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Magnetically soft/hard exchange-coupled gfRie,g/SisN,/SmygFe;, and  NigFey/mixture/
SmygFeso layered structures with induced in-plane uniaxial anisotropy were deposited by sputtering
on Si(100 substrates. The interfacial exchange coupling strength between the soft and hard layers
was tailored by inserting a thin nonmagnetic insulating\Ngilayer or by varying interfacial mixture

of NiFe and SmFe. It was found that the reduction in the exchange coupling greatly reduces the
nucleation fieldHy of the soft layer and increases the irreversible switching tigldof the hard

layer. The simple formula used before to describe the nucleation field of the soft layer does not work
in the case of the reduced interfacial exchange coupling.2003 American Institute of Physics.
[DOI: 10.1063/1.1604931

I. INTRODUCTION Stimulated by the predicted high energy product, many

recent investigations have been focused on layered exchange

Many efforts have been devoted to the search for high ™" 6. 1
performance permanent magnets in the past decades aﬁB”?g systems ®which can be_ traced back to about 40 years
go. To date, the magnetization reversal process of the soft

much progress has been made in improving permanent ma? ) k
netic properties. A figure of merit of permanent magneticl@yer in exchange spring systems seems to be well under-
materials is the maximum magnetic energy prOdUCtStOOd! but the magnetic reversal mechanism of the hard layer
(BH) . The highest value of the energy produBtH) ., IS still poorly known?=® On the other hand, little attention
=56 MG Oe has so far been achieved for NdFeB-based madas been paid to how the exchange coupling strength be-
nets, which is close to the theoretical upper limigM%4  tween the hard and soft phases influences the nucleation field
=65 MG Oe of this material system. Therefore, it seems thaof the soft layer and the irreversible switching field of the
there is little room left for improving the magnetic energy hard layef~" although a strong interfacial exchange cou-
product within the frame of conventional single-phase harcling is a prerequisite to achieve high magnetic energy prod-
magnets. uct of exchange spring systems. Moreover, the theoretically
In order to overcome the limitation of the saturation predicted high energy product in nanostructured systéas
magnetization of single magnetic hard phases, Knell@l." 1ot yet been achieved in experiments, and this is probably
proposed a concept of oriented qanostructureq two-phasgated to imperfect interface coupling.
magnets(also called exchange-spring magnets is pre- In this article, we report the influence of the interfacial

dicted that a magnetic energy product as high as 125 GM O . e
is achievable for suitable nanostructured SmFeN/Fngxcmmge coupling strength on the switching fields of the soft

. . . and the hard layers in a model exchange-spring system. We
composite$.The attractive value of this large energy product . . . .
is more than doubling the highest energy proddss investigated NjgFex/SizN,/SmygFesg sandwich structures,

MG Oe) achieved in NdFeB. According to this concept, the Where NiFe is the soft layer, SmFe is the hard layer, and the
surplus high coercivity of the hard phase and the high magP°hmagnetic insulating §l, layer is inserted to modulate
netization of the soft phase can be combined in an exchang&?€ coupling strength between the two magnetic layers. The
spring magnet due to strong exchange coupling between tHégonmagnetic insulating §hl, layer, rather than nonmagnetic
two phases. In this way the composite magnet can show &etal layers such as Cu, Ag, and Au, was chosen because a
hysteresis loop like a single hard phase does, but with &onotonous reduction of the coupling strength with the in-
much larger energy product. creased layer thickness of the nonmagnetic insulator is ex-
pected. The interfacial coupling strength was also modified

dAuthor to whom correspondence should be addressed; electronic maipy intentional |r?terfaC|aI mixture induced durlng sputtering
shishenyan@yahoo.com and postannealing.
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FIG. 1. Some typical easy-axis magnetization hysteresis loops of
NiggFey (63 nm)/SiN, /SmygFe;, (78 nm) sandwiches with various 8,
thicknesses. The thicknesses of the nonmagnetic ins|_‘||atyhg1 ﬂyer are FIG. 2. The nucleation f|e|¢HN of the soft NiFe Ia.yer and the irreversible
(@ 0, (b) 0.36,(c) 0.6, and(d) 1.2 nm, respectively. The nucleation fiett, switching fieldH;,, of the hard SmFe layer versus the nonmagnetic insulat-
of the magnetically soft layer and the irreversible switching flé|d of the ~ INg SkN, layer thickness for NpFey, (63 nm)/SiN, /SmygFes, (78 nm)
magnetically hard layer are marked for Figa)l sandwiches.
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Il. EXPERIMENTS layer, similar to the case of a single in-plane magnetic do-
main wall. With increasing reversal field froidy to Hy,,

the in-plane domain wall is compressed against the interfa-
cial region of the soft/hard layers, but the magnetic moments
in the magnetically hard SmFe layer are still fixed along the
previous saturation direction. This magnetization reversal
process fromHy to H;, is completely reversible, and it is
sually called exchange spring phenomenon. To date, the

NigoFeo/SisN, /SmygFesg sandwiches of various thick-
nesses were prepared 0000-Si substrates by sputtering.
The magnetic NjgFe,, and SmgFesq layers were deposited
by dc magnetron sputtering at the growth rates of 0.15 an
0.16 nm/s, respectively, and the insulatingNgi layer was
deposited by rf sputtering at a very low growth rate of 0.06
nm/s. The pressure of the Ar gas was stabilized at 3 mTor? . . . .
during the sputtering process. To induce an in-plane uniaxia‘?XCha.nge_Sprlng process based on a single m-plape doma.un
anisotropy, two permanent magnets were used to supply a all picture seems to have been well understood in experi-

external magnetic field of 80 Oe in the film plane during film 2Znase;:?j(;[rr]neaci):\egcbilef\?;gg)lﬁf:j?iiel_éoxz\t/iaeog:(crﬁ;rfné
deposition. Finally, an additional 5 nmg8i, layer was de- 9 g

posited on the top of the sandwiches as the protective Iaye?’.prlng process was caused by the simultaneously clockwise

The high-angle x-ray diffraction patterns indicate that theand _counf[ercloclfwise twist on a local scz_ale when the exter-
NiFe layer exhibits fcc(111) crystalline texture and the n_al field is preusely along the easy axis, rather than the
SmFe layer is amorphous. The magnetization hysteresﬁcélmple case as a _smgle in-plane domal_n wall. As for the
loops were measured along the easy axis direction by alte}rreverSIbIe magnetization reversaltay, , it is generally re-

nating gradient magnetometryAGM) and/or vibrating darded that the strongly compressed in-plane domain wall is
sample magnetometry. In order to reduce the error of th

npinned at the interface region and crosses the hard layer
coercivity value to a minimum, a very small magnetic field

hickness*® However, our magnetic domain observation in-
gradient of 0.4 Oe/mm was used in the AGM measurement:sdicates that the above process only occurred locally and pro-
The samples were sealed in a vacuum tube of the quarf%uced areverse magnetic nucleus. _Then the nucle_us quickly
glass for the magnetic annealing to avoid oxidization. grew _Iaterally(m . p_Iane of_the film by _the_ motion of

domain walls. So the irreversible magnetization reversal at
H;, was caused by nucleation of the reversal magnetic do-
mains and successive domain wall motion in the plane of the

Figure 1 shows typical easy-axis magnetization hysterfim.® For the loop of Fig. (d), the soft NiFe layer and the

esis loops of NjFe (63 nm)/SiN,/SmygFeso (78 nm)  hard SmFe layer show the respective coercivity of the iso-
sandwiches with various §N, thicknesses. A detailed de- lated single layers. This means that the exchange coupling
scription of the whole magnetization reversal process can beetween the soft NiFe layer and the hard SmFe layer be-
given based on the hysteresis loops. For loops of Figg—1 comes negligibly small in Fig. () when the SjN, layer
1(c), two characteristic switching fields, i.e., the nucleationthickness is more than 1.2 nm.
field Hy of the magnetically soft layer and the irreversible Figure 1 indicates that the nucleation figtty, of the
switching fieldH;, of the magnetically hard layer, clearly magnetically soft layer quickly reduces and the irreversible
show the exchange spring feature of the magnetization reveswitching fieldH,;, of the magnetically hard layer quickly
sal. After reaching magnetization saturation along the easincreases with increasing the;Bi; layer thicknessi.e., with
axis and then reversing the field exceeding the nucleatioreducing the exchange coupling strengtiihis trend was
field Hy of the soft layer, the magnetic moments in the softhighlighted in Fig. 2. When no §N, layer was inserted
NiFe layer begin to continuously twist across the soft NiFebetween NigFe, and SmgFes, layers, the soft layer and

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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240 Hy=m2A2M ¢t 2
220} 3 4 ]
fgg In( tuee) 5 ] whereA andM g are, respectively, the exchange constant and
= 160l ~ the saturation magnetization of the soft layee., Hyg
3 1401 z 1 =m?Al2M g, andn=2 in Eq.(1)]. According to Eq(2), the
e 1201 = 1 nucleation field of  the soft layer in
- 1001 4 ] NiggFe (63 Nm)/SmgFes, (78 nm) bilayer is expected to
8ol be 116 Oe ifA=0.8x 10 ® erg/cm(taking the value in Ref.
6ol ] 7 for NiFe layey, M =856 emu/cri, andt=6.3x10 © cm
a0l ] (experimental valugsare used. However, the experimental
20l ] value isHy=49 Oe(see Fig. 1L This means that the inter-
10 20 30 40 50 60 70 80 90 100 facial moments are far from the rigid assumption in NiFe/

(nm) SmFe bilayer. The nonrigid interfacial moments means that
the interfacial exchange coupling is not strong enough as
:;'Ge'r :tgﬁich:gs;ugfitrianf'ie::mN(](_)(]; tgz nsn‘:;tls’;,i\l':e((;agg;;)slstheF’\”Fe compared with the exchange coupling inside the NiFe soft
(8%..4 nm) sandwiches. Thlzoir?;?et shows the dept:ndencemi)Ilmhmfn(te)s.0 layer, and/c_)r that the anisotrogigr coercivity of the SmFe
hard layer is not strong enough.

On the other hand, if the interfacial couplidgoetween
hard layer have the strongest coupling through the directhe soft layer and the hard layer is weékr example, by
exchange interaction. So the nucleation fielg of the soft  inserting a nonmagnetic insulating;8i, interlayey as com-
layer reaches a maximum and the irreversible switching fielgpared with the exchange coupling inside the soft layer and
H,, of the hard layer reaches a minimum. When a very thirthe hard layer, the nucleation field of the soft layer the
nonmagnetic insulating Qil, layer was added in between, switching field in the form of Hy=J/Mgt [i.e., Hyo
the soft layer and hard layer may couple by three mecha=J/Mg, andn=1 in Eq.(1)] can be directly deduced. How-
nisms, i.e., direct coupling through the magnetic bridges irever, when the interfacial exchange coupling strength is in
SisN, layer (pin hole effect, indirect coupling through quan- between the two extreme casestrong exchange coupling
tum tunneling effect, and magnetic dipolar interaction. Sinceand weak exchange couplingio analytical expression has
the two magnetic layers decouple when thgNgilayer been given to describe the nucleation field of the soft layer.
thickness is increased to 1.2 nm, these interactions redudaur experimental results indicate that Et). can not be used
very quickly with increasing the thickness of;8i, layer.  to describe the nucleation field of the magnetically soft layer
The strongly reduced coupling by a thin nonmagnetic insuwhen the exchange coupling was reduced by inserting a non-
lating layer implies that for randomly dispersed nanocom-magnetic insulating layer between the soft layer and the hard
posite soft-hard two phases magnets such as thiyer, although it really works in many other cases.
Nd,Fe,,B/ a-Fe composite, the nonmagnetic B-riched phase Interfacial exchange coupling was also varied by inten-
should be avoided in between the soft and hard phases twnally mixing NiFe and SmFe in the interfacial region. The
achieve a high magnetic energy product. thickness of the intentional mixture was controlled by alter-

The nucleation fieldH, of the soft layer versus the NiFe nately depositing very thin NiFe and SmFe layers at the in-
layer  thickness is shown in Fig. 3 for terface and then annealing the samples. Here the nominal
NiggFe, (10—86 nm)/SjN, (0.36 nm)/SmgFes, (81.4 nm)  mixed region has the structure of
sandwiches. In these samples, the SmFe layer thickness [iSmFe (0—1 nm)/NiFe (0—1 nmX 2, which is inserted
fixed at 81.4 nm and a 0.36 nm8iy, layer was added in between the interface of the NiF€3 nm/SmFe (78 nm
between to reduce the exchange coupling. It is clear that thiilayer. In order to keep a good uniaxial in-plane anisotropy
nucleation fieldH, gradually reduces with increasing the and significant interfacial mixture, we annealed samples in a
soft layer thickness However, the relation betweéty and  high magnetic field of 24 10* Oe at 200 °C for 3 h. In this
t cannot be described by an empirical formftita case the nominal thickness of the mixture was regarded as

Heo— Hoo /0 ) the sum of the very thin NiFe and SmFe layer thicknesses.

N7 INOTE Figure 4 shows the hysteresis loops of the samples with
where Hyo and n are two constants for a given soft/hard various mixture thicknesses. The nominal mixture thickness
exchange-coupled system. This can be seen from the insetinserted in the interface are, respectively, 0, 2.5 fim.,
Fig. 3, where Infy)—In(t) relation is not linear. Otherwise, [SmFe (0.64 nm)/NiFe (0.61 nihx 2}, and 3.8 nmfi.e.,
In(Hy)—In(t) curve will show linear behavior if Eql) can  [SmFe (0.98 nm)/NiFe (0.92 nihx 2}, which are very
well describe the present experimental data. It is well knowrsmall as compared with the 63 nm NiFe layer and 78 nm
that Eq. (1) can well describe the experimental results of SmFe layer. Before the magnetic annealing, all the loops for
soft/hard exchange-coupled systém§if no nonmagnetic  various nominal mixture thicknesses from 0 to 3.8 nm are
insulating layer was added between the soft layer and thaelmost the same as Fig(a}, which is a loop of the as-
hard layer(i.e., in the case of strong exchange coupling  deposited NiF€63 nm/SmFe(78 nm) bilayer without inten-

In particular, if the soft layer has no anisotropy and thetional mixture. It looks strange that the inserted interfacial
interface moments are perfectly rigid, theory predidtsat ~ mixture layers cannot show detectable differences in the
Eq. (1) is in the form of loops before the magnetic annealing. It is reasonable if we

NiFe thickness t

NiFe
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' ‘ ' i ropy is induced during the film growth at room temperature.

1.0} mixture inickness The induced anisotropy can be re-established by magnetic
—_ before annealing
= @ 0nm annealing and it usually reduces with increasing magnetic
2 0.5 f;e'a""e;"n';g 1 annealing temperaturébelow the crystallization tempera-
® (€)= ture). Correspondingly, the easy-axis coercivity of the mag-
g 0.0 @~ 38nm 1 netically hard SmFe layers also reduces with increasing mag-
£ netic annealing temperature. Therefore, although the reduced
-% 0.5+ 1 interfacial exchange coupling had the tendency to increase
é (a) Hir, th_e H;, was still greatly reduced after the magnetic
= 1.0 L 4 annealing.

) , Comparing Figs. é), 4(c), and 4d), we found thatH

-300 -200 -100 0 100 200 300
H(Oe)
FIG. 4. The hysteresis loops of NiF&3 nm)/mixture/SmFe(78 nm

decreases andH;, increases with increasing the mixture
thickness, which is similar to the case of increasing the non-

: i S P04 the | o magnetic insulating §N, layer thicknesdsee Figs. (a)—
samples with various mixture thicknesses. Figufe e loop of the : : ; : : : )
NiFe (63 nm/SmFe(78 nm bilayer (without intentional mixturg before L(d)]. This means th‘?t the mcreaged mterfaCIa_I mixture influ
magnetic annealing, and Fig(b} is the loop of the same sample after €NcesHy andH;, mainly by reducing the effective exchange
magnetic annealing. Figuregc# and 4d) are the hysteresis loops of the coupling between NiFe and SmFe layers although it may
magnetic annealed samples with the intentional mixture thicknesses of 2.§|5o change the anisotropy and magnetization of the interfa-
and 3.8 nm, respectively. . . . .

cial mixture region. However, the changeshty and H,,

caused by the intentional interfacial mixture are not as sig-

believe that the interfacial coupling strength at all the inter-Nificant as those caused by inserting a nonmagnetic insulat-
faces between the NiFe and SmFe layers is the same afft@ SkNa layer.

strong. In this case, the inserted interfacial mixture layers can

couple together and show intermedi&te average magne-  IV. CONCLUSIONS

tization and anisotropy, but still with the same interfacial
coupling strength at the interfaces. Even if one regards thgoupling on the magnetization reversal in the soft/hard

r.elati.vely thin .inserted intgrfacial mixFure layers as a Veryexchange-coupled NiFe/SmFe system was studied. The inter-
litle increase in Fhe S.Oft NiFe !ayer thickness or on the CONtacial exchange coupling was modulated by inserting a very
trary as a very little increase in the hard SmFe layer thlck-thin nonmagnetic insulating $i, layer between the two

ness, |t_cannot ghow obvious changes n t_he loops when tr}%agnetic layers or by varying interfacial mixture. It was
|nt_erfaC|aI coupling does not change. T_h's is because hyStefbund that the reduced exchange coupling always reduces
e_S|s_Ioop meaSl_Jrements are not sensitive to the_ Ioc_al magnpl-N and increasel . . The simple formuldEq. (1)] adopted
tization an_d anisotropy When exchange cou_p_llng IS Stror]%efore to describe the nucleation field of the soft layer cannot
betwgen different magnetic phases, but sen;mve to the Ioc%le used in the case of the reduced interfacial exchange cou-
coupling strength between different magnetic phases, esD?)Ting. Our studies indicate that nonmagnetic components and

malletth?t\r/]vei(esalc;?al r(:gupllilrr:g 'tr;]thﬁ s¥s:er?. | for th interfacial mixture between the soft and hard phases should
erthe magnetic annealing, the nysteresis 10ops 1o e avoided in nanostructured exchange spring bulk magnets

mtenugnal mixture thlckpesses of 0, 2.5, and 3.8 n,m A% order to maintain a strong exchange coupling to achieve
respectively, shown in Figs.(d), 4(c), and 4d). From Figs. high magnetic energy product.

4(a) to 4(b) (the nominal mixture thickness is),0both the
nucleation field of the magnetically soft NiFe layer and the
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