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Improving exchange-spring hanocomposite permanent magnets
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We demonstrate a counterintuitive approach for improving exchange-spring magnets. Contrary to
the general belief that the exchange—spring interface must be ideal and atomically coherent, we
thermally process, by annealing or high-temperature deposition, epitaxial Sm—Co/Fe thin-film
bilayers to induce interfacial mixing. Synchrotron x-ray scattering and electron microscopy
elemental mapping confirm the formation of a graded interface. The thermal processing enhances
the nucleation field and the energy product. The hysteresis loop becomes more single-phase-like yet
the magnetization remains fully reversible. Model simulations produce demagnetization behaviors
similar to experimental observations. ZD04 American Institute of Physics
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The “exchange-spring” mechanism in nanocompositegoward realizing the full potential of the exchange spring
magnets, where the interfacial exchange coupling betweenprinciple.
the magnetically soft and hard phases hardens the soft phase We fabricated the Sm-Co/Fe and Sm-Co/Co
and enhances remanence and reversibility, could lead to ukxchange-spring bilayess by dc magnetron sputtering. These
trastrong permanent magnets whose energy pradd@id},.,  bilayers are a model exchange-spring system with ideal, co-
is more than twice that of Nd—Fe—BHowever, exchange- herent interfacet’! The nominally SreCo, layer was
spring magnets have yet to deliver on the promise of signifigrown epitaxially at 400 °C onto a (11)-buffered single
cantly enhanced properties. The basic tenets for maximizingrystal MgQ110) substrate to achieve an in-plane uniaxial
exchange spring performance have been that the soft grairsisotropy, as described in Ref. 10. The thickness of the
be comparable to the hard-phase domain-wall widémd  Sm—Co layer in all samples was kept at 200 A. Following
that the grain boundaries be idéahoth of which aim to  the deposition of the Sm—Co hard layer, Fe or Co soft layers
achieve effective interphase coupling. Limiting soft grainwere either deposited at 70—100 °C, or immediately at
growth in magnet processing is generally accomplished with00 °C. The Fe or Co layers are 100 and 200 A in thickness.
nonmagnetic additives, at the expense of forming graimAll samples were capped with 10 nm of Ag or
boundary phases that reduce interfacial coupling and thgg(5 nm)/Cr(5 nm) cover layers. Pieces were cut from the
overall magnetizatiofi” Although increasing the interfacial as-deposited samples and were annealed for 1 h at tempera-
coupling strength can improve coupling effectiven®such  tures ranging from 200 to 400 °C, using the same heater
improvement is fundamentally limited by the physics of inside the deposition chamber in a vacuum of 1078 Torr.
magnetization reversal. This is because even for an ideale denote a sample by its substrate temperafdgrer an-
exchange-spring interface, the soft moments remain parall@lealing temperatur€,, which is the highest temperature the
to the hard ones only at fields below the exchange fitlg  soft layer was subjected to during processing. No intermix-
which is the upper limit for the nucleation fieldy—a more  ing should occur at the Fe/Ag interface since Fe and Ag are
general technical term denoting the onset of magnetic revemutually insoluble. And the intrinsic properties of the
sal and the limiting factor fo(BH)a Heyx IS given by the  Sm—Co layer should remain intact because the processing
soft phase exchange constant and thickfidesan exchange temperatures never exceed the deposition temperature of
spring with 200 A of Fe as the soft phasé, =2 kOe. Im- Sm-Cao.
proving epitaxy or interfacial coupling does not overcome  The magnetic properties were measured using an alter-
this limit. nating gradient magnetometer with the field applied along

In this letter, we report an effective pathway via interfa- the easy direction of the Sm—Co layer. Shown in Fig) 1
cial properties modification to increasdy, and hence are the normalized, room-temperature demagnetization
(BH)max Of exchange-spring magnets. We demonstrate sucburves of three Sm—-Q20 nm/Fe20 nm samples with
tailoring via thermally processed epitaxial Sm—Co/Fe andls=70 °C, T,=300 °C, andT,=400 °C, respectively. The
Sm-Co/Co bilayer structures. In contrast to Refs. 7 and Yjrst sample shows the two-stepped hysteresis loop typical of
we start with an exchange spring where the interface is alan exchange-spring with ineffective coupling: the Fe layer
ready ideal, and create a graded interfacial region where th&tarts to reverse at ady of ~1 kOe and the Sm-Co layer
material parameters vary gradually by promoting intermixingswitches at the irreversibility fielt;, ~ 7.5 kOe. These val-
of Sm—Co with Fe or Co. Such an interfacial modificationues are identical to those in Ref. 10. The second sample
fundamentally changes the magnetization behavior. We disshows that after annealing at 300° @l increases to
cuss its applicability and implication on magnet processing~1.2 kOe whileH;, is reduced to~7.2 kOe. For the third
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FIG. 1. (a) Normalized room-temperature demagnetization curves for threq:IG 2 Specular and off-specular x-ray reflectivity curves of
Sm-Cd@20 nm/Fe(20 nm samples as-deposited or annealed at various_ 10'0 C aEdTA=4OO °c Sm—pC(QO nn‘b/Fél(lo nm. Th):e off-speculartrrf-

temperatures(b) demagnetization, an¢t) dc demagnetization remanence flectivity was measured with a —0.04° offset. The solid lines are fits
curves for Sm—C@0 nm/Fe10 nm samples. vy ' ' '

tivity curves for both samples are very similar while the
=100 °C sample shows higher off-specular intersity at low
‘g, Fits to the specular reflectivity curves give similar total
interface width(roughness and interdiffusiprof ~2.5 nm
: 9 .~ for both samples. On the other hand, fits to the off-specular
saturation magnet_|zat|on (M.S) _for all samples is intensity using a distorted-wave Born approximation
1125 emu/cri The increase ity increasegBH)pa, from (DWBA) modef? give different roughness amplitudes of 2.0
9.4 MGOe for theTs=70 °C sample, to 12 MGOe &  and 0.7 nm, respectively. When the Fe layer is deposited at a
=300 °C, to 14.1 MGOe afs=400 °C. low temperature, the Sm—Co/Fe interface is sharp but
Thermal processing caused more pronounced changes jgyqeq. Annealing or depositing the Fe layer at elevated tem-
samples with thinner Fe layers. Shown in Figb)lare the  heraiyres promotes interdiffusion between the Sm—Co and
demagnetization curves for Sm—@Q0 nm/Fe10 nM  pe piurring the interface and reducing the roughness.
samples withTs=100 °C,T,=300 °C, and 400 °C, respec-  Thjs evolution in microstructure is immediately evident
tively. At T\=300 °C,Hy increases to over 4 kOe, whil  in the cross-sectional EFTEM images shown in Fig. 3 for
decrease_s. After anne_allng at 400 °C, fche magnetization beyo Sm—C620 nm/Fe(20 nm samples withTs=100 °C,
comes single-phase-like, with coercivitd.>6 kOe. The  5,4T,=400 °C. The images are constructed from the elec-
(BH)max value increases from 24 MGOe for the as-depositedyo energy loss spect@ELS) at characteristic absorption
sample to 27.7 MGOe al,=300 °C, then decreases 10 gnergies of Fe, Co, and Cr, and color coded to represent the
22.4 MGOe atT,=400 °C. Note that although the math- gpatial distribution of the elements. The resolution is 0.5 nm.
ematical limit of(BH)yax for Sm—Co/Fe of this composition The co magred) shows the notch in th&s=100 °C sample

is 34 MGOe, (BH)may is only 21 MGOe for an ideal ex- due to interfacial roughness, whereas Tag400 °C sample
change spring because Fe reversalHal decreases the

magnetizatiorjr. Annealing has made up nearly 50% of the
difference. The dc demagnetization remanend@CD)
curves, which measure the reversibility of the magnetization
are shown in Fig. ). For the DCD curves, the samples
were saturated with a +1.4 T field each time before a demac
netizing field was applied. All samples have sharp step-like
DCD curves, indicating a narrow distribution in the hard-
layer switching field and full reversibility of the soft layer
magnetization. Particularly noteworthy is that thHE,
=400 °C sample has a nearly square demagnetization curv
yet the magnetization is fully reversible. In contrast, most
nanophase hard magnets show significant irreversible de
magnetization behavior due to partial reversal of the harc
phase, even if their hysteresis loops may appea
single-phase-liké’.g

The effect of annealing on the interfacial morphology Y A
and crystal structure has been characterized by x-ray scatte By , ~
ing and by energy-filtered transmission electron microscopy 0 20 40 60 80 20 40 60 80
(EFTEM). Figure 2 shows the specular and off-specular re- BiEancHan Distance (nm)
flectivity measured using 7-keV-synchrotron radiation FIG. 3. (Colon EELS elemental maps and line scans of
=0.17712 nm on two Sm—C@20 nm/Fe(10 nm samples, Sm—Cd20 nm/Fe(20 nm) samples with (a) Tg=100 °C and (b) Ta

with Ts=100 °C and withT,=400 °C. The specular reflec- =400 °C. The line scans are taken from the area enclosed by the dashes.
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sample Hy, further increases to 1.6 kOe ahf}, decreases to

~6 kOe. We found no discernable difference in its magneti
zation behavior, eliminating the possibility of contamination
(thus reduced couplingvhen the Sm—Co was exposed. The
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magnetic stability. Figure(®) shows the simulated spin pro-

Feilntggggg Sm-Co ‘-°'_o_im.'macs=o/"?"
: . file of a modified Sm—C@0 nm)/Fe(10 nm) bilayer with a

/.o

M g oor . 1 12-nm-thick interfacial region at various reverse fields. The
K 'r/ | T magnetic reversal is always confined in the interfacial region,
Aote e, 9 leaving the hard layer undisturbed. In contrast, in exchange-
= 1.0F — . ) . . ’
] i | | spring bilayers with abrupt interfaces, the reversal extends
o =0 - into the hard layet? leading to magnetic instability against
5 = ( field cycling when the hard layer is thin.
& (®) _1'0" l . (d): We note that for the Sm—Co/Co bilayers, annealing
% 10 % 2 5 0 5 0 yields no systematic variation in the loop shape, but gener-
Position (nm) H (kOe) ally reduces the nucleation field. Sm—Co exists in many dis-

FIG. 4. (a) Schematic illustration of the exchang®), anisotropy(K) and crete metastable phas@sgpnealmg Sm—Co/Cc_) might |(?-
magnetizatior{M) across a graded Sm—Co/Fe interfate:calculated spin ~ Cally change the compositiohand create stepwise material
profle of a Sm-C&®0nm/Fe10nm bilayer with a  parameter profiles similar to those in Ref. 9. It is therefore
12-nm-interfacial region at various reversal fields; the demagnetization essential to create a graded interface where the material pa-
and (d) the dc demagn(_etization remanence curves calculat_ed forameters do not vary abruptly in order to improve the effec-
mﬂéﬁo nm/Fe(10 nm) bilayers with interfacial regions of various tiveness of the exchange spring coupling. Such a profile
might be accomplished by selecting material components
that form solutions upon annealing, or by athermal means
that can modify the interface in a nonequilibrium fashion.
In conclusion, we demonstrate a strategy to overcome

has a diffuse boundary between the(gezen and Co maps
and a notch is blurred out. The difference in interdiffusion in

the samples can be seen more clearly in the 9-nm-wide ling,¢ gificulties of traditional magnet processing in realizing

scans. In thd's=100 °C sample the layers are well defined, yo ¢ potential of exchange-spring magnets. Annealing or

but in the T,=400 °C sample Fe is found in the entire yo,,qiting Sm—Co/Fe bilayers at high temperatures induces

Sm-Co layer while the amount of Co entering into the Fehntermixing at the interface and increases the nucleation

) ; eld, hence improving the ener roduct. We modeled the

x-ray diffraction of theT,=400 °C sample shows a broad eqt of therngl proc%ssing witﬁyapgraded interfacial region

shoulder to the right of the Sm—Q200) peak. The shoul- and qualitatively reproduced the experimental observations.

der could not be fitted with a single Gaussian curve, suggestrhe graded interface keeps the hard phase undisturbed dur-

ing a distribution of phases with smaller lattice constants. ing reversal, leading to potentially improved magnetic stabil-
To correlate the microstructural evolution with the ob- ity.

served changes in magnetic properties, we simulated the de-
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