HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 122509(2005

Sm(Co, Cu)s/Fe exchange spring multilayer films with high energy product
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The [Sm(Co,Cus/Felg  multilayer film that was fabricated by annealing
Crla-(Sm-Ca(9 nm)/Cu(x nm)/Feg5 nm)/Cu(x nm)Jg/ Cr(x=0-0.75 multilayer has shown good
in-plane texture and a high maximum energy prodBet),,., of 32 MGOe with a coercivity of 7.24

kOe. The addition of the Cu layer between td-SM-Cqg; and Fe layers with optimum thickness
increases the coercivity significantly, thereby improving the maximum energy product. The
single-phase behavior and the irreversible rotation in the demagnetization process indicates strong
exchange coupling between the &n, Cus and Fe layers. @005 American Institute of Physics

[DOI: 10.1063/1.1889238

The nanocomposite magnets that are composed of excu(x nm)]g/Cr(100 nm/a-Si0,, where ‘a-” stands for
change coupled hard and soft magnetic phases have been th@orphous. Then, the films were heat treated at temperatures
subject of recent studies for their potential to achieve thganging from 450 to 525 °C for 30 min. The magnetic prop-
maximum energy produdBH) ., that is higher than those erties were measured using a SQUID magnetometer with a
achieved in the existing sintered magrﬂe:fsié\lthough vari-  maximum magnetic field of 5.5 T.
ous types of nanocomposite magnets were reported in the Figure 1 shows the XRD results for the as-
Nd-Fe-B system, their coercivit}l;), remanenceB,), and  deposited Q150 nm/[a-(Sm-C9(9 nm)/Cu(x nm)/Fe(5
(BH)max are lower than those for commercial sintered magnm)/Cu(x nm)]s/Cr(100 nm/a-Si0, film and for the
nets of the same system due to their isotropic feature; thugamples with different Cu thicknesses0 and 0.5 annealed
nanocomposite magnets are considered as economical Mg 450 °C for 30 min. In the as-deposited state, the Sm—-Co
dium  performance materials for bonded magnefjayer was amorphous. After annealing at 450 °C for 30 min,
applications However, crystallographically textured aniso- g clear peaks for a Sm—Co phase were detected in the Cu-
tropic nanocomposites still have a great potential to achieVgee fiim (x=0), suggesting that the Sm—Co layer was still

a higher(BH)ma. As many complicated metallurgical pro- ;.0 h6us. However, the film with=0.5 showed the strong
cesses must be involved in producing anisotropic bulk nanof)eaks corresponding to the §@v,CuUs hard phase
composites, textured multilayer thin films will serve as a{CaClg-type hexagonal structureindicating that the addi-

model SVS‘e”.‘ for studying the funde_lmental properpes O%ion of a Cu layer can reduce the crystallization temperature
exchange-spring magnétd The calculation by Skomski and .
of the a-SmCq layer and cause the hard layer to crystallize

F:oef pred|cted that the upper I|m|t dBH)may for the an- at the low temperatures. The film wittr0.5 shows an en-
isotropic SmFe;;N3s/Fe;sCoz5 multilayer was 137 MGOe. — R T
achievable by an anisotropic multilayer exchange springure of thec axis. Figure 2 shows the in-plane and out-of-

magnet will boost the research toward high performance peRlane hysteresis loops of the film witk=0.5 that was
manent magnetic materials. annealed at 450 °C for 30 min. The film exhibits a strong

In this work, we selected SmGowith a huge K, in-plane anisotropy that is consistent with the XRD results.
(>1C® erg/cg as a hard phase and Fe as a soft phase. Thehe in-plane hysteresis loop shows good squareness in the
previously reported textured multilayers were fabricated bysecond quadrant, implying that this kind of film has the po-
depositing the Sm—-Co and Fe or Co layers onto a heateigntial to be used as a permanent magHgbf 7.24 kOe and
substrate or by directly depositing the layers at room(BH)max of 32 MGOe were obtained in this film, which is
temperaturd:’ In this letter, we report the good textured larger than theBH),,,y values(20-28 MGOg of the com-
Sm(Co,Cus/Fe multilayer films fabricated by sputtering
and subsequent annealing that exhibit a hiBH) .y

of 32 MGOe.

The multilayer films were prepared by sequentially de- = " * . 2:
positing Sm—Co, Cu, and Fe layers on a 100-nm-thick Cr : . # substrate
underlayer on a thermally oxidized Si wafer. The reason for s _ .
adding the Cu interlayers is that it is immiscible with Fe, but 2> H g bwcsomin
can dissolve in the Sm—Co layer. The Sm—Co layers with a g ] i3 )
nominal composition of SmGavere deposited at room tem- £ = 450°C 30min
perature by co-sputtering Sm and Co targets. After deposit- . ;..._JL \  asdeposite

ing the multilayer films, a 50-nm-thick Cr capping layer B T TR
was deposited to protect the oxidation of the films. The 20(degree)
structure of the Sm-Co Iayer was amorphous InFIG. 1. XRD results for the as-deposited film and th&50rnm)/[a-(Sm

the as-deposited condition, so the as-deposited filmsco) 9 nm)/cux nm)/Fe(5 nm/Cux nm)]e/Cr(100 nmy/a-Sio,  films
were C(50 nm/[a-(Sm—-C9(9 nm)/Cu(x nm)/Fe(5 nm)/  with different Cu thicknesses=0 and 0.5 annealed at 450 °C for 30 min.
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1500 — came a SitCo, Cus phase. The elemental distribution in the
1000 } multilayer structure was examined by the energy filtered el-
= 50 emental map as shown in Fig. 4. The soft lagfes layej and
g I out-of-plane the hard laye(Sm layej are clearly observed. Cu is parti-
£ o tioned in the SrCo, Cus layer without being dissolved in
= 00l the Fe layer, which is evident from the intensity profile of the
J elements as shown in Fig. 4. The intensity profile shows that
-1000¢ the Co layer becomes wider in comparison with the thickness
1800 of the Sm layer, indicating_that some amount of Co atoms
H (Oe) diffuse from the hard layer into the Fe layer to form a FeCo
solid solution near the interface. This is because the

FIG. 2. In-plane and out-of-plane hysteresis loops of the film witi.5 .
annealed at 450 °C for 30 min. -SmCq phase contained excess amount of Co for the forma-

tion of the SmCg phase.

. . . The films contain a large amount of Fe soft phase
mercially avallal_ole SmGe and SmCoy7type sintered per- (higher than 33 vol % however, the shape of the hysteresis
manenglmagrr:enc materials. d £ th il loop is of a single hard magnetic phase with a distinctive
_ Table | showsH, 47M;, and (BH)pay of the multilayer g 12 reness compared with that of the previously reported
fllms_ with different Cu thlcknesse(xzo_—o.75 nmannealed  gj,s48 (see Fig. 1 Two reasons are thought to be respon-
at different temperatures for 30 min. For all of theoas'sible for this squareness. The first is the presence of aligned
deposited films, the annealing temperatures above 450 °C lgghq |ayers. Another is the extremely strong exchange cou-
to the improvement _of the cpercwlt_les, whereas the_ remapling between the hard and soft layers which causes the two
nences decreased slightly. With the increase of Cu thlcknes[%lyers to switch together. According to the exchange spring
the coercivities increased significantly, especially at the lowqdel of Kneller and Hawid, the soft layer has a critical
annealing temperature of 450 °C. However, the coercivitythicknesst =2JA/ 2K, ' ;

L . o= 2mAJ 2K, whereAy is the exchange energy
dec_rgased W'ﬂx._o'75 nm. Due to the improvement Of €O~ 4f the soft phase anl, is the magnetocrystalline anisotropy
ercivity, (BH)ya increases after the addition of the Cu layer. ;onsiant of the hard phase. If the thickness of the soft layer,

Figure 3 shpws_the TEM Dright fleldolmage of the { s t.<t,, the hard and soft layers will switch simulta-
multilayer film with x=0.5 annealed at 500 °C for 30 min. neqsly and the demagnetization curve will show a single-
The multilayer structure remains in the film after annealmg.phase behavior. It.>t., the demagnetization curve with
The multilayer is composed of 3@o,CuUs and Fe layers, parq and soft components will appear. For the Sgitard
and does not have any Cu layers remaining. This is becaugghase, the critical thickness of the Fe layer is about 5.4 nm
the Cu layer and the-Sm—Co layer interdiffused and be- (A=2.5x 10711 J/m andK,=1.71x 107 J/m?). 2 The thick-

ness of the Fe layer in our films is about 5 nm, which is very
TABLE I. The coercivityH,, remanence #M,, and maximum energy prod- close to the critical thickness. This means that the entire
uct (BH)max of the CK50 nm/[a-(Sm—Ca(9 nm)/Cu(x nm)/Fe(5 nm)/  volume of the soft layers is strongly coupled with the hard

Cu(x nm)]¢/Cr(100 nm/a-Si0, films with different Cu  thicknesses |ayers in the films and that the two layers switch as a single
(x=0-0.75 nm annealed at different temperatures for 30 min.

He 47M, (BH) max
Composition Annealing conditions (kOe) (kG 9o (MG Oe¢)

X=0 450 °C 30 min 1.22 13.2 9
500 °C 30 min 6.25 12.2 29
525 °C 30 min 6.24 12.1 27
X=0.3 450 °C 30 min 6.74 12.6 31
500 °C 30 min 7.26 12.4 31
525 °C 30 min 7.48 12.1 30
X=0.5 450 °C 30 min 7.24 12.6 32
500 °C 30 min 8.25 12.2 30
525 °C 30 min 8.26 12.3 31
X=0.75 450 °C 30 min 5.28 12.7 31
500 °C 30 min 5.91 12.3 30
525 °C 30 min 6.26 11.8 27
5
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— FIG. 4. Electron energy loss spectroscd®¥LS) maps of Sm, Co, Fe, and
FIG. 3. TEM bright field image of the film witk=0.5 annealed at 500 °C  Cu of the film withx=0.5 annealed at 500 °C for 30 min and the intensity
for 30 min. profile of the elements obtained from the EELS maps.
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1000 (5) I Sm(Co, Fg5; phase unless there is a Cu layer between the
500 r a-Sm—-Co and Fe layers. This would decrease the magneto-
2o crystalline anisotropy of the Sm-Co phase significantly,
=500 which would result in a lower coercivity. Cu will only dif-

1000 fuse into thea-Sm—Co layer, because Cu cannot dissolve in
T 5 T — the Fe phase. Although Cu also decreases the anisotropy of
i H (Oe) the SniCo, Cus phase, some amount of replacement of Cu

ol T with Co was reported not to decrease the anisotropy largely
S o6 ] or even to increase the anisotr&ﬁyThis assumption needs

£oa further investigation. Further, only a large amount of Fe and
3 02 Cu can decrease the anisotropy of the Sm—Co phase signifi-

00 »—a—"

) cantly. This may be the reason for the rapid decrease of co-
3000 10000 Gy 20000 25000 30000 ercivity in films with x=0.75.
FIG. 5. (a) Recoil curve andb) dependence A& M;,,(H)/2M, on the re- In summary, we hz_ive fab_ncated the exchange c_oupled
verse fieldH for the film with x=0.5 annealed at 450 °C for 30 min. [Sm(Co, Cus/Fels multilayer films that approach the ideal
exchange-spring magnets with aligned hard and soft layers
hard layer. This is consistent with our experimental result. 2Y Postannealing the (30 nm/[a-(Sm-C9(9 nm)/Cu
To gain further insight into the demagnetization processX "M/Fe&5 nm)/Cu(x nm)]¢/Cr(100 nm/a-Sio,  multi-
we measured the recoil curve of the film wigr0.5 an- layers. The addition of a Cu interlayer between tae
nealed at 450 °C for 30 min as shown in Figa5 The recoil -Sm—Co and Fe layers with an appropriate thickness im-
curve looks different from that of the melt spun nanocom-Proved the coercivity an@H),»,, especially at the low an-
posite magnetopen recoil curve and is similar to that of nealing temperatures. The large8tH)y,, was 32 MGOe,
the single-phase magnet prepared by melt-spinHimy,- which is larger than the theoretical limit for a SmCsingle
though the film contains a large amount of soft phdsgher  phase magnet, 28.8 MGOe. This value is also larger than
than 33.3 vol %. This may be due to the nanosized homo-those of the commercial Smgand SniCo,Fe,Cu, 2y,
geneous microstructure in the film, so that the entire voluméype sintered magnets. By replacing Fe withJ&®,5 or ad-
of the soft phase is strongly coupled with the hard phase. Thisting the thickness of hard and soft layers, it will be pos-
irreversible rotation of the magnetic moment can be quantisible to enhance théBH),,,, further. This work has demon-
tatively analyzed by plotting the irreversible change in mag-strated that there is a potential to develop high performance
netization A My (H)/2M,=[M,-My(H)]/2M, versus the exchange spring magnets by optimizing nanocomposite mi-
reverse fieldH [see Fig. B)], where M, is the saturation crostructures.
remanence andViy(H) is the field-demagnetization rema- ) ) )
nence obtained from the recoil cur¥eFrom this plot, we _This work was supported partly by the Special Coordi-
can obtain the nucleation field, for irreversible rotation of nation Funds for Promoting Science and Technology on
the hard layer with a value of about 7 kOe. The Variame“Na}nohetero Metallic Mater!als” from the Ministry of Edu-
—A Mje(H)/2M, is around zero untiH,, where it increases cation, Culture, Sports, Science and Technology. Two au-
very rapidly. The change iR, is very sharp, suggesting that thors(J.Z. and Y.K.T) acknowledge the Japan Science Pro-

most of the hard layers switch together with the soft phase iffotion Society for the JSPS fellowships. All the authors
the field H,. In the fields for values less thai,, thank Ms. T. O. Seki and Dr. C. Y. You for the help.
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