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Exchange and Film Hard Magnets R. W. McCallum, Chairman

Coercivity and exchange coupling in PrCo:Co nanocomposite films

J. P. Liu,2? Y. Liu,® and D. J. Sellmyer?
Center for Materials Research and Analysis, University of Nebraska, Lincoln, NE 68588

Magnetic hysteresis and intergrain exchange coupling in nanostructured PrCo:Co composite films
have been investigated. The composite thin films were made by multilayer sputtering and
subsequent annealing. It is found that the coercivity mechanism is related to film morphology,
especially the Co phase fraction. Evidence for the hard-soft-phase exchange coupling has been
found and high energy products have been obtained.1988 American Institute of Physics.
[S0021-897€98)26011-1

I. INTRODUCTION argon pressure, the power rates of sputtering targets, and the
distance between the targets and the subsjratere chosen

Theoretical calculations have predicted giant energ . ; g S .
i o produce films with maximum coercivity. The thickness of
products in exchange-coupled nanostructured hard-soft-

phase compositd€ However, it is difficult to obtain an each film was calculated by measuring the mass gain upon

. i . . eposition. The as-deposited films were then heat treated in a

ideal nanostructure experimentally. Grain growth during hea . "7
L urnace with vacuum &10 ’ Torr at temperatures up to

treatment and distribution of the second phases cannot 0°C

controlled and tailored easily. In addition, it is found that ’

L . . Magnetization loops were measured by an alternating
coercivity usually decreases dramatically as the soft phase is__ . .
: . radient force magnetometer and a superconducting quantum
added. Among various methods of making nanostructure

composites, physical vapor deposition has advantages Ijrr]nerference devicéSQUID) magnetometer. Magnetic force

controlling grain size and distribution of second phase. We
have obtained clear evidence of intergrain exchange coupling
and remanence enhancement in SmCo/Co multifaged
FePt-based nanocomposifesin a recent investigatiohwe
have successfully inserted the soft Co phase into the hard
hexagonal PrCo phase thin films to enhance the remanent
magnetizations without losing coercivity within a certain
thickness of the Co layers. However, the domain structure
remained unclear and direct evidence of exchange coupling
was not found. In this investigation we study the grain mor-
phology, domain structure, coercivity mechanism, and
exchange-coupling behavior in the PrCo:Co nanocomposite
films (In this article we use notation PrCo/Co to represent the
as-deposited multilayers and PrCo:Co the composites after
annealing.

10 nm

Il. EXPERIMENT

The PrCo/Co multilayer thin films with Cr underlayer
and cover layer were prepared with a multiple-gun dc- and
rf-sputtering system by depositing the targets onto glass or
silicon substrates. The PrCo target was made by compressing
Co and Pr powders with the atomic ratio 7:2 and sintering at
1050 °C for 1 h. Flowing high-purity argon gas was used for
sputtering and the pressures were varied from 5 to 20 mTorr.
The sputtering parameters in this investigatiotiuding the

3E|ectronic mail: cmra@unlinfo.unl.edu

YAlso at: Behlen Laboratory of Physics. FIG. 1. The AFM(a) and MFM (b) images of a (PrCo30 nm/Col11 nm)
9Also at: Department of Mechanical Engineering. X 10 sample with heat treatment at 500 °C.
0021-8979/98/83(11)/6608/3/$15.00 6608 © 1998 American Institute of Physics
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FIG. 3. EDX spectra of a heat treated PrCo:Co fil@. from the matrix
grain and(b) from the second phase grain.

Magnetization (10°emu)

MUINCIM
L\

-3 ' structure and elemental Co with the hexagonal close-packed
24 structure. It is important to note that Co grains have much
smaller grain size than the PrCo grains because the Co layers
1 i are much thinner than the PrCo layers when the multilayers
were sputtered. The grain size we observe in Fig. 1 is basi-
0 f cally for the matrix PrCo grains. According to theoretical
calculation? for effective intergrain exchange coupling the
-1 dimension of the soft phase should not be bigger than twice
that of the domain-wall thickness of the hard phase. In rare-
) : . earth transition-metal compounds, the typical thickness of
d domain walls is 3—5 nm. Therefore if the grain size of the
: //7 soft phase is less than 10 nm, effective intergrain exchange
L ; g coupling should exist. The grain size of Co phase in the
i ( annealed samples can be controlled by controlling the Co
0 layer thickness in the multilayers. This has been demon-
[ } strated in our previous experimefit§he critical point is
-1 ] : how to deal with the trade-off between coercivity and rema-
) 7 / nent magnetization as the amount of soft phase is increased.
2 ._4—-——" To optimize the energy product the effect of the soft phase
- y y z T on coercivity must be investigated.
-15 <10 -5 0 5 1015 Figure 2 shows the initial magnetization curves and the
H (kOe) hysteresis loops of a group of samples with decreasing Co

FIG. 2. Hysteresis loops of the heat treated multilyers with structurelay(_:‘r thicknesses from sam_pl_e_a to samp_le d_' Itis interesting
(PrCo30 nm/Co nm¥ 10. In a,x=11 nm, in bx=10nm, cx=8nm, and 0 See the change of the initial magnetization curves. For
in d, x=5nm. The magnetization was measured with the field in the filmsample a with multilayer structure (PrCo30 nm/Col1 nm)
plane. X 10, the initial curve is similar to that expected in a
nucleation-type mechanism of coercivity; whereas for

. : . sample d with multilayer structure (PrCo30 nm/Co5 nm)
microscopy (MFM) and atomic force microscopyAFM) X 10, the initial curve is typical for wall-pinning controlled

were used to observe the domain structures and the surface .
morphology. More details about the crystal structure and anr_eversal. However, N case O.f nanosc%e morpholqu, one
isotropy of the films are given in Ref. 6. may haye to congldgr interaction dpma hecause simple
nucleation and pinning models might not adequate for de-
scribing the coercivity mechanism. A study of the details of
coercivity mechanism is underway and will be reported later.
Figure 1 shows the AFM image of nanostructuredOne point clearly seen from Fig. 2 is that the increase in
PrCo:Co grain morphologya) and the MFM image of the thickness of the soft Co layers, therefore the Co phase frac-
domain pattern(b). It can be seen that the average size of ation in the annealed samples has changed the magnetization-
domain is about ten times larger than an average grain sizeversal process.
(about 20 nm, consistent with our early TEM observalfon It is also seen from Fig. 2 that with increasing concen-
indicating that in one domain, many grains are included. Agration of Co phase, squareness of the loops become smaller
discussed in our previous stuflythe PrCo:Co composite and so does the coercivity. The change in the squareness is

consists of the PrCo grains with a disordered hexagonassociated with a change in the film's morphology and the

Ill. RESULTS AND DISCUSSION
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20 the remanent magnetization curve (H) (also called as dc-
] demagnetization curyeand the demagnetizing cunié (H)
T —v—M(H) (the part in the second quadrant of the hysteresis)lob@
2 ——MH) heat-treated sample. The flatness of the upper curve is
72 A o = equivalent to the behavior Kneller and HaWwidemonstrated
= 9 T e for the exchange-spring magnets.
= v ././“'/ With the understanding of morphology and properties of
54 / /-/ the PrCo/Co composite films discussed above, we have been
7 able to optimize the sputtering and the heat-treatment pro-
]/ cesses. We added up to 25% Co into the composite which
0 7 5 5 4 3 5 4 0 leads to enhanced remanent magnetization without losing co-

H (kOe) ercivity significantly. By a carefully controlled processing,
we have succeeded in obtaining films with coercivity as high

FIG. 4. The demagnetizing curk(H) and the remanence curté, (H) of as 20 kOe and maximum energy products as high as 25
an annealed sample (PrCo30 nm/Co8 mrp. MGOe at room temperature

coercivity mechanism. It has been found in our experimentV. CONCLUSION
that the squareness and the coercivity is also strongly depen- Magnetization behavior of PrCo:Co composite films has

dent on heat treatment. In the as-deposited films, the PrCgeq, sy died including the initial curves and hysteresis loops.

layer is amorphous which is magnetically soft. Heat treat-rpg regyits show that increasing the amount of soft phase
ment produces the magnetically hard hexagonal phase ang,oars to change the coercivity mechanism from wall-
the coercivity reaches its maximum at heat treatment teMs;,ning Jike to nucleation-like. It is also found that the coer-

perature of 500 °C for a half-hour annealing. In order 10 e force and the shape of the loops are very sensitive to
minimize grain growth during the heat treatment, rapid ther“neat treatment. Compared with any single-step treatment, a

mal processing has been adopted in this investigation withg nhination of two or more steps in the heat treatment can

heating rates up to 100 °C/s. Itis found that a two-step treatyise coercivity markedly and improve the squareness of the

ment is better than a single-step treatment in obtainingoops_ Optimizing the heat treatment and composite nano-

greater Squareness and coercivity. ) ) . structure leads to high energy products.
Another important feature observed from Fig. 2 is that in

all the cases, the ratio of remanend&, to saturation
Mg(M, /M) is larger than 0.5. This is an indication that
there is intergrain exchange interactions between the grains, We are grateful to Professor S. W. Liou for his help in
as discussed in Ref. 6. To verify that the exchange couplinthe MFM and AFM observations. Research sponsored by the
takes place between the soft phase and the hard phase, WeS. Department of Energy under Grant Nos. DOE-DE-
checked the nanostructure by TEM with energy dispersivé-602-86ER45262 and DOE/ANL-95-47DH-007.

x-ray (EDX) spectroscopy and by measuring remanence

curve to see the exchange-spring behavior. Figure 3 shows: ¢ knelier and R. Hawig, IEEE Trans. Mag2i, 3588 (1991,

the EDX spectra measured in a film in two adjacent grains.2r. skomski and J. M. D. Coey, Phys. Rev4B, 15 812(1993.

One is the matrix graifa) and another is the soft-phase grain jl- A. Al-Omari and D. J. Sellmyer, Phys. Rev. &, 3441(1995.

(b). Except for Cr peaks which are from the cover layer and gi;sﬁ)uu' Y. Liu, C. P. Luo, and D. J. Sellmyer, J. Appl. Phgs, 5644
bottom layer and a trace of Si and C which may be from thes; 5 "y c. p. Luo, V. Liu, and D. J. Sellmyer, Appl. Phys. Léin
substrate and the contamination during the specimen prepa-press.

ration, in(a) we detected Co and Pr elements, andbinwe ®J. P. Liu, Z. S. Shan, and D. J. Sellmyer, IEEE Trans. M&8).3709
only detected Co. This shows clearly that there. a.re FWO7(1?975)1.ve, D. Eckert, R. Scfex, B. Gebel, and K.-H. Miller, IEEE Trans.
phases, the hard PrCo phase and soft Co phase existing in thgagn. 32, 4362(1996.

composite. No third phase has been found. Figure 4 shows$R. K. Mishra and R. W. Lee, Appl. Phys. Lett8, 733(1986.
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