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Rapidly annealed exchange-coupled Sm—Co/Co multilayers

J. Zhou,? R. Skomski, Y. Liu, Y. C. Sui, W. Liu, and D. J. Sellmyer
Department of Physics and Astronomy and Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588

(Presented on 11 November 2004; published online 13 May)2005

In exchange-coupled two-phase permanent magnets, the length scale of soft phase is limited to
about twice of the domain-wall width of the hard phase. To optimize the energy product, it is
important to realize this length experimentally. In this work, we investigate the Sm—Co/Co hard/
soft multilayers with varying thickness of soft phase layers. On rapidly annealing, the multilayered
hard-soft structure forms. Transmission electron microscopy micrography confirms that the
multilayer structure is retained after the annealing. Single-phase-like hysteresis loops are obtained
for samples with Co layers up to 13 nm thick. This behavior indicates that the soft phase is well
exchange coupled to the neighboring Sm@ard phase. An optimal energy product of 16.6 MGOe

has been obtained. Longer annealing time results in more diffusion at the interface and yields
two-phase-like hysteresis behavior. Direct current demagnetization measurement shows
exchange-spring behavior of the samples annealed for longer time. Micromagnetic simulations with
varying interface exchange coupling have been performed to compare with the experimental
results. ©2005 American Institute of PhysidDOI: 10.1063/1.1850814

I. INTRODUCTION and SmCg films are prepared by setting different
Since the concept of exchange-spring magnets was députtering rates. Cr and Ti under- and cover layers are
veloped in 1991 the exchange-coupling interaction betweendeposited. A~ typical ~ layer  structure s

magnetically hard and soft phases has attracted much attef(Ti)40 nm/(SmCo14 nm/Co7 nix 7/Cr(Ti)10 nm. Co
tion in searching for novel permanent magr?egthsually, layers range from 4 to 14 nm. The total thickness of mag-
Nd—Fe-B, Pr—-Fe-B, SmGoSm,Fe;;N3, L1,—FePt are con- netic layers is around 150 nm. The samples are thermally
sidered as candidates for hard phases, while Fe, Co, Fe—@uocessed by rapid thermal annealifRTA) at 525 °C for
and other soft phases are used to improve theo s—5 min, or by furnace for 30 min. The crystal structure
magnetizatiort:® Much effort has been given to investigating of the samples is characterized by x-ray diffraction and trans-
exchange-coupling between hard and soft phases in thgission electron microscop§TEM). The sputtering rate is

. -8 .
f%rms' o:‘l mult|tlﬁye.r§3, q mecharll'c?él)‘ly 3|Icr11yeg p?twde?s, determined by weighing method and the sample thickness is
chemically systhesized hanoparticiesand hard-sott nano- o firmed by the cross-section view of TEM. A supercon-

cluster composite¥: : . :
With the highest bulk anisotropy constantk, ducting quantum interference devic@QUID) magnetometer

=17 MJ/n?), SmCaq is among the most investigated hard with highest field of 70 kOe is used to measure magnetic
phases in preparing exchange-coupling magnets. Its large aRtOPerties.

isotropy can help retain the needed coercivity value while the
soft phase improves the magnetization. Several groups have
performed studies of sputtered SmCo/Co multilayefs?*3
However, there has not been a report on the energy produc
in Sm—-Co/Co multilayer thin films, and neither has there
been a report on the effects of rapid annealing. In this article, —T= ——
we used rapid thermal annealing to control the hardness 07 = /Sm005 8T Ann. 525°C 1 min
hard phase, as well as the diffusion at interfaces in an attemp9 WM

to understand the influence of interfaces on exchange coug LAl ) .

pling. Micromagnetic simulations show that exchange cou—f;l )
pling between hard and soft layers depends on the interface | Ann. 525 °C 30 min
magnetic hardness and soft layer thickness. WMMMWMW&

Il. EXPERIMENTAL METHODS SmCo,
. L )\, Ann. 525 °C 30 min.
The multilayer thin films are prepared by magnetron " A Mmm

sputtering. Si(100) wafers are used as substrates. S;nCo — T T T 1 1

Co (002) (SmCo,140A/Co70AX7
As-deposit

30 35 40 45 50 55 60
29
dAuthor to whom correspondence should be addressed; electronic mail:
jzhou@unlserve.unl.edu FIG. 1. XRD of[(SmCg)14 nm/Co7 nmix 7 and SmCg films.
0021-8979/2005/97(10)/10K304/3/$22.50 97, 10K304-1 © 2005 American Institute of Physics
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FIG. 3. Hysteresis loops of two annealed samples at room temperature.

nealed under this condition with Co layer thickness less than
13 nm show single-phase behavior. However, the sample
FIG. 2. (@ TEM image and (b difraction pattern of with 14-nm-thick C_:o Iayer be_gin_s to show a shoulder kink _at
Si/Cr40 nm[(SmCa)14 nm/Co8 nrijx 6. The 8 nm Co layer remains af- & Small reversed field which indicates the exchange coupling
ter heat treatment. Diffraction pattern shows the film is polycrystalline.  is poor because the Co thickness is beyond the exchange-
coupling range, which in this situation is 13 nm of Co. It is
IIl. RESULTS AND DISCUSSION shown in the figure that the increased soft phasqmm
layen enhances magnetization compared to the film contain-
The as-deposited samples are amorphous under x-rdagg less Co(8 nm Co laye). Even though the coercivity is
diffraction (XRD). After annealing for 1 min at 525 °C, the only 6.7 kOe, a higher energy product of 16.6 MGOe is
Sm—Co hard phase forms. Figure 1 shows the XRD of achieved.
typical film. In Fig. (@) for the as-deposited film only the Co The exchange-spring magnets limit the soft grain size to
(117) peak appears. After 1 min rapid annealing at 525 °Ctwice the hard phase domain wall width, which is
the Sm—-Co phase appears, as shown in Fig. Figure 1c) 77(A/K1)1’2.14 For SmCag, the soft grains should be limited to
shows the long-term annealing indicating both Sm—Co and.2 nm. In our situation, since the annealing time is short,
Co phases still coexist. As a comparison, single-phase SmGgry likely the magnetic hardening is not fully realized in the
is shown in Fig. 1d). The missing(101) peak of SmCgat  Sm—Co hard phase. The coercivities of 150 nm single layer
30.5° and the strengthené200) peak at 42° indicate that the SmCq and SmCg are 32 and 23 kOe, respectively, much
hard phase SmGeeasy axis(c axig is partially in the film  |ower than that of the long-term annealed sam|i8%3 and
plane. This result is consistent with our previous reﬁort. 37.5 kOe, respective‘f)/. Thus the anisotropy constaKy is

Further investigation by TEM shows the layer not as large as that of bulk SmE®ssuming the exchange
structure in rapidly annealed sample. Figur@)2shows

the cross-section view of the annealed multilayer
Cr40 nm/[(SmCq)14 nm/Co8 nmhxX 6/Crl0 nm. It is " ]
clearly seen that the hard and soft layers remain distinct afte S0 1%

the short-term annealing, with interfaces that are sharp tc [SmCo,14nm/CoXnm],
within about 1 nm. The diffraction pattefiFig. 2(b)] shows 251 —=—Hc 125
the film is polycrystalline. Since the annealing time is short —©°—(BH), l

(Hg)

and annealing temperature is moderate, the layers have relil@ 20}

tively sharp interfaces because the diffusion of atoms be-=x< -— _o—0 1
tween layers is limited. £ 15 . 1
Magnetic hysteresis loops measured by SQUID magne- 9\ 1

L]
N
1

w

(80910)

tometer show the effect of annealing and layer thickness or 10
the magnetic properties. Figure 3 shows hysteresis loops o

two annealed films,[(SmCq)14 nm/Co8 nnjx6 and 5L
[(SmCq)14 nm/Co13 nmix 5. Both samples are annealed O

at 525 °C for 1 min. Both loops are measured in the film ° 2 4 6 8 10 12 14
plane. It can be seen that the two hysteresis loops show X (nm)

singlg-phase-like behavior which indicates strong exchanggig. 4. soft phase dependence of coercivity and energy product in annealed
coupling between hard and soft phases. All our samples an¢esmcCg)14 nm/CoX nnjx n film.

[e]
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FIG. 5. Simulated and experimental demagnetization curves of rapidly anFIG. 6. Simulated and experimental demagnetization curves of annealed
nealed[(SmCq)14 nm/Co8 nnix n film. (30 min) [(SmCq)14 nm/Co8 nmx n film.

constant remains unchangedKa value of 5 MJ/ni could  IV. SUMMARY AND CONCLUSIONS

yield a domain wall width of 6.5 nm, corresponding to the ] . i
soft grain size of 13 nm. In this article we report our work on rapidly annealed

The Co layer thickness dependence of coercivity and®MC0/Co multilayers. The 1 min annealing at 525 °C re-
energy product is shown in Fig. 4. The samples have |ay95a|ns the layer structure unchanged and the hard phase of
structures of[(SmCg)14 nm/CoX nmxn. As expected, Sm—Co forms. The hard and soft layers are exchange

more soft phase drops the coercivity but increases the ma%_oupled. Co layer as thick as 13 nm can be coupled to the

netization as well as remanence so that the energy produf@rd-Phase SmGoin the samples. An energy product of
increases with Co layer thickness. The largest energy produdf-6 MGOe is achieved. Micromagnetic simulations results
is obtained in 13-nm-thick Co. Beyond 13 nm the two-phasénatCh the experimental hysteresis well. Longer annealing

kink appears indicating the phases are not well exchangg®uses a more hardened Sm-Co phase, as well as diffusion
coupled. between hard and soft phases. The latter effect can harm the

Numerical micromagnetic simulations are performed usPermanent magnet properties of the system, whereas the
ing the National Institute of Standards and Technologyformer effect creates restriction on the soft-phase dimension.

OOMMF code to compare to the experimental results. Figure 5
shows the simulated reversal curve compared to the corre-
sponding experimental curvéFor the simulation, param- ACKNOWLEDGMENTS
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