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High coercivity rare earth—cobalt films

S. S. Malhotra
Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0111

Y. Liu
Center for Materials Research and Analysis, University of Nebraska, Lincoln, Nebraska 68588-0111 and
Department of Mechanical Engineering, University of Nebraska, Lincoln, Nebraska 68588-0656

Z. S. Shan, S. H. Liou, D. C. Stafford, and D. J. Sellmyer
Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0111

Rare earth—cobalRCo, R=Sm, Py films with thicknesses from 30 to 700 nm have been prepared
with and without a Cr underlayer by dc magnetron sputtering from@oRcomposite target. The
as-deposited SmCo films with a Cr underlag&mCdCr) have magnetic coercivities of about
500-2800 Oe and the Pr{f2r films have coercivities of about 100—300 Oe, but after annealing at
500 °C coercivities as high as 31 kOe for SnjjCofilms and 10 kOe for Prdi€r films were
observed. The as-deposited PrCo films are composed mostly of an amorphous phase with about 30
vol % of crystallites but after annealing at 500 °C the film is transformed completely to crystallites
of about 10 nm diameter as revealed by high-resolution transmission electron microscopy
(HRTEM). Nanodiffraction and HRTEM studies show that the crystallites have a closed-packed
hexagonal structure. HRTEM study also shows that the annealed SmCo films with a Cr underlayer
have grain sizes of about 20 nm and the SmCo films without the Cr underlayer have grain sizes of
about 10 nm. The large increase in coercivity for the annealed films is due to the growth of the
crystallites. ©1996 American Institute of Physids$0021-897@6)33808-]

INTRODUCTION In the rare earth—cobalt system the low Co phase adja-
cent to SmCgis in general of the SpCo, type which has
Thin films of hard magnetic materials such as rarereasonably high anisotropy field ,>200 kOe!* The PrCo
earth—transition metal alloys are of interest for device applicompounds also feature excellent intrinsic magnetic proper-
cations and magnetic recording media. Among rare eartfies comparable to the SmCo compounds. Th&€8rphase
semi-hard magnetic films, SmCo films with a Cr underlayetas H,>100 kOé' and the PyCo,q phase hasH,>38
prepared at room temperature with high magnetic coercivitiOe!? In this work we report the effect of post-annealing for

(H¢) of 3—4 kOe, small grain size and high uniaxial anisot-pr,Co, and SmCo, films with and without the Cr under-
ropy have shown good potential for high density recordingayer.

medial~3Velu et al* have shown that SmGdilms on a Cr

underlayer have a coercivity value of 3 kOe at room tem-

perature. Recently, Okumugd al? reportedH . of about 3.5

kOe for Sm:CaydCr films. Liu et al®~®reported systematic ExPERIMENTAL PROCEDURE

studies of the microstructure of Sm{@y films including the

Cr underlayer, SmCo layer, and the nanocrystallites in the R,Co, (R=Sm, Py films with thickness from 30 to 700
SmCo layer. The dependence dfi, on the SmCo nm were prepared with and without a Cr underlayer by dc
compositiod 3 is unclear but it has been shown that tHe  magnetron sputtering from a composite target. All the films
strongly depends on the sputtering condition such as subtave a Cr overlayer of 10 nm to protect the RCo layer. The
strate temperature and Ar pressure during deposition of CBm,Co; target was made by pressing the S8, powder
and SmCo. This dependence may be related to the micr@nd then sintering in vacuum at 1100 °C for 30 min and the
structure of the films. The Cr underlayer helps to increase ther,Co, target was made by pressing the®s, powder and
coercivity by controlling the grain size and morphology of then sintering in vacuum for 30 min at 1050 °C. The Cr
the SmCo layer and also improves the in-plane magnetizaarget was obtained commercially and had a 99.9% purity.
tion. Hence if crystallinity and grain growth is promoted in The base pressure of the sputtering system was62 Torr

the SmCo layer a much higher value of coercivity can beand the Ar pressure during sputtering was 20 mTorr. The
obtained. This can be achieved by either depositing the filnsputtering rate for B€o, and SmCo, was 1.1 A/s and for

at high substrate temperature or by post-annealing the a&r was 5 A/s.

deposited films. A coercivity of 30 kOe was obtained for The magnetic properties of the films were measured with
4000-A-thick Caq Cu; 3.Sm films prepared at substrate an alternating gradient force magnetomet&GFM) and
temperature of 600 °C by Theurer al® Cadieuet al'®have  SQUID magnetometer. The composition of the films was
shown that SmCgpfilms directly crystallized on to a heated analyzed by energy dispersive x-ray analydEDAX) and
substrate havel; of about 23 kOe. The reason for this high was found to be close to the target composition. The struc-
coercivity was associated with the high magnetic anisotropyure was studied by x-ray diffraction and high resolution
and the fine grain structure. electron microscopyHRTEM).
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FIG. 1. Coercivity vs PrCo layer thickness for the as-deposited and annealed
at 500 °C PrC{Cr films with a Cr underlayer of 80 nm.
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We first discuss the magnetic and structural properties
for the as-deposited and annealed PrCo films. Figure 1 showsG. 2. (a) HRTEM image of Cf80 nm/PrCq28 nm/Cr(10 nm film an-
the dependence of the coercivity on the PrCo layer thicknesggaled at 500 “Clb) HRTEM image of a crystallite irta).
for the PrC¢Cr films with a Cr underlayer of 80 nm. The

as-deposited films show a coercivity of only about 100—300With a Cr overlayer of 10 nm thél, was about 9 kOe and

Oe but after annealing at 500 °C in vacuum for 20 min therqvI ~400 emulce after annealing at 500 °C whereas for the
s~

is a large enhancement of coercivity. Thie of the films : ) .
annealed at 500 °C decreases from about 10 to 5.9 kOe as t go-nm-tmck PrCo film with a Cr underlayer of 80 nm and a

film thickness increases from 28 to 640 nm. It was also ob—Mr g\é%gagriru /2]; ;ge?;nnr;[zgl_i'rﬁ V;?SSO%b?Cu tht‘r; tltgesa?:dles
served for the 28-nm-thick Pr@@r film that upon annealing S 9 ' P

up to 350 °C,H, was nearly unchanged but at 400 £, have squarenesS(M,/M)=0.8, but the coercivity square-

" ) )
increased drastically to about 7.7 KBand at 500 °C thel, nessS* for the film with the Cr underlayer was 0.7 and for

. H ok
reached about 10 kOe. A bright-field TEM micrograph of thethe film without the Cr_ underlaye_r th&" was _about 0.35.
28-nm-thick PrCHCr film annealed at 500 °C is shown in Hence we show that if crystallinity and grain growth are
Fig. 2. The as-deposited films are composed of a mostl promoted a large increase in coercivity can be obtained for

. . ¥he PrCo films with and without the Cr underlayer, except
amorphous PrCo layer with about 30% volume fraction of hat the films with a Cr underlayer have a better hysteresis
crystallites and have small coercivity values because of th(% y y

00p squareness.

mostly amorphous PrCo layer. The film annealed at 500 Next we report the magnetic properties of the as-

shown in Fig. 2a) contains nearly 100% crystallites with a . ; . .
grain size of 10 nm resulting in the large increase in thedeposned and annealed SmCo films with and without the Cr

coercivity. The x-ray diffraction pattern of the as—depositedunderlayer‘ Figure 3 ;hows the dependenc_e of th_e coercivity
420-nm-thick PrCo film only shows thél10) diffraction on the SmCo layer thickness for the SnfiCofilms with and

. without the Cr underlayer. The as-deposited films shbw
peak of bcc Cr and no PrCo peaks are observed for the f|Imcs)f about 500-2800 Oe but after annealing at 500 °C for 20

with and without the Cr underlayer. This is due to the large” . : . ; L
min in vacuum there is a large increase in coercivity. The

amount of amorphous phase and small crystallites in the o ! .
PrCo films. After annealing at 500 °C the PrCo layer is Crys_coercwlty of the films with the Cr underlayer of 80 nm and a

tallized and we observe a few sets of peaks from the x-ragé Eéeerl\il/)i/tﬁrtgfe ﬁar;?nﬁg]nggggiﬁ: Sea(glugovk;atg?nsegcf)(r)r: féoto
diffraction pattern. The two most intense reflections are ob- : ) y ) .
served for #=35.5° and Z=42°. It is difficult to identify nm-thick SmCo film. TheH of the SmCo film without the
the crystal structure unambiguously from the x-ray diffrac-
tion pattern because of the limited number of peaks and the
several possible phases around the Pr/Co atomic ratio of 3.5,
these include the PrGp Pr,Co; and PgCo,q phases. The
detailed crystal structure of the annealed 28-nm-thick
PrCd[Cr film was then investigated by nanodiffraction and

40000 T T T T
., ® (Cr80nm/SmCo(Xnm)Cr(10nm)
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(o]
v
e v
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b 4

30000
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HRTEM. It was found that the crystallites as shown in Fig. 90,0 20000 - TamR00E ]
2(b) have a hexagonal closed packed structure with frequent =
stacking faults. The nanodiffraction pattern can be well 10000 / .
matched to the hexagonal closed packed structure. .

In order to investigate whether the Cr underlayer was 0 Pe—guety SePosited
crucial for the enhancement of coercivity after annealing we 200 400 600 800 1000
compared the magnetic properties of a 420-nm-thick PrCo SmCo thickness (nm)

film with and With(_)Ut aCr Ur_‘derla_lyer- It was observed thatrg, 3. coercivity vs SmCo layer thickness for the as-deposited and an-
for the 420-nm-thick PrCo film with no Cr underlayer but nealed at 500 °C SmCo films with and without a Cr underlayer.
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FIG. 4. Hysteresis loop for the 100-nm-thick SmCo film with a Cr under-
layer of 20 nm annealed at 500 °C.

Cr underlayer but with a Cr overlayer of 10 nm after anneal-
ing at 500 °C shows a large increase in coercivity only for
SmCo films with thickness of at least 100 nm and above. A
maximumH . value of 29 kOe is obtained for 300-nm-thick
SmCo film. For films without the Cr underlayer and SmCo
layer thickness less than 100 nm the reason for no I'er’narl?-'lG. 5. Comparison of dark field images taken from a SmCo filansvith
able increase in coercivity after annealing is not clear at thishe Cr underlayer antb) without the Cr underlayer.

point. This behavior is also observed for the PrCo film with

thicknesses less than 100 nm and no Cr underlayerMhe gty cture with frequent stacking faults. The enhancement of
of the as-deposited SmCo films is about 400 emu/cc angy after annealing is likely due to the crystallization of the
after annealing at 500 °C thd value for the films with the  p,cq grain.

Cr underlayer of 80 nm is about 200 emu/cc and for the films  pfter annealing at 500 °GH, as high as 31 kOe was

without the Cr underlayer th#l is about 300 emu/cc. FOr gptained for 100-nm-thick SmCo film with a Cr underlayer
the SmCo films with a Cr underlayer thickness less than 8Qs o9 nm andH, of about 29 kOe for 300-nm-thick SmCo

nm there is not a significant change in the coercivity but th&jim without the Cr underlayer. By post-annealing the as-
M value of the films is slightly higher compared to the films 4o osited films with and without the Cr underlayer, crystal-

with a Cr underlayer of 80 nm. For the 100-nm-thick SmCojjzation, and grain growth is promoted for the SmCo films
film with a Cr underlayer of only 20 nm th®l; was about resulting in a large increase in coercivity.

250 emu/cc and thel; was about 31 kOe after annealing at
500 °C. The hysteresis loop for the annealed 100-nm-thiclh\CKNOWLEDGMENTS
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