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High-coercivity Co-ferrite thin films on (100)-SiO, substrate
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Co-ferrite films were deposited on SiGingle-crystal substrates. The as-deposited films were
amorphous. The crystallization required an annealing at 700 °C or higher. Magnetic properties were
found to be strongly dependent on annealing temperature, annealing duration, and film thickness. A
small film thickness can restrict the formation of large particles. A coercivity as high as 9.3 kOe was
achieved in the 50 nm film after annealing at 900 °C for 15 min deposited on (10Q)s8i3trate.

The high coercivity was associated with a nanostructure, lattice strain, and larger Raman shift with
a relatively sharp peak. @004 American Institute of Physic§DOI: 10.1063/1.1695438

Co-ferrite has been a very interesting subject for both  Table | gives magnetic properti€saturation magnetiza-
research and application for many decades, because of ition, coercivity, and remanence measured in the two
unique properties, such as high Curie temperature, relativelglirections—in plane and out of planef 100 nm films be-
high saturation magnetization, diffusion anisotropy, and goodore and after annealing at different temperatures for 2 h. It
chemical stability:”> Recently, Co-ferrite has shown high co- can be seen that the film after annealing at 500 °C still pos-
ercivity and high remanence in thin films and nano-sessed low magnetization, confirming the amorphous struc-
powders>’ Large Kerr and Faraday rotations have been reture which is expected to be paramagnéti@é significant
ported in Co-ferrite-based materidl8.Co-ferrite thin films  increase in magnetization was found after annealing at
with high coercivity possess a significant potential in many7og °c, showing the formation of the ferrimagnetic Co-
applications including magnetic recording, magneto-opticaferrite phase. Coercivity reaches a maximum of 7.5 kOe after
recording, and microelectromechanical system devicEs. annealing at 900 °C and then decreases with increasing an-

In this work, we have deposited Co-ferrite films on $i0 pegjing temperature. Our XRD and AFM studies showed that
single-crystal substrates. Coercivity as high as 9.3 kOe wage gecrease in coercivity was associated with the growth of
achieved in 50 nm Co-ferrite film on (100)-SiGubstrate.  4in size. The calculated grain size from XRD is shown in

This value is a high room temperature coercivity for Co-rapie | The sample annealed at 900 °C possessed an average
ferrite. We have found that magnetic properties are strongl)érain size of 70-80 nm, while the average grain size in-
dependent on heat treatment condition and film thickness. Agreased to 120-130 nm after annealing at 1200 °C

increase in lattice strain and larger Raman shift were foun

. T . . . In this work, we have studied the effect of film thickness
in thin films with high coercivity.

on magnetic propertiegas shown in Table }J| when films

CoFA (S)puxz;'n%éagigvgths?nfg;ﬁh'ZTE;%%Egmlgﬁzgovce?fewere annealed at the optimized temperature for(2a0 °Q.
854 prep y 9 ' When the film was very thif20 nm), coercivity was low

prepared by rf sputtering with a deposition rate of 0.2 A per 3.5 kO9. The 50 nm film possessed a very high value of

second. The film thickness was estimated using a profiler. . . - : .
) . . gap coercivity (8.4 kOg. An increase in film thickness resulted in
Films were annealed in an air atmosphere at a temperature ; .
reduction of coercivity.

between 500 and 1200 °C for between 5 and 120 min. Th&
structure was characterized by Kua x-ray diffraction

(XRD), atomic force microscopyAFM), high-resolution
transmission electron microscopfHRTEM), and Raman
spectroscopy. Magnetic properties were measured using a vi- -
brating sample magnetometer. ‘§ 1200°0

Figure 1 shows the XRD patterns of 100 nm films after g
annealing at different temperatures for 2 h. No crystalline :‘f; 1100°G
peaks were found in the XRD pattern of the as-deposited 3 Mﬂ 600°C)
. . . . . @ A JENNENV ROV,
film, indicating an amorphous structure. The formation of the Bl 700°C
spinel Co-ferrite phase required an annealing at 900 °C or ' R
higher. In the XRD pattern of the film annealed at 900 °C, a [ 200
small pegk at 33.2° indicated the presence of a small amount 20 3‘0 20 50 50 70
of hematite (FgO3). 2 Theta (Deg.)

FIG. 1. XRD patterns of Co-ferrite films with a thickness of 100 nm after

dElectronic mail: masdingj@nus.edu.sg annealing at different temperatures for 2 h.
0003-6951/2004/84(14)/2596/3/$22.00 2596 © 2004 American Institute of Physics

Downloaded 18 Dec 2006 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1695438

Appl. Phys. Lett., Vol. 84, No. 14, 5 April 2004 Wang et al. 2597

TABLE |. Magnetic properties of 100 nm films in the as-deposited state and after annealing at different
temperatures for 2 HCoercivity H,, measured in the film plane—in plane; the remanence rafip/ ), in

plane; coercivityH,, measured perpendicular to the plane—out of plane; remanence k&tit\(), out of

plane; saturation magnetizatid; grain size determined from Scherrer’s formula.

He Heo Mg Grain size
(kOe) (M, IMy), (kOe) (M, /Mg), (emu/cnd) (nm)
As-deposited 0.01 e 0.01 B 10
500 °C 0.05 e 0.025 g 48
700 °C 2.6 57% 2.2 45% 195 B
900 °C 7.5 75% 6.1 65% 303 75.1
1100 °C 5.7 76% 5.1 72% 341 99.2
1200 °C 2.0 70.8% 13 50% 350 126.1

Our AFM study revealed a clear relationship betweenCo-ferrite thin films has been reported previously, and it may
microstructure and coercivity. As shown in Fig. 2, the 20 nmcontribute to high coercivity'? Raman spectroscopy is a
film was not continuous and the microstructure was not unipowerful tool for the examination of straffi.
form (since a few relatively large particles were visibl€he Figure 5 shows the Raman spectra of the tetrahedral site
50 nm film possessed a uniform microstructure, as all parfor Co-ferrite powder and the Co-ferrite film&0 nm and
ticles were found in the range of 40—-50 nm. Figure 3 giveA50 nm, respectively, after annealing at 900 “Ggether
HRTEM images of the 50 nm film after annealing at 900 °Cwith the reference sampléCo-ferrite powder.!®> There are
for 2 h. Grains of 30—50 nm were observed under HRTEMtwo sites(octahedral and tetrahedral, as denoted as O and T
The grain size was in the same order of the particle sizeites for 3d ions in the spinel structure. Because of a strong
under AFM. In the 100 nm film, the average particle sizeoverlapping of the O-site peak with the peaks of Si@Only
under AFM was bigge70—80 nm and a few large particles the peak of the T site is shown in Fig. 5. It can be seen that
were observed. The presence of the larger particles indicatdatie T-site peak of the reference sample is broadened. The 450
the possibility of abnormal grain growth. When the film nm Co-ferrite appeared sharper and a small blueshift was
thickness was grown to 450 nm, the surface was fully covvisible. For the 50 nm Co-ferrite, the sharper peak had a
ered with large particles and the microstructure was not unimore obvious blueshift. As reported previou¥lylattice
form. This work showed that the microstructure is stronglystrain may result in a shift of the Raman peak. A blueshift in
dependent on the film thickness. When the film was tooCo-ferrite films in this work was associated with the lattice
thick, large particles were formed immediately after crystal-strain observed in our XRD examinations.
lization. These results indicated that a thin film can restrict ~ As reported® diffusion anisotropy can be achieved in
the formation of large particles. The decrease in coercivityCo-ferrite, because spinel Co-ferrite may contain a relatively
with increasing film thickness was certainly associated witthigh density of vacancies and possess a relatively high dif-
the formation of large particles. fusion rate of iong. In this work, we have performed mag-

In this work, we have studied magnetic properties as anetic annealing on a powder reference sample and Co-ferrite
function of annealing time at the optimized temperaturefiims. The reference powder sample possessed a relatively
(900 °Q. A reduction in annealing time resulted in a further large diffusion anisotropy after a magnetic annealing at
increase of coercivity. The high value of coercivi§/3 kOg 300 °C. On the other hand, the 450 nm film only had a small
was obtained after annealing for 15 min. This value is muchmagnetic anisotropy after magnetic annealing, while no sig-
higher than the coercivity of bulk Co-ferritdelow 1 kOe.

This film possessed an in-plane anisotropy, as high coercivity
and remanence were measured in plane, as shown in Fig. 4.

It is very interesting to investigate the coercivity mecha-
nism. Except for a nanograined structure, the fitting of XRD
peaks for thin films indicated the presence of strain. Strain in

TABLE Il. Magnetic properties of Co-ferrite films with different thick-
nesses. All samples with different thicknesses were annealed at 900 °C for 2
h. (CoercivityH ., measured in the film plane—in plane; the remanence ratio
(M, /My), in plane; coercivityH., measured perpendicular to the plane—
out of plane; remanence ratid/( /M), out of plane; saturation magneti-
zationMy; grain size determined from Scherrer’s formula.

Thickness Hg Heo Mg Grain
(nm) (k08 (M, /M), (kO (M,/My), (emu/cni) size(nm)
20 35 80.6% 1.8 61% 220 28.9
50 8.4 85% 2.0 60% 250 55.6
100 7.5 75% 6.1 65% 303 75.1
150 3.2 78% 3.1 66% 291 168.5 FIG. 2. AFM images of Co-ferrite films after annealing at 900 °C for 2 h
450 2.7 81.6% 2.4 69% 345 259.2  with different thicknesses: 20 nrta), 50 nm (b), 100 nm(c), and 450

nm (d).
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FIG. 3. HRTEM images of the 50 nm Co-ferrite after annealing at 900 °C Raman Shift (cm™)

for 2 h: Grain structuréa) and cross sectioth).
FIG. 5. Raman spectra of the Coly reference samplé&ompacted pow-
o . . . _der pellei (a), 450 nm CoFg0, film (b), and 50 nm film(c).

nificant magnetic anisotropy was observed in the 50 nm film
after magnetic annealing. This result indicated that the ionigjg, single-crystal substrates. The influence of annealing
Q|ﬁu§|on is strongly restricted in Co-ferrite fllms_, particularly temperature and film thickness on magnetic properties has
in thin films (50 nm. These could be related with the sharp- aep, investigated. A coercivity of as high as 9.3 kOe was
ness of Raman pe&kand high coercivity in Co-ferrite thin achieved in the 50 nm Co-ferrite film on a (100)-Si€ub-
films. The investigation will be continued in our future study. girate after annealing at 900 °C for 15 min. This coercivity

As found in this work, thin Co-ferrite films deposited on \5;,e is very high for Co-ferrite. The high coercivity is as-
a (100)-SiQ substrate possessed high values of coercivity,iated with nanograined structure and lattice strain, accom-

accompanied by the presence of a relatively large 'attic%anied by a blueshift and sharper peak in the Raman spec-
strain. Co-ferrite and SiOhave a relatively large difference .,
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