Fe in H,, vs. H, representation.3!]
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The exchange-coupling between the hard- and soft-
magnetic nanocomposite magnets based on the FORC method
has been reported earlier.**-371 When soft- and hard-magnetic
layers are coupled with each other beyond a critical distance,
the weak long-range dipolar interaction becomes dominant.
According to the results of Cui ef al.'>>) and Gabay er al.,[*"]
the dipolar interaction may play an important role in com-
bining the soft- and hard-magnetic phases. To investigate
the FORC distribution of a multilayer with insulating spacer
layer, the contour plots of the multilayers with MgO (5 nm)
and Cr03 (5 nm) spacer layer are presented in Figs. 16(a)
and 16(b), respectively, in which ppax is indicated by the blue
dashed line. For the MgO spacer layer, pmax is 0.0223, which
is nearly the same as for St, = 2 nm (Fig. 15(c)), whereas for
the Cr, O3 spacer layer, pmax is 0.0178. The lower p value for
the film with the Cr,O3 spacer layer indicates a smaller ferro-
magnetic interaction because of the lower concentration of the
ferromagnetic phases present in the system. [*4! It indicates that
an antiferromagnetic spacer layer can suppress the interactions
between hard- and soft-magnetic layers. It can be seen from
the interaction field distribution that pp,x is localized around
Hy, = 270 Oe for MgO spacer layer, which is tilted towards
positive Hy,. Therefore, the mean interaction is of dipolar type
in the multilayer with MgO spacer layer. For the Cr,O3 spacer
layer, pmax is localized around Hp = 28 Oe, which indicates
that the interactions between the hard- and soft-magnetic lay-
ers are weak. Regarding the distribution of the position of
Pmax, it can be concluded that the position of ppyax along the
Hy, direction is not only associated with the thickness of the
spacer layer but also with the materials of the spacer layer.

Nanocomposite multilayers, which are consist of inde-
pendent soft- and hard-magnetic layers (SM/HM), present an
advantage on controlling the competition of the surface- or
interface-induced interactions. Therefore, it is desirable to fur-
ther study the magnetic interactions via directly observing the
domain structures in-field rather than making indirect conclu-
sions.

The room temperature in-plane (IP) and out-of-plane
(OOP) hysteresis loops of Nd-Dy-Fe-Co-B single layer,
well-coupled and decoupled samples are shown in Figs. 17(a)—
17(c).18) Although a smooth hysteresis loop is presented in
the OOP direction (Fig. 7(b)), a kink has appeared at the IP
direction, which indicates that the interactions between SM
and HM are changed with the measuring directions. Strong
coupling leads to good squareness and higher remanence. In
the demagnetiazation process, the interaction energy along the
OOP direction, which can be estimated by the energy of mag-
netization reversal from remanence to the nucleation field, is

given as
M
O, = Hex M )
My
where M, is the remanence, My is the magnetization at nucle-

ation field, and H is the external field.[?241 When SM and

HM layers are well coupled, o; is about 3—11 mJ/m?, which is
four times larger than that of the decoupled sample.

The families of FORCs in the out-of-plane direction of
the films are shown in Figs. 17(d)—17(f). The acquisition of
a FORC begins by saturating the system in a positive applied
field. Then the applied field is decreased to a reversal field
H;, and the magnetization M is measured starting from H;
back to positive saturation. In Fig. 17(d), the Nd—Dy—Fe—
Co-B single layer shows irreversible switching at a reversal
field H. = —1.5 T, where the FORCs deviate from the ma-
jor loop after positive saturation of the samples.>°! Hereafter,
nucleation of the domain starts, which indicates that the ap-
plied field does not bring the system back into the original state
when the applied field returns back. For the well-coupled film
(20 nm MgO spacer), the same process of irreversible switch-
ing starts to occur at a reversal field H, = —0.7 T. In Fig. 17(f),
the decoupled film (70 nm MgO spacer) shows two separate ir-
reversible switchings at H; = 0.4 T and —0.6 T, respectively.
The positive value of H; is attributed to the SM phase, which
indicates initial nucleation before 0.4 T of applied field inde-
pendently, as a result, the exchange-spring behavior between
SM and HM magnets does not occur.

The as-prepared state is almost a virgin state (thermal de-
magnetized). The MFM images of the Nd-Dy—Fe—Co-B sin-
gle layer and the well-coupled and decoupled multilayer films
are shown in Figs. 17(g)-17(i), respectively. The scanned area
is 10 pumx 10 pm. The yellow and brown contrast corresponds
to out-of-plane up and down magnetizations, respectively. The
image of the Nd-Dy-Fe—Co-B single layer (Fig. 17(g)) is
characterized by a stripe domain with a magnetization ori-
ented preferentially out-of-plane. The average domain width is
90 nm, which is a little larger than the grain size (60 nm). This
phenomenon indicates the existence of interaction domains,
but the magnetic coupling between grains is weak.[!3%! The
size of the stripe domains extends when a 10 nm SM Fe layer
and a 20 nm MgO spacer layer are added (well-coupled sam-
ple, Fig. 17(h)). This indicates that the easy direction of mag-
netization may slightly tilt away, but is still mainly out-of-
plane. When the spacer layer increases to 70 nm, the MFM
image of the decoupled film (Fig. 17(i)) presents a quite differ-
ent domain pattern from those shown in Figs. 17(g) and 17(h).
A micron-size domain with clear light and dark contrast is ob-
served in the pattern. In addition to the micron-size domain,
small labyrinth stripe domains are also distributed in the pat-
tern. This phenomenon of the two different domains coexisted
in one pattern can be considered as characteristic of decoupled
phases.[>!

In order to understand the behavior of domains under a
specific field, the applied magnetic field was applied perpen-
dicular to the film during the measurement of the MFM im-
ages. In Figs. 18, the domain patterns of the well-coupled
sample were obtained in the same surface region, as shown
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in Fig. 18(a). In Figs. 18(b)-18(i), the applied field is contin-
uously decreased from the positive saturation, where the yel-
low and blue colors correspond to out-of-plane up and down
magnetizations, respectively. When the applied field is be-
tween 1 T and 0.1 T, as shown in Figs. 18(b) and 18(c), a
nanosize stripe structure of the domains is observed. Upon
decreasing field, the domains parallel to the field weaken and
reverse to the opposite direction as marked by the red ellipses
in Figs. 18(c) and 18(d). When the applied field decreases to
—0.5 T, near the irreversible switching field, new domains be-

gin to nucleate, as marked by the red ellipses in Fig. 18(e). The
new domains propagate and the residual domains are being an-
nihilated. It can be seen from Fig. 18(f) that the domains have
become larger at —1 T. When the applied field reaches —1.5 T,
the magnetization follows the major loop, and the domains be-
gin to annihilate gradually (see the red ellipses in Figs. 18(f)
and 18(g)). Finally, at —2.5 T, the blue color covers most of
the image (Fig. 18(i)), which indicates that the magnetization

of the domains is nearly fully aligned.
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Fig. 17. (color online) The room temperature IP and OOP hysteresis loops (a)—(c), families of FORCs (d)—(f), and MFM images in
the as-prepared state (g)—(i). For the Nd—-Dy—Fe—Co-B single layer (a), (d), and (g), the well-coupled sample (b), (e), and (h), and the

decoupled sample (c), (f), and (i), respectively.[*8]

Compared with the results on the well-coupled sample,
the behavior of the decoupled sample can be divided into
two separated nucleation processes. The first nucleation pro-
cess begins before the applied field is decreased to 1.2 T. In
Figs. 19(b) and 19(c), the micron-size domains are marked
with yellow and blue colors, while weak signs of nanosize
domains are distributed between these patterns. The propa-
gation process of the micron-size domains is marked in the
red ellipses at 1.2 T and 1.1 T. When the field decreases to
—0.1 T (Fig. 19(d)), the domains begin to switch and annihi-
late. Nucleation of new domains occurs at —0.7 T (Fig. 19(e)).
The new domains continuously propagate (see Figs. 19(f)
and 19(g)) until the applied field is near the coercivity (see
Figs. 19(h) and 19(i)), where the annihilation process starts to
occur.

In a simplistic consideration, the domain pattern reflects

the competition of dipolar magnetostatic energy, Zeeman en-
ergy, and domain wall energy. Based on the micromagnetic
theory,’*3) the ferromagnetic multilayers with perpendicu-
lar magnetic anisotropy (PMA) always present stripe domains.
By assuming the stripe period D = dyp + dgown and dimension-
less parameter ¢ = (dup — ddown)/D, Where dyp and dgown are
up and down domain widths, the energy density of a stripe

domain can be written in the following form: 367!

I N
Wy = 871:M25° —HMq+27aM*N(D,q).

Here I. = 6 /4nM? is the characteristic length, defined by the
ratio of wall-energy density ¢ and the magnetostatic energy
density 2rM?. The first term describes the domain wall en-
ergy density of the stripe domain pattern. The second term is
the Zeeman term. It indicates that by increasing the external
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magnetic field, the domains which are aligned parallel to the
field grow while the oppositely aligned domains get smaller.
The last term is associated with the dipolar magnetostatic in-
teractions between pairs of the “charged” planes bounding the
layers. N(D,q) is an effective demagnetizing factor. Gener-
ally, the domain wall energy density increases with decreasing
domain size, thus a strong dipolar interaction favors smaller
domains.
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Fig. 18. (color online) MFM images of the well-coupled sample. The
AFM topography (a) and the MFM images scanned at 1 T (b), 0.1 T (c),
—0.1T(d),-0.5T(e), -1 T (), —1.5T (g), —1.7 T (h), and =3 T (i).
All MEM images are taken from the same area. 3]
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Fig. 19. (color online) MFM images of the decoupled sample. The
AFM topography (a) and the MFM images scanned at 1.2 T (b), 1.1 T
(c), =0.1 T(), —0.7 T (e), -1 T (f), —1.3 T (g), —1.5 T (h), and
—2.5T (i). All MFM images are taken from the same area, 148!

It should be noted that without the HM layer, the magne-
tization of SM thin film is aligned in-plane and there should
be no stray field detected by MFM technology. But in both the
well-coupled and decoupled nanocomposite multilayers, the
out-of-plane magnetization is shown at the surface of the SM
layer. It is concluded that although the domains of SM layer
are not aligned parallel with the coherent HM layers in decou-
pled multilayer, a small angle between the moments of SM
and HM layers is performed due to the existence of the weak
dipolar interactions between SM and HM layers. Therefore,
the magnetization of the SM layer contributes to the domains
along out of plane.

To investigate the magnetization reversal behavior be-
tween adjacent layers, the patterned micron-size disk arrays
were prepared. The lithography-patterned arrays of soft Fe
disks onto continuous Nd—Dy-Fe—Co—B hard-magnetic layer
are shown in Fig. 20(a) and 20(b). The diameters of the disks
are 3 um and the distance between the central of the adjacent
two disks is larger than 4 um, which makes sure there is no
interactions between disks. Results on the well-coupled and
decoupled SM disks are shown in Figs. 20(c) and 20(d) un-
der different applied fields. At 1.2 T, in both Figs. 20(c) and
20(d), the MFM image exhibits a different contrast between
the surface of the Fe disk and the surrounding Nd—Dy-Fe—
Co-B film. Here, the yellow and blue colors represent a rel-
ative phase intensity between SM disk and HM layer. Thus,
the line profiles (Figs. 20(e) and 20(f)) extracted from this ap-
plied field show opposite phase degrees along the Fe disk sur-
face with the lower Nd-Dy—Fe—Co-B layer. As the MFM tip
can only detect external stray fields, the large contrast of the
phase signal may be associated with the different magnetiza-
tion of the Fe-disk surface and the Nd-Dy-Fe—Co-B film. %%
Upon decreasing the applied field, in the well-coupled disk,
the rim of the Fe disk becomes blurry at the remanent magne-
tization state and the ferromagnetic labyrinth stripe domains
at the edge of the disk are aligned continuously. This indicates
that the magnetization of the SM disk and the adjacent HM
layer are parallel, which is favored by strong dipolar fields. In
addition, the signal intensities of SM and HM layers converge
into the same level, as shown in Fig. 20(e). For the decoupled
disk, a clear rim with incoherent orientation of the magneti-
zation between the Fe disk and Nd-Dy-Fe—Co-B single layer
is observed. Unlike the PMA antiferromagnetic multilayer, in
which magnetization of adjacent layers is antiparallel,>*! the
magnetization orientation of micron-size domain in decoupled
disk is random. Upon increasing the field along the nega-
tive direction, the different nucleation behaviors of the well-
coupled and decoupled disks are observed. In Fig. 20(c), the
nucleation process happens on the Fe disk and Nd-Dy-Fe—
Co-B layer nearly at the same time at —0.8 T. Next, the prop-
agation and annihilation processes are presented at —1.1 T and
—1.8 T, respectively. Finally, a clear negative phase signal ap-
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pears again on the Fe disk. However, in the decoupled disk,
the domains of the Fe disk propagate and the magnetization
is nearly fully aligned at —0.5 T, while nucleation initially
starts in the Nd—-Dy-Fe—Co—B layer. We also measured an-
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other disk and the same result was achieved. In addition, it
is found that the phase signal intensity of the Nd—Dy-Fe—Co—
B layer is much larger than that in the Fe disk, as shown in
Fig. 20(f).
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Fig. 20. (color online) The MFM images of the micron-size SM disk. (a) Schematic illustration of lithography-patterned arrays of soft
Fe disks onto continuous Nd-Dy—Fe—Co-B hard-magnetic layer, and the well-coupled and decoupled structures are tuned by inserting
a critical thickness of spacer layer. (b) Optical image of the disks array prepared by lithography technology. (c) and (d) The in-field
MFM images of the well-coupled and decoupled disks, respectively. (e) and (f) Line profiles extracted from MFM images shown in

panels (c) and (d), respectively.[*$]

It is concluded that a strong dipolar interaction between
SM and HM layers favors smaller domains. Micron-sized
nanocomposite structures consisting of the soft Fe disks and
the continuous Nd-Dy-Fe—Co-B film are manipulated by
lithography. The Fe disks coupled with the Nd-Dy-Fe—Co-
B exhibit a coherent magnetization reversal. While the de-
coupled disk magnetization of SM/HM layers is independent
and nucleation initially starts from the Nd—-Dy-Fe—Co-B layer
at negative descending field. Furthermore, it is found that a
strong anisotropy of the Nd—Dy—Fe—Co-B layer decreases the
interaction length. These results provide a microscopic under-
standing of magnetization reversal in the long-ranged dipolar
interactions between soft- and hard-magnetic phases.

In summary, the coherent switching process of the hard-
and soft-magnetic phases has been presented by altering the
thickness of different kinds of spacer layers. However, an an-
tiferromagnetic spacer layer may weaken the interaction be-
tween the ferromagnetic layers and the effective interaction
length is decreased. In addition, the ratios of the irreversible
component dependent on the thickness of the spacer layer il-
lustrate that the shape anisotropy is important in the long-range
interactions in a soft- and hard-magnetic layer system. The
present observations may contribute to a new discussion on
understanding the mechanism of long-range soft- and hard-

magnetic interactions in anisotropic nanocomposite magnets.

3. Anisotropic SmCos based nanocomposite per-
manent multilayer magnets

The SmCos compound possesses huge uniaxial magne-
tocrystalline anisotropy (K, =~ 17.2 MJ/m?) and anisotropy
field (upHA ~ 35 T), so it can generate large coercivity if
crystal grains are magnetically isolated in thin films. 3?01 De-
pending on compositions and preparation conditions, various
Sm—-Co phases, such as SmCos, SmyCo7, SmCos, SmCo7,
and Sm;Coy7, which show different anisotropy fields, can
be formed. Among them, the SmCos phase has the highest
anisotropy field. A high coercivity has been achieved by de-
positing Sm—Co onto a heated substrate!®!! or by annealing the

[62-64] I addition, the easy

film deposited at room temperature.
axis (c-axis) of SmCos-based thin films can be manipulated by
using different substrates. The c-axis in-plane (IP) geometry
was reported in the films epitaxially grown on MgO (110) sin-
gle crystal substrates with W31 and Crl%! buffer layers. The
c-axis out-of plane (OOP) geometry was realized by growing
SmCos films on Al,03(001) single-crystal substrates with Ru
buffer layers.[®”) Since SmCos as a hard phase couples with
hard phases such as Fe, Co, and FeCo in the multilayer films,
the related work has been performed.!°8-73 Although the ex-
change coupling and machanism of coercivity have been in-
vestigated in these early reports, the maximum energy product
of the exchange coupled films is not high. In this part, we will
review recent work on anisotropic SmCos based nanocompos-
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ite permanent multilayer magnets in which the energy product
of the films has been improved obviously.

Zhang et al.'"¥ selected SmCos as a hard phase and Fe as
a soft phase. The multilayer films were prepared by sequen-
tially depositing Sm—Co, Cu, and Fe layers on a 100-nm-thick
Cr underlayer on a thermally oxidized Si wafer. The structure
of the Sm—Co layer was amorphous in the as-deposited con-
dition, so the as-deposited films were Cr (50 nm)/[a-(Sm—Co)
(9 nm)/Cu (x nm)/Fe (5 nm)/Cu (x nm)]¢/Cr (100 nm)/a-SiO»,
where “a” indicates amorphous phase. Then, the films were
heat treated at temperatures ranging from 450 °C to 525 °C for
30 min. Figure 21 shows the in-plane and out-of plane hystere-
sis loops of the film with x = 0.5 that was annealed at 450 °C
for 30 min. The film exhibits a strong in-plane anisotropy that
is consistent with the XRD results. The in-plane hysteresis
loop shows good squareness in the second quadrant, implying
that this kind of film has the potential to be used as a per-
manent magnet. H, of 7.24 kOe and (BH )max of 32 MGOe
were obtained in this film, which is larger than the theoret-
ical limit for a SmCos single phase magnet, 28.8 MGOe.
This value is also larger than that of the commercial SmCos
and Sm(Co,Fe,Cu,Zr); type sintered magnets. By replacing
Fe with FegsCoss or adjusting the thickness of the hard and
soft layers, it will be possible to enhance the (BH)max fur-
ther. This work has demonstrated that there is a potential to
develop high performance exchange spring magnets by opti-
mizing nanocomposite microstructures.
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Fig. 21. (color online) In-plane and out-of-plane hysteresis loops of the
film with x = 0.5 annealed at 450 °C for 30 min.[*!

As a very promising approach, fully epitaxial trilayers
based on the hard magnetic SmCos phase and soft magnetic
Fe have been realized,!”>! which possess a unique alignment
of the SmCos’s easy axis throughout the whole layer stack and
reach energy densities of 224 kJ/m® (28 MGOe). In order to
enhance the energy density (BH )max as a key property for per-
manent magnet applications, exchanged-coupled trilayers of
SmCos/Fe/SmCos with fixed SmCos layer thickness (25 nm)
and varying soft magnetic Fe film thickness have been epitax-
ially grown by pulsed laser deposition on Cr buffered MgO

(110) substrates.!”®! A real view of the layer architecture is
displayed in the TEM bright field cross sectional image of the
sample with 12 nm nominal Fe (Fig. 22). The individual Cr,
SmCos, and Fe layers on top of the MgO substrate are clearly
visible. The interfaces of the SmCos layers toward the outer
Cr buffer or cover layer are well defined and smooth, which
leads to a well determined total magnetic layer thickness of
60.4 + 0.9 nm for this sample. Interestingly, the interface be-
tween the intermediate FeCo layer and the neighboring SmCos
layers typically is rough along the length of the film, leading to
a local thickness variation of the intermediate FeCo layer (see
dashed lines as a guide for the eye). The interface was identi-
fied from high resolution images revealing lattice fringes and
the crystal structure of either bce or hep type. Within the in-
termediate bce layer, one cannot distinguish between pure Fe
or the FeCo solid solution, but the latter is expected from the
RBS results.
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Fig. 22. (color online) Transmission electron microscopy cross sec-
tional image of a trilayer with nominal 12 nm Fe along the magnetic
easy axis (c-axis).[70]

A selection of magnetic hysteresis curves measured along
the MgO[001] direction is given in Fig. 23.17¢) For a pure
50 nm single SmCos layer, the hysteresis possesses a square
shape with a coercive field of 2.76 T. The remanent polariza-
tion of 0.98 T is very close to the known saturation magnetiza-
tion (J; = 1.05 T) of SmCos bulk material. With increasing Fe
thickness, a significant increase of remanence and a strong de-
crease in coercivity are observed. Whereas for dg. = 6.3 nm,
the soft layer is perfectly coupled to the hard magnetic layer
with a rectangular hysteresis loop; for dg. = 12.6 nm, a drop
in the curve indicates rotational processes in the soft magnetic
phase. As the two SmCos layers can just couple a certain
amount of Fe, a spin spiral is formed in the soft phase, which
is visible in a nucleation field H, at which the magnetization in
the center of the Fe layer begins to rotate toward the external
field. H, gets smaller with increasing Fe thickness. Although
this rotation is reversible,”>! it leads to a large reduction in
energy density. The small step at zero field for dre = 6.3 nm
is due to the sample mounting.

The coercive field and the nucleation field as a function of
the Fe thickness measured along the easy axis (for all samples)
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are shown in Fig. 24.176] The observed strong decline is in ac-
cordance with the theoretical prediction of Leineweber and
Kronmiiller'””) and other numerical simulations.[”3-8% How-
ever, in the calculations of Leineweber and Kronmiiller,[””] as
the soft layer thickness below the Bloch wall width of the hard
magnetic phase (8! = 3.4 nm) should leave the nucleation
field unaltered. This is in contrast to the observation in this
work, where already for an Fe thickness of dg. = 3 nm H, is
reduced over that of the single SmCos layer. With a further in-
crease in dpe of 3 nm, an additional reduction in H; of 30% can
be observed. Above a critical Fe thickness of 8.8 nm (dashed
line), the coercive field and the nucleation field take differ-
ent values, which indicates the change in magnetic coupling
from the single phase behavior to an exchange spring regime.

s,[91 which show

This is analog to micromagnetic calculation
that a hard/soft magnetic layer system has only one common
irreversible switching field for thin soft layers (rigid-magnet
(RM) regime) and then enters the exchange-spring regime for
thicker soft layers with clearly distinguishable nucleation and
irreversibility fields. It should be noted that the coercive field
in these samples such as in all multidomain samples is reduced
with respect to a theoretical switching field. As a consequence,
the coercive field of a trilayer might be lower than the theoret-
ical nucleation field and may mask its existence. Such a sce-
nario has been identified for a trilayer with 6 nm Fe in com-

s.1801 Thus, the exper-

parison with micromagnetic calculation
imentally observed single phase regime is extended to a larger
soft layer thickness compared to the theoretical RM regime. It
should be noted that for this sample, the active layer thickness
is reliably given by TEM to 60.4 £0.9 nm (see Fig. 22), which
corresponds to a maximum energy density of 346 4 10 kJ/m>.
Including the 3% spread due to the above mentioned sam-
ple area and VSM signal precision errors, the total error in
(BH)max is about 9% and leads to 346 431 kJ/m>. There-
fore, the largest maximum energy density of 312 & 50 kJ/m?
claimed in this work is rather underestimated.

20 e o
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Fig. 23. (color online) Polarization J as a function of the external field
UoH measured along the MgO[001] orientation (in plane easy axis) for
SmCos (25 nm)/Fe (x nm)/SmCos (25 nm) trilayers with x = 0, 6.3,
12.6, and 19.0.17¢!

In order to investigate the effects of easy axis orien-

tations on the coercivities and their thermal stabilities, Cui
et al.’®) prepared different morphologies and c-axis geome-
tries of Sm(Cop9Cug.1)s (50 nm) single-layer (SL) films and
Sm(Cog 9Cuy 1)s/Fe,Co exchange coupled bi-layer films by
co-sputtering Sm(99.5%), Co0(99.9%), and Cu(99.9%) tar-
gets onto Cr (20 nm)-buffered MgO (110) (or Ru (20 nm)-
buffered Al,03(012)) single-crystal substrates respectively.
Figure 25 shows hysteresis loops of MgO/Cr (20 nm)/Sm
(Cop.9Cup 1)s (50 nm)/Fe;Co (x nm)/Cr (20 nm) films with
c-axis in-plane (IP) geometry (x = 3 (a), 5 (b), 8 (¢), and 10
(d)) and Al,O3/Ru (20 nm)/Sm(Cog9Cug ;)5 (50 nm)/Fe;Co
(x nm)/Ru (20 nm) films with c-axis out-of-plane (OOP) ge-
ometry (x =3 (e), 5 (f), 8 (g), and 10 (h)). The IP and
OOP hysteresis loops indicate the c-axis geometries consis-
tent with those observed from XRD results. In the MgO/Cr
(20 nm)/Sm(Cog.9Cuq 1)s (50 nm)/Fe;Co (10 nm)/Cr (20 nm)
film, the demagnetization process is continuous along both IP
and OOQP directions as shown in Fig. 25(d). In the Al,O3/Ru
(20 nm)/Sm(Cog 9Cuy ;)5 (50 nm)/Fe,Co (10 nm)/Ru (20 nm)
film (see Fig. 25(h)), the demagnetization process is continu-
ous along the OOP direction. Along the in-plane direction, a
two-step behavior is observed on the hysteresis loop near zero
field.

3.0
<
25 ¢ H.
H o Hn
> 20 °
to exchange spring
I 15F "
E‘i 10} °
single-phase H
05t i
H < o °
00 1 1 1 1 1
0 5 10 15 20 25

dpe/nm

Fig. 24. (color online) Coercive field H. and nucleation field H, as a

function of the Fe thickness dp.. The dashed line represents the criti-

cal point where the change of the single phase to the exchange spring

behavior occurs. 76

To understand the physical mechanism, schematics of dif-

ferent c-axis geometries in exchange coupled bilayer films are
plotted in Figs. 26(a) and 26(b). Exchange coupling energy
E.x and magnetostatic coupling energy E,q. are dependent on
the angle between hard magnetic moment and soft-magnetic
moment, which are expressed as

Eex = _Aexmk'mi,ja
. Zi:n j=k Mo
=0 Luj=—k 4y

X | mym; j— ﬁ(mk'r>(mi:j'T) .

Estalic

Exchange coupling is a short-range interaction because
exchange stiffness Aex decays exponentially within several
nanometers. 3182831 On the other hand, magnetostatic cou-
pling is a long-range interaction due to the integration of every
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moment in both hard/soft-magnetic layers as seen from Fig. 26
and Egpyic expression. Its long-range feature was experimen-
tally confirmed in the Ta spacer of Nd,Fe4B/a-Fe multilayer
films. 3184 For simplicity, the total coupling energies in dif-
ferent c-axis geometries between neighboring hard-magnetic
moment 1y, and soft-magnetic moment mg are compared
in Fig. 26(c). Obviously, in both geometries, E¢x is negative
and causes the parallel alignment of hard/soft magnetic mo-
ments. On the other hand, in c-axis OOP geometry, Eggsic 1S
negative compared with the positive one in the c-axis IP ge-
ometry, leading to energetically preferred and stronger cou-
pling in the c-axis OOP geometry. Therefore, higher coer-
civities are achieved in the bilayer films with c-axis OOP in
the Sm(Cog 9Cuy ;)5 layer than that with the c-axis IP geom-

1.2

etry. In the OOP exchange coupling geometry, the observed
two-step behavior in Fig. 25(h) can also be explained by the
magnetostatic coupling. Along the in-plane direction of OOP
exchange coupling geometry, forced by the external field, the
moments in hard-magnetic phase are tilted away from easy
axis and close to in-plane direction. When the external field
is swept to zero fields, confined by the out-of-plane easy axis,
the moments in hard-magnetic phase tend to be back to easy
axis. Meanwhile, the soft-magnetic moments also tend to be
reversed due to the repulsive interaction caused by the magne-
tostatic coupling when the hysteresis loops are measured along
the in-plane direction. Therefore, a non-uniform magnetiza-
tion reversal process happens, leading to the two-step behavior
observed in IP hysteresis loops as shown in Fig. 25(h).
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Fig. 25. (color online) Hysteresis loops of MgO/Cr (20 nm)/Sm(Cog 9Cuq.1)s (50 nm)/Fe;Co (x nm)/Cr (20 nm) films with c-axis in-plane
(IP) geometry (x = 3 (a), 5 (b), 8 (¢), and 10 (d)) and Al,O3/Ru (20 nm)/Sm(Cog9Cup 1)s (50 nm)/Fe;Co (x nm)/Ru (20 nm) films with c-axis

out-of-plane (OOP) geometry (x = 3 (e), 5 (f), 8 (g), and 10 (h)).[8!]
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Fig. 26. (color online) Schematics of c-axis out-of-plane (OOP) (a) and in-plane (IP) (b) exchange coupling (EC) geometries in exchange-
coupled bilayer films. (c) Comparisons of exchange coupling energy (Eex) and magnetostatic energy (Eguic) between moment 1y, in hard-
magnetic layer and 1 in soft-magnetic layer as shown in Figs. 26(a) and 26(b).18!]
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In summary, the effective critical correlation length
(LENHTO! and effective interaction length (L°T)B! are very
short due to the huge uniaxial magnetocrystalline anisotropy
of the SmCos phase. So the direct exchange coupling be-
tween hard and soft layers is dominant in nanocomposite
hard/soft multilayer films. Thus, it is very hard to insert a
space layer between SmCos and soft layers for ensuring the
effective exchange coupling between anisotropic hard phase
and soft phase, in other words, we will not add enough thick
soft layer into this system. Although largely enhanced energy
density has been obtained in epitaxial SmCos/Fe/SmCos ex-
change spring trilayers, basically, the easy c-axis of SmCos
lies in plane of the films due to the SmCos crystal structure.
Because a soft layer is easy to diffuse into the SmCos layer
during the deposition or subsequent annealing, it can be chal-
lenging in realizing anisotropic SmCos/(Fe or FeCo) multilay-
ers with higher energy product in the future.

4. Anisotropic rare-earth free based nanocom-
posite permanent multilayer magnets

Rare-earth free based permanent magnets such as Al-
NiCo, ferrite, FePt, MnAIC, and MnBi have been investigated.
As a hard phase of anisotropic rare-earth free based nanocom-
posite permanent multilayer magnets, it is of strong uniaxial
anisotropy and can be grown on the substrate along the easy
axial direction. So we will only review the anisotropic FePt
and MnBi based nanocomposite permanent multilayer mag-
nets in this part.

It is known from the equilibrium phase diagram of the
Fe—Pt binary alloy system that for the ordered alloy FePt,
it crystallizes in the fct L1g structure with the high magne-
tocrystalline anisotropy constant Kj (> 1 MJ/m?), but it does
not coexist with a-Fe. Liu et al.[®1 sputtered Fe layers hav-
ing twice the thickness of the Pt layers to prepare multilayers
with an atomic Fe-to-Pt ratio of about 2:1. To avoid exces-
sive grain growth, a special rapid thermal annealing process
that includes more than one step of treatment was adopted. An
extremely large energy product corrected by an effective de-
magnetizing factor in the perpendicular direction was achieved
at room temperature, in which the soft phase is Fe;Pt and it
belongs to isotropic. Jiang et al.!®0) reported that interlayer
exchange coupling between FePt and Fe layers through a Ru
spacer was obtained with an oscillation period of about 1 nm.
Magnetic properties of FePt thin films with different nominal
thicknesses deposited on MgO (1 1 0) substrates at 400 °C
showed that 12.5 nm thick FePt film had both high coerciv-
ity and good squareness. In FePt/Ru/Fe trilayers, ferromag-
netic coupling between the two magnetic layers was achieved
with a 0.5 nm thick Ru layer, and the saturated magnetization
was largely improved after using interlayer exchange coupling
with Fe while the coercivity changed little, which indicated
that indirect exchange spring was a promising approach for

high-performance magnets. However, the exchange coupling
strength trailed off with Fe content increasing, and a hysteresis
loop with good rectangular in FePt/Ru/Fe trilayers can be ob-
tained when the thickness ratio of FePt/Fe is larger than 6. The
hysteresis loops with good rectangular have also been obtained
in (FePt/Ru/Fe);¢ multilayers even when the thickness ratio of
FePt/Fe is 1. Liu et al.!®” reported that two-phase nanostruc-
tures of hard L.1y-ordered FePt and soft iron-rich fcc Fe—Pt are
investigated experimentally and by model calculations. The
Fe—Pt thin films were produced by epitaxial co-sputtering onto
MgO and have a thickness of about 10 nm. They form two-
phase dots that cover a large fraction of the surface but are sep-
arated from each other. X-ray diffraction and TEM show that
the c-axis of the phase FePt is aligned in the direction normal
to the film plane. The experimental and theoretical hysteresis
loops indicate archetypical exchange coupling, and excellent
magnetic properties are obtained. The largest values of coer-
civity, saturation magnetization, and nominal energy product
obtained in the samples studied are 51 kOe, 1287 emu/cc, and
54 MGOe, respectively.

In order to realize anisotropic FePt based nanocomposite
permanent multilayer magnets, L1(0)-FePt film with 20 nm
was deposited on (001) orientated single crystal MgO sub-
strate with in-sifu heating at 830 °C, and then spacer layer
Ag and different thickness soft layer with Fe was deposited
at room temperature. Figure 27 shows magnetic hysteresis
loops at room temperature for the out of plane MgO (sub-
strate)/FePt (20 nm)/Ag (x nm)/Fe (2 nm)/Ag (2 nm) films.
It is clear that the obvious decoupling behavior occurs at the
film with x = 0. For x = 1, a good squareness of hystere-
sis loop is found due to interlayer coupling between hard and
soft phase layers. Its coercivity is the same as that of the
single FePt film. For x = 2, a poor squareness of hystere-
sis loop is observed, so the thickness of the spacer layer is
1 nm in favor of effective coupling between FePt and Fe lay-
ers. Figure 28 shows the x-ray diffraction patterns for the MgO
(substrate)\FePt (10 nm)\MgO (2 nm)\Fe (2 nm)\ MgO (2
nm)\FePt (10 nm)\MgO (5 nm) film deposited at 750 °C.
Three strong peaks are observed: FePt (001), FePt (002),
and MgO (002). It is clear that ordered L1y FePt phase
is out of plane alignment in the nanocomposite film. Mag-
netic hysteresis loops at room temperature for the out of plane
MgO (substrate)\FePt (10 nm)\MgO (2 nm)\Fe (2 nm)\
MgO (2 nm)\FePt (10 nm)\MgO (5 nm) film deposited at
750 °C is given in Fig. 29. It is found that the spacer layer
MgO with 2 nm prevents diffusion between Fe and PtFe lay-
ers and insures the form and alignment of the L1 FePt phase.
Clear coupling between Fe and PtFe layers is observed. It is

concluded that this interaction is indirect.
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Fig. 27. (color online) Magnetic hysteresis loops at room tempera-
ture for the out of plane MgO (substrate)/FePt (20 nm)/Ag (x nm)/Fe
(2 nm)/Ag (2nm) films.
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Fig. 28. (color online) X-ray diffraction patterns of MgO

(substrate)\FePt (10 nm)\MgO (2 nm)\Fe (2 nm)\MgO (2
nm)\FePt (10 nm)\MgO (5 nm) film deposited at 750 °C.
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Fig. 29. (color online) Magnetic hysteresis loops at room temperature
of the out of plane MgO (substrate)\FePt (10 nm)\MgO (2 nm)\Fe
(2 nm)\MgO (2 nm)\FePt (10 nm)\MgO (5 nm) film deposited at
750 °C.
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The low temperature phase (LTP) of MnBi is a ferro-
magnetic intermetallic compound which crystallizes in the
NiAs-type hexagonal crystal structure.®3-°°1 LTP MnBi has
attracted a great deal of attention due to the unusual magnetic
properties, for example, a magnetocrystalline anisotropy (Ha )
of 9.0 T and a coercivity (Hc) of 1.8 T have been achieved

for melt-spun ribbons at 550 K,[®!l which are much larger
than those of the Nd-Fe-B magnet under the same condi-
tions. Hence, LTP MnBi has an exciting prospect as a non-
rare-earth permanent magnet material for high temperature
applications,®? and experimental investigations on the effect
of Fe impurity on the structural, magnetic and electron trans-
port properties of MnBi films. Kharel er al. reported ex-
perimental investigations on the effect of Fe impurity on the
structural, magnetic, and electron transport properties of MnBi
films.®3] They have found a significant change in the magnetic
properties of MnBi films due to Fe substitution. The out-of
plane M (H) hysteresis loops are almost rectangular for all the
films, but the samples with higher Fe concentrations (> 11%)
show a signature of mixed phase. Figure 30 illustrates the
room-temperature M(H) loops of some selected samples, and
the inset shows the loop of the sample with the highest Fe con-
centration of 16%, which suggests that the sample contains
exchange-coupled hard and soft phases. It is believed that the
Fe atoms that are not incorporated into the MnBi lattice have
soft magnetic properties in these films. It is concluded that
Fe doping has produced a significant change in the magnetic
properties of the samples, including the decrease in saturation
magnetization and magnetocrystalline anisotropy and the in-
crease in coercivity. They explain these effects as the con-
sequences of the competing ferromagnetic and antiferromag-
netic exchange interactions of the interstitial atoms with the
rest of the MnBi lattice.
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Fig. 30. (color online) The out-of-plane magnetization of

Mnss_Fe,Bigs (x =0, 4, 8, 13) films as a function of magnetic field
measured at room temperature. The inset shows the room temperature
M(H) loop of Mn3gFe ¢Biys film.[%?!

In fact, the investigations on the structural and magnetic
properties of anisotropic MnBi films have been reported many
times, but the exchange coupling on anisotropic MnBi/Fe films
has been seldom reported. Figure 31 shows the depth pro-
file by XPS study for MnBi/Fe film. It is found that MnBi/Fe
film exhibits good multilayer structure. An Fe layer locates on
the MnBi layer and the interface is rather sharp structurally.
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No interfacial mixing presents because the Fe layer is sput-
tered at room temperature. It is also observed that the Mn el-
ement concentration slightly decreases as the etching position
approaches the substrate, while the Bi element concentration
increases. It is consistent with the XRD study that a few Bi

atoms do not participate in the alloying process.[*¥
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Fig. 31. (color online) The depth profile by XPS study for MnBi/Fe
film. 94!

Figure 32 shows the out-of-plane hysteresis loops for
MnBi/Fe nancomposite films at 300 K (black) and 400 K (red).
The thickness of Fe layer is (a) 2 nm, (b) 4 nm, (c) 6 nm, and
(d) 10 nm, respectively. When the thickness of Fe layer is
less than 6 nm, the hysteresis loops at 300 K and 400 K show
typical rigid magnet behavior with a single-phase-like reversal
process, a smooth demagnetization curve, and a high magneti-
zation squareness, indicating the effective exchange coupling
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between the hard and soft layers. The magnetization of the
Fe layer is pinned in the direction of easy axis of the MnBi
layer, leading to the behavior of coherent magnetization re-
versal. In comparison with a single MnBi layer, although Hc
decreases considerably, My increases with the thickness of the
Fe layer, exhibiting the effect of remanence enhancement. Ac-
cordingly, (BH )max improves from 7.6 MGOe to 8.0 MGOe at
300 K, and from 5.7 MGOe to 6.1 MGOe at 400 K, both of
which exceed the largest reported values for MnBi magnets.
As the thickness of Fe layer is 6 nm, rigid magnet behavior is
maintained at 300 K. However, at 400 K, a pronounced step
emerges on the demagnetization curve of MnBi/Fe film. The
two-step reversal process, which is typical of the exchange
spring behavior, originates from the decoupling of the soft Fe
layer and the neighboring hard MnBi layer due to the decrease
in the critical dimension for the soft phase and the increase in
the anisotropy constant of the hard phase with increasing tem-
perature. As the thickness of the Fe layer increases to 10 nm,
both hysteresis loops show two-step reversal behavior at 300 K
and 400 K. As a consequence, Mr /Ms and squareness signifi-
cantly decrease.[*¥]

In summary, because the magnetocrystalline anisotropy
of the ordered L1yFePt phase is higher that of Nd,Fe 4B, the
effective exchange coupling length is shorter than that of the
latter. In addition, the aligned FePt phase is generally formed
on MgO substrate or crystalline layer at high temperature,
thus, it is not suitable for designing an anisotropic hard/soft
multilayer system.
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Fig. 32. (color online) Out-of-plane hysteresis loops for MnBi/Fe films at 400 K (square) and 300 K (circle). The thickness of Fe layer

is (a) 2 nm, (b) 4 nm, (c¢) 6 nm, and (d) 10 nm, respectively. [94]
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In anisotropic hard/soft magnetic multilayer films, a non-

magnetic spacer layer is inserted in between the textured hard

and soft-magnetic phase layers and the exchange-coupling in-

teraction between the hard- and soft-magnetic phases is indi-

rect and long-ranged. Thus, a new way is given to obtain a

higher energy product in anisotropic nanocomposite hard/soft

magnetic multilayer films. Some studies open a new discus-

sion for comprehending the mechanism of long range soft-

and hard-magnetic coupling in the anisotropic nanocomposite

magnets. Predictably, if the method can be used in anisotropic

nanocomposite magnets of a bulk system, it will play an im-

portant role in enhancing the magnetic properties of permanent

magnet product in the future.
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