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We proposed a novel method to evaluate the magnetic properties of the initial layer and the columnar structure
separately for CoCr-based perpendicular recording media. We show that the thickness of the initial layer and
the intrinsic magnetocrystalline anisotropy of columnar structure can be quantitatively evaluated using the
plotted product of perpendicular anisotropy to magnetic film thickness versus magnetic film thickness (K1 x
dag, VS. diag, plot). Based on the analyses, it is found that: (1) compared with CoCrPtTa media, CoCrPtB media
have relatively thin initial layer, and have fine grains with homogeneous columnar structure with c-plane crys-
tallographic orientation; (2) CoCrPtB media can be grown epitaxially on Ru or CoCr/C intermediate layer, and
as the result, the magnetic properties of the media within thin thickness region of dy,, <20 nm is significantly
improved; (3) the key issue of material investigation for CoCr-based perpendicular recording media will be
focused on how to fabricate c-plane-oriented columnar grains well isolated with nonmagnetic substance in epi-
taxial-growth media, while maintaining the thermal stability of the media.
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1. Introduction

Much attention has been paid for CoCr-based material
to be used for perpendicular magnetic recording media,
since it has a uniaxial magnetocrystalline anisotropy K,
with condition of K" >27M so that it has a potential
to realize films with perpendicular magnetic anisotropy
[1]. An ideal CoCr-based perpendicular magnetic recording
media is considered to consist of assembly of single-
domain magnetic grains with the c-axis parallel to the
film normal direction. On the assumption that there exists
magnetostatic coupling through demagnetizing field and
no exchange coupling exists between magnetic grains in a
medium, theoretically, the magnetic properties should
take values such as H/H =1, S=MJ/M;=1 and o=1
(Fig. 1). Here, H./H\ is coercivity normalized by magnetic
anisotropy field, S is hysteresis loop squareness and o is
gradient of hysteresis loop at coercivity, 4(AM/AH)y-p.-
On the contrary, for experimentally fabricated media, the
values of H/Hy and § are much smaller than 1 (e.g. Fig.
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2). This phenomenon has been discussed for a long time,
and is thought to be caused by intergranular exchange
coupling [2, 3], magnetic reversal mode [4, 5], thermal
agitation [6,7] or initial layer [8,9]. However, it is
difficult to discuss the contribution of each factor
separately. Prior to discussing this problem, we proceed to
develop a way to realize a perpendicular media with
perfectly eliminated initial layer. In this paper, we discuss
an evaluation method to determine the magnetic
properties for the initial layer and the c-plane-oriented
columnar grains in a medium. Furthermore, we present a
successful attempt of eliminating the initial layer of
CoCr-based perpendicular media by epitaxially grown the
media using CogCrs/C intermediate layer.

2. Experimental Procedure and Analysis

CoNiCrTa, CoCrPtB and CoCrPtTa perpendicular thin
film media were fabricated by dc magnetron sputtering
method on 65-mm-diam glass substrates using the so-
called ultra clean sputtering system [10]. The substrate
was pre-heated by quartz lamp and the temperature was
varied from R.T. to 300 °C. The sputtering was made
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Fig. 1. Schematic view of an ideal CoCr-based perpendicular magnetic recording medium. The corresponding perpendicular mag-

netic hysteresis loop is also shown.
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Fig. 2. Experimentally obtained perpendicular magnetic hys-
teresis loop for Cog;Niy3CrisTay medium with thickness of 75
nm deposited on glass disk substrate. The magnetic properties
for the media are shown in the figure.

under Ar pressure of 6.7 x 107" Pa. The film thickness of
the magnetic layer was varied from 5 nm to 200 nm. The
underlayer thickness was 7.5 nm for CoNiCrTa media or
25 nm for CoCrPtB and CoCrPtTa media, and the pro-
tective layer of carbon thickness was 7 nm, respectively.
The film thickness was controlled by sputtering time.

The crystal structure of the media was examined by
Grazing incident angle XRD method (in-plane XRD; 26,
scan) [11] using Cu-Ke radiation. In the case of in-plane
XRD, the incident angle was fixed at 0.4°, which corre-
sponds to about 20 nm-thick penetration of X-ray from
the incident surface. The microstructure was examined by
transmission electron microscope (TEM) method.

The magnetic hysteresis loop was observed by VSM
(swept field; 100 Oe/sec) and PKE (Polar Kerr Equipment,
stepped field; 7 sec/each field). Polar Kerr hysteresis loop
was examined from both the film surface side and the
substrate side, with wavelength of 990 nm. To obtain a
hysteresis loop measured from the substrate side, polar
Kerr rotation was used, and the background Faraday

rotation coming from the glass substrate was subtracted.
Complex refractive index of the film, n + ik, was evaluated
by the rotating-analyzer ellipsometry. The difference bet-
ween complex refractive index of right- and left-polarized
light for the magnetic film, An +iAx, was consistently
determined from n, K, experimentally obtained saturation
polar Kerr rotation and ellipticity, 6¢*" and n¢*™", by
applying the matrix method [12].

The saturation magnetization and perpendicular magnetic
anisotropy were evaluated by vibrating sample magneto-
meter (VSM) and high sensitive torque magnetometer,
respectively. The torque curves were measured in various
fields up to 20 kOe and were Fourier-analyzed to obtain
the two-fold component which corresponds to the uniaxial
anisotropy of the media. The saturated torque coefficient
of the two-fold component, L3, was obtained by extra-
polating the two-fold coefficient at each field vs. the
inverse of magnetic field 1/H curve to H — . By taking
account of the self-energy caused by demagnetizing field,
the experimentally obtained total perpendicular magnetic
anisotropy of the whole film, K{7", can be expressed as

= LYy +2nM 1
3. Results and Discussion

3.1. Microstructure along film thickness direction in
CoCr-based perpendicular media

Figures 3 shows a bright-field image and electron dif-
fraction patterns obtained by cross-sectional TEM for a
Cog7Ni3CrjgTay medium with the thickness of 50 nm
deposited on a glass substrate. In the bright field image, a
layer structure with gray contrast can be clearly seen on
the surface of the glass substrate and a columnar structure
can be observed on top of the gray layer. According to the
electron diffraction images, a ring pattern from the gray
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Fig. 3. Bright field image and electron diffraction patterns

- obtained by cross-sectional TEM analysis for CogNipCrigTag
medium with the thickness of 50 nm deposited directly on
glass disk substrate. The diameter of electron probe is about 2
am in selective area diffraction. Area (a) corresponds to the
area from the columnar structure, and area (b) corresponds to
the area from the initial layer.

zone (b) and a spot pattern from the columnar structure
{a) were observed, respectively. These patterns correspond
to the diffraction from the c-plane of the hep structure.
These facts indicate that the layer structure with the gray
contrast consists of many nanocrystalline grains whose ¢-
axes are three-dimensionally randomly oriented, and that
the columnar structure consisted of hep single grains with
the c-plane parallel to the film plane. The same results
were obtained for the medium with Ti underlayer. The
gray zone is usually called the initial layer, and its nano-
crystalline structure is very well known in perpendicular
media studies {13]. Judging from the cross sectional TEM
image, the average thickness of the initial layer, d; is
about 10~15 nm for the media shown in Fig. 3.

3.2. Evaluation for separating the magnetic properties
of columnar structure and initial layer

In following sections, we discuss about magnetic pro-
perties of media iaking the existence of the columnar
structure and the initial layer into account.

3.2.1. Magnetization curve

A “magnetization jump” is often observed in M-H loop
of perpendicular media measured along the longitudinal
direction [14]. This is because the easy axis of the
columnar structure orients to the film normal direction,
while the easy axis of the initial layer lies parallel to the
film plane. In this way, although the perpendicular M-H
loop looks to be homogeneous (e.g. see Fig. 2), local
variation of magnetization process due to structural
heterogeneity along film depth must exist. Therefore, we
investigate the variation of perpendicular magnetization
along the film thickness for perpendicular recording
media using magneto-optical analysis {15, 16].
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Fig. 4. Perpendicular coercivity, H,, as a function of the mag-
netic film thickness, dp,, measured by PKE at 990 nm for
CogNi;5Cri¢Tay media prepared (a) without and (b) with Ti
underlayer, respectively. ™ corresponds to the H, measured
from the film surface side and H™® corresponds to the H.
measured from the substrate side. H, values measured by VSM
(M) are also shown for comparison.

In Figs. 4, perpendicular coercivity, H., for CogNijs-
CrigTa, media prepared (a) without and (b) with Ti
underlayer is plotted against the magnetic film thickness,
duag. measured by PKE using a light with the wavelength
of 990 nm. H corresponds to the H, measured from
the film surface side and H.S*® corresponds to the H.
measured from the substrate side. H, values measured by
VSM (H.Y*M) are also shown for comparison. For the
films with dp.. <25 nm shown in Fig. 4(a), a slight
difference in H. between H. ™™ and H.® can be found.
With increasing dp.,. more than 23 nm, it is clearly seen
that H,"™ is larger than H*®, and the difference between
H™™ and H™™ is 1.5 kOe at dyye = 75 nm. H.'™M shows
a value between H.™ and H ">, These facts mean that H,
of the initial layer is lower than that of the c-plane
oriented columnar structure. The behavior of H against
dmag. Shows the same tendency for the films with Ti
underlayer shown in Fig. 4(b). Note that the hysteresis
loop measured from the substrate side does not exactly
correspond to the hysteresis loop of the initial layer, since
the penetration depth (A/27x~28.7 nm) of light with the
wavelength of 990 nm is thicker than the thickness of the
initial layer.

If the initial layer thickness can be determined by any
other methods and assuming that the magnetization
process of the columnar structure and the initial layer is
homogenous and the interface between layers is flat, the
hysteresis loop of the initial layer can be analytically
derived by magneto-optical calculation. Here, as an
example, we show the derivation of hysteresis loop for
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Fig. 5. A flowchart which shows the procedure to analytically derive the hysteresis loop of the initial layer.

Cog7N1,3Cr6Tay medium with 50 nm-thickness shown in
Fig. 3.

Figures 5 shows a flowchart for analytical derivation of
magnetization curve for the initial layer. First, input the
multilayer structure, the thickness, the optical and the
magneto-optical constants for each layer. Then input
experimental Kerr-loop data measured from the film side,
which corresponds to the hysteresis loop of the columnar
structure. Next, assume the hysteresis loop for the initial
layer and carried out magneto-optical multi-layered
calculation to derive a magnetic hysteresis loop observed
from the substrate side. Then, input experimental Kerr-
loop data measured from the substrate side and compare
hysteresis loops from substrate side between calculated
one and experimental one. If both hysteresis loops do not
coincide, change the assumption of the hysteresis loop for
the initial layer. Continue the calculation and the
comparison until the calculated hysteresis loop agrees
with the experimental one.

Figures 6(a) shows the calculated hysteresis loop of the
initial layer broken line for Cog;Ni;Cri¢Tay medium (50
nm) fabricated directly on glass substrate. In the same
figure, the experimentally obtained hysteresis loop of the
columnar structure solid line is also shown for com-
parison. The media has an initial layer and a columnar
structure with the thickness of 14.0 nm and 36.0 nm,
respectively, determined by perpendicular magnetic aniso-
tropy analysis. It is found that the initial layer shows no
hysteresis in the loop, which indicates that the initial layer

(a) without Ti underlayer (b) with Ti underlayer
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Fig. 6. Hysteresis loops of the initial layer broken line and the
columnar structure solid line for Cog;Ni;;Cr¢Tas medium with
the thickness of 50 nm (a) without and (b) with Ti underlayer,
respectively.

does not act as recording layer. Furthermore, since the
initial layer is a continuous layer with strong exchange
coupling, and the columnar structure is connected to the
initial layer, the exchange coupling between grains in the
columnar structure must arise, which must degrade the
magnetic properties of the columnar structure. Fig. 6(b)
shows hysteresis loops of the initial layer and the
columnar structure for Cog7Ni;3CrsTa; medium (50 nm)
with Ti underlayer. It is found that the magnetic
properties of the initial layer are still lower than that of
the columnar structure.

3.2.2. Magnetic anisotropy field
For CoCr-based longitudinal recording media, it is
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Fig. 7. Perpendicular rotational hysteresis loss, W, for
Co7,Cri¢PtsB, media deposited on Ti underlayer with various
magnetic film thicknesses, dmag, as a function of the inverse
applied field, 1/H.

proposed that the magnetic field where rotational hystere-
sis loss (W;) vanishes (Hy;-o) corresponds to the magnetic
anisotropy field (Hy) of magnetic grains [17, 18]. In the
case of perpendicular recording media, if c-plane-oriented
columnar grains consist of single domain particles with
coherent rotation, Hy—o should also correspond to Hy. In
this section, the relationship between Hw.o and Hy ',
which was determined from 2Kﬁrain /M, is investigated by
using CoCrPtB perpendicular media [19, 20]. Note that
the magnitude of the magnetic anisotropy of the columnar
structure is much larger compared with that of the initial
layer. Therefore, it is safe to neglect the contribution from
the initial layer effect in the range where rotational
hysteresis loss of the columnar structure vanishes.

In Figs. 7, perpendicular rotational hysteresis loss, W,
for Co7,Cr¢PtgB4 media with various film thicknesses are
shown as a function of the inverse applied field 1/H. The
measurement was started at large field (low 1/H), and
then the field was gradually decreased (increasing 1/H).
In all the media, W, appears at low 1/H, increases with
increasing 1/H, takes a maximum and then decreases.
With increasing dmae , the maximum value of W; increases,
the inverse applied field, 1/H,, where W, takes a maximum,
and 1/Hy,— are shifted toward lower 1/H side. Hw.o was
determined by fitting W, with a quadratic function in the
range of W,™™/3 to W,™*/20.

In Fig. 8, the dependence of Hy.o normalized by
HY™, Hw—o/ HY"", on magnetic film thickness, dp,g is
shown for Co7,CriPtsBs and CogCryyPtsBy media. For
the Co7,Cr;¢PtsB,s media with dp,e = 10 nm, Hy,—o/ HY
shows only a small value of 0.46. With increasing dpag,
Hyw—o/ HS™" gradually increases and saturates at the
magnitude of 0.94 with dy,, over 100 nm. Almost the
same tendency was observed in the CogsCry4PtsB, media,
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Fig. 8. Dependence of the magnetic field where rotational hys-
teresis loss vanishes, Hy., normalized by Hy ", Hywo/ He ",
on magnetic film thickness, dy,,, is shown for Co.,Cri¢PtsB,4
media (lower part) and CoesCr,PtsBs media (upper part).

in which Hy.o/ H*™" increases from a small value of
0.51 with dpg =20 nm, and saturates at 1.00 with di,,
over 100 nm. Therefore, it was clarified that in thick dnag
region of dy,g over 100 nm, Hy,— becomes close to about
HE™ (Hweo/ H"" =1), and that in thin dimag. TEgion of
drnag, less than 100 nm, the thickness region of which is
very important for application, Hyo is smaller than
HE™  From the result, we conclude that 2 K& /M, is the
best method to evaluate magnetic anisotropy field of
columnar structure in CoCr-based perpendicular media.

3.2.3. Magnetic anisotropy energy and thickness of
initial layer
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Fig. 9. Variation of the perpendicular magnetic anisotropy of
the whole film, K., as a function of magnetic film thickness,
Amag» Tor CogNij3Cri¢Tay media with and without Ti under-
layer.
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In this section, we will show that it is possible to
quantitatively evaluate the intrinsic magnetocrystalline
anisotropy of columnar structure, K", and the thickness
of the initial layer, d;, using perpendicular torquemetry
[21, 22].

Figure 9 shows the changes in the perpendicular
magnetic anisotropy of the whole film, K} |, as a function
of magnetic film thickness, dp,, for CogNijsCrigTas
media with and without Ti underlayer. In both media, for
dimae less than 35 nm, the K| rapidly decreases with
decreasing dp,,. We emphasize that the result is not due
to the variation of K, = On dp,, but caused by the
existence of the initial layer in the medium.

Concerning with the structural heterogeneity mentioned
in Fig. 3, K7 can be considered as a summation of
perpendicular magnetic anisotropy of both the columnar
structure and the initial layer. In this case, the experiment-
ally determined K| can be expressed by the following
equation:

Klele' = Kﬁolumn X (Vmag._vini.)/vmag."'K:li X Vini./Vmag.- (2)

Where K™ and K™ are the average perpendicular
magnetic anisotropy of the columnar structure and the ini-
tial layer, respectively, Vine and Vi, are the volume of the
whole magnetic film and the initial layer, respectively. By
assuming that the interface between the initial layer and the
columnar structure is flat, eq. (2) can be expressed as fol-
lows.

KEXJF_). = qul_umn X (dmag._dini.)/ dmagA+K:1nj‘_ ><dini./ dmag.- (3)

As described in Fig. 3, since the initial layer consists of
nanocrystalline grains whose c-axes are 3D randomly dis-
tributed, the whole ensemble of magnetocrystalline anisot-
ropy of nanocrystalline grains, K, ; , is considered to be
nearly zero.

K)'} =0. @
Furthermore, since the columnar structure consists of single
crystal grains whose c-plane lies parallel to the film plane,
the average perpendicular magnetic anisotropy of the whole
olumn .
columnar structures, K, , can be easily expected to be
equal to the average magnetocrystalline anisotropy of each
grains with uniaxial symmetry in the hexagonal structure,
Kﬁra.m .
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Fig. 10. K.V X dingg. VS. dingg. plot for CogNi3Cr¢Tas media on
glass substrate with and without Ti underlayer. Evaluated val-
ues of K¥*" and d,; for these media are summarized in Table 1.

Kﬁolumn = Kirain ) (5)
Therefore, eq. (3) can be rewritten into the following form:
uxf'x dmag. =K§rain X (dmag._dini.)- (6)

Based on eq. (6), for perpendicular media composed of
the initial layer and the columnar structure, we can simply
derive Ki*" and diy. from K, [X duag VS. digg plot. By
fitting the linear portion of K| X dmag VS. dmaeg PIOL,
KE™" can be uniquely determined from the gradient, and
d;n;. also can be determined from the intersection of the
extended line of the with the di,, -axis.

In Fig. 10, K{'|'X duag is plotted as a function of dpag
for CoNiCrTa media on glass substrate with and without
Ti underlayer. K;}'X di,, shows a linear correlation with
diag. in the range of dp., >25 nm for the media without
Ti underlayer and in the range of du,, > 10 nm for the
media with Ti underlayer, respectively. Note that these
experimental results correspond very well with the model
expressed in eq. (6). The results shows that the initial
layer is formed for both media, and that the intrinsic
magnetocrystalline anisotropy of the columnar grains is
constant independent of dy,,. Ky and dyy; determined
from this method are 1.3 x 10° erg/cm® and 14.0 nm for

Table 1. K**" and d,, determined from K™% x Armag. VS. dimag. plot for CogNij3CrigTay media. The magnetic properties, M,,

H., S and a for the media are also summarized.

Media composition and layer structure i K™ M, H. (Oe) $ o
1

i Y (nm) (erg/em?) (emu/cm®) (50 nm) (50 nm) (50 nm)
Cog;Ni 3CryeTay 14.0 1.29 x 10° 420 15 0.58 1.19
CogNi3CryeTay / Ti (7.5 nim) 8.8 1.91 % 10° 440 24 0.34 1.26
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Fig. 11. Dependence of perpendicular magnetic properties H,
end § on magnetic film thickness, dpag, for CossCryPtsBy
media with amorphous underlayer, NigoNb,, NigoZr40, NiggTago
and with high melting point underlayer Ta, W. Magnetic prop-
erties for the media with Ti underlayer are also shown.

the media without underlayer, and 1.9 x 10° erg/cm® and
8.8 nm for the media with Ti underlayer, respectively.
Results were summarized in Table 1.

3.3. Material investigation toward elimination of ini-
tial layer for CoCrPtM (M=B, Ta) media

In the following section, we discuss the effect of the
magnetic layer and underlayer materials on the magnetic
properties, the formation of the initial layer and the film
microstructure in CoCrPt(B, Ta) perpendicular media by
applying the evaluation method mentioned above.

3.3.1. Underlayer materials

For investigation of underlayer, materials with amorphous
structure, NiggNbgg, NigoTasy, NiggZryy or materials with
high melting point, Ta and W were chosen. For compari-
son, Ti underlayer was also investigated. Fig. 11 shows
the thickness dependence of perpendicular magnetic pro-
perties H. and S for CogCroyPtsB, media with various
underlayer materials. Except for the media using W
underlayer, all the media show similar magnetic proper-
ties dependence on dp,, independent of underlayer
materials. On the other hand, in the case of the media
using W underlayer, compared with the media using the
other underlayer, H. and S show relatively high values in
the range 5 nm < dp,, <20 nm, and show relatively low
values in the range dp,, = 30 nm.

Figure 12 shows K, !X dm VS. dmsg plot for
Co064Cr24PtsB, media with various underlayers. Except for
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Fig. 12. K7 X dingg V8. dingg, plot for Cog,CraPtsBs media with
amorphous underlayer, NiggNbyg, NigoZrsg, NigoTas and high
melting point underlayer Ta, W. The K;| X dyyg for the media
with Ti underlayer is also shown.

the media using W underlayer, K} X dp,, shows a linear
correlation with dp,, , and diy;. is evaluated as the value of
2.6 nm. On the other hand, in the case of the media using
W underlayer, with increasing di,,.. the sign of the value
of Ki1X dm,, changes from negative to positive and
gradient of K| X dm curve also changes, This is found to
be brought by the variation of crystal texture of the
columnar grains with dn,.. According to in-plane XRD
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Fig. 13. In-plane XRD profiles for CogCr,4PtgB, media with
various magnetic film thickness, dp,,, with (a) Ti underlayer
and (b) W underlayer, respectively.
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Fig. 14. Thickness of the initial layer, diy;, magnetocrystalline
anisotropy, K™, and hysteresis loop gradient, o, plotted
against the content of B, Ta or Cr for (a) CoCr¢PtB,,
CoCr,¢PtgTa, and (b) CoCr,Pty(B, Ta); media prepared on Ta
underlayer, respectively. o was derived for the medium with
the thickness of 50 nm.

analysis, for the media using W underlayer, with
increasing dp,y, the dominant orientation of columnar
grains changes from the side-plane to c-plane of
hexagonal structure (Fig. 13), whereas only c-plane-
oriented grains are formed in the columnar structure for
the other media.

3.3.2. Magnetic film composition

For investigation of magnetic film material, CoCrPtB
and CoCrPtTa, which are popular magnetic materials used
in longitudinal magnetic recording media for hard disk,
were chosen [23].

Figures 14 (a) and (b) show d;, plotted against the B,
Ta or Cr content for CoCr,cPtsB,, CoCr¢PtsTa, and
CoCr, Pty (B, Ta), media fabricated on Ta underlayer,
respectively. In the case of the media with B addition
(Fig. 14(a)), dy,;. increases from 1.5 nm to 2.2 nm with
increasing B from 0 at.% to 8 at.%. In the case of media
with Ta addition (Fig. 14(a)), d;. also increases from 1.5
nm to 4.8 nm with increasing Ta from 0 at.% to 4 at.%. It
is well known that B or Ta addition is effective to realize
magnetically isolated structure by segregation of Cr-rich
phase in the grain boundary of magnetic layer in
longitudinal media [24]. However, it was found out that
these elements tend to enhance the formation of the initial
layer in perpendicular media. Comparing CoCrPtB with
CoCrPtTa media, with the same additional content of B or
Ta, it was found that the CoCrPtB media has the thinner
initial layer thickness. We also investigated d;,; for the
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Fig. 15. Bright field images of plane view and cross-sectional
view for the (a) CopnCriPtsBys medium and for the (b)
CogsCrypPtsTa, medium with the thickness of 50 nimn deposited
on Ta underlayer.

CoCr,Ptg(B, Ta); media with various Cr content, z, As
shown in Fig. 14(b), it was found that with increasing the
Cr content z from 16 at.% to 24 at.% and from 16 at.% to
20 at.%, d,; increased from 1.6 nm to 2.6 nm for B
additional media and from 4.8 nm to 5.1 nm for Ta
additional media, respectively.

To further investigate the initial growth structure depen-
dence on the additional elements, microstructure observa-
tion by TEM method for the CoCrPtB and CoCrPtTa
media were carried out. In Figs. 15(a) and (b), bright field
images of plane view and cross-sectional view are shown
for the media Co,Cr;sPtsBs and CogCrogPtsTa, with the
drag. Of 50 nm, respectively. As seen in the plane view for
the Co7,Cr¢PtsB, medium in Fig. 15(a), magnetic grains
enclosed by the Cr-rich phase can be clearly observed. In
the cross-sectional view, there exist an interface layer with
light gray contrast between magnetic film and underlayer,
and a columnar layer with stripe contrast just on the
interface layer. The light gray contrast layer is considered
to be the initial layer. On the other hand for the
CoeeCryoPtsTay medium in Fig. 15(b), relatively larger
grains are found in the plane view. From the cross-
sectional view, it can be easily found that a relatively
thick initial layer is formed. Furthermore, some grains
grew with an inverted corn shape with increasing dm,g.,
while the surrounding grains growth was suppressed. This
fact is considered to be due to the different grain growth
rate, originated from the disordered crystal orientation of
initial grains. Comparing the surface roughness of the
media, very smooth surface is realized for the C05Crie-
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PtsB, medium, on the contrary for the CogsCryPtsTa,
medium, roughness with the period of the grain diameter,
which is thought to be caused by the grain growth, is
formed. Therefore, it was clarified that in the Co7,Cr¢-
PB4 medium, the initial growth region is relatively thin,
and fine grains with homogeneous columnar structure
with c-plane orientation are realized. On the other hand
for the CogsCryoPtsTas medium, the initial growth region
is relatively thick, and the grain size distribution and
surface roughness is large due to selective grain growth.

3.4, Perfect elimination of initial layer by epitaxial
growth for CoCrPtB media

As we have discussed above, although di,; could be
reduced up to several nanometer thickness by using
CoCrPtB material, the initial layer can not be completely
eliminated. In this section, we introduce a successful
attempt of perfect elimination of the initial layer by
applying the epitaxial-growth technique using magnetic
material with the composition of CogCrioPtsBs. To
realize the epitaxial growth of the magnetic layer, c-plane-
criented intermediate layer with hexagonal structure,
(3 nmm) or CogCrsp(20 nm)/C(1 nm), is deposited on
Ti(25 nm) underlayer. Here, 1 nm of Carbon seedlayer
underlying CogCrs(20 nm) intermediate layer plays a
very important role to form Cr-deprived hcp grains with
Cr segregation structure in CogCryg layer without forming
o-phase grains [23, 26].

Figure 16 shows the dependence of perpendicular mag-
netic properties H. and S on magnetic film thickness for
Coe,CrioPtsB4 media (4) without intermediate layer, (B)

3.0
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02
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H, (kOe)
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0_ 10 20 30 40 50
Thickness, d,,,y (M)

Fig. 16. Dependence of perpendicular magnetic properties H,
and S on magnetic film thickness, digg, for CogCrioPtsBy
media deposited on Ti underlayer (A) without, (B) with Ru(3
nm), and (C) CogCrsp(20 nm)/C(1 nm) intermediate layer,
respectively.
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Fig. 17. K7 X dpag VS. dmg. plot for CogCrigPtgBy media
deposited on Ti underlayer (A) without, (B) with Ru(3 nm),
and (C) CogCrsp(20 nm)/C(1 nm) intermediate layer, respec-
tively.

with Ru and (C) CogCrs/C intermediate layer, respectively.
For the media A, in thin thickness region of dy,, <10 nm,
H. and S show low values of 0.1 kOe and 0.09, respec-
tively. On the other hand, for the media B or C, H; and S
show relatively high values of about 1.4 kOe and 0.50,
respectively, even when dp,, = 10 nm. Especially for the
media C, the maximum values of H, and S are 3.5 kOe
and 0.88 at d,,, = 30 nm, higher than that of the media B.
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Fig. 18. In-plane XRD profiles for Cog,Cr,9PtsB4 media depos-
ited on Ti underlayer (4) without, (8) with Ru(3 nm), and (C)
CogCra0(20 nm)/C(1 nm) intermediate layer, respectively. In-
plane XRD profiles for Ti film, Ru film deposited on Ti under-
layer, and CogCryo/C film deposited on Ti underlayer are also
shown.
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CoCr,4Pt,B,

Fig. 19. A bright-field image and electron diffraction patterns
obtained by cross-sectional TEM for (C) CogCryoPtgB4 media
with CogCry/C intermediate layer. A high resolution image at
the interface between Cog;CroPtsB; magnetic layer and
CogCryp layer in this medium is also shown.

To verify the epitaxial growth, K{| X dims. VS. dmag plot,
in-plane XRD analysis and TEM analysis were carried
out.

Figure 17 shows K| Xdmag VS. g plot for CogCrio-
PigB4 media (A) without intermediate layer, (8) with Ru
and (C) CogCry/C intermediate layer, respectively. The
media A has the initial layer with the thickness of 2.0 nm.
On the contrary, K; 1 X dm,g curves for the media B and C
pass through the origin of the coordinate axes, which
suggests the initial layer with low perpendicular magnetic
anisotropy is completely eliminated.

Figures 18 show in-plane XRD profiles for Cog;Cr)o-
PizB, media (A) without intermediate layer, (B) with Ru
and (C) CogCrs/C intermediate layer, respectively, with
various film thickness. For the media A with dy, =5 nm,
a diffracted line can be hardly observed. However for the
media B with Ru intermediate layer with dpe, =5 nm,
diffracted line from (100) plane, corresponds to c-plane
oriented columnar grains, can be clearly observed. There-
fore, for the media B, c-plane oriented columnar grains
grow from the initial growth stage, which mean d; is
very thin in the media. In the case of the media C, which
shows the highest coercivity and squareness compared
with the media using other intermediate layer or under-
layer, the diffracted lines from (100) plane for both
magnetic layer and intermediate layer are overlapped.

Figures 19 show a bright-field image and electron
diffraction patterns obtained by cross-sectional TEM for
the medium C with CogCr./C intermediate layer. A high
resolution image at the interface between Cog;CroPtgBy
magnetic layer and CogCry layer in the medium C is
also shown. A spot pattern of electron diffraction images
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Fig. 20. Thickness dependence of (a) H./ HT™ and (b) o for
Cos;CrioPtsBs media (A) without intermediate layer, (B) with
Ru and (C) CogCry/C intermediate layer, respectively.

obtained from the columnar structure of b) and c) reveal
that preferred orientation of columnar structure is c-plane.
This is consistent with the in-plane XRD analysis shown
in Fig. 18 (C). As seen in the high resolution image,
layered crystal lattices of c-plane continue from the
intermediate layer to the magnetic layer, which means the
epitaxial-growth of Cog;CrioPtsBs on hep grains of the
CogoCryo layer. Note that a layer with light gray contrast
in the bright field image with the thickness of about 6 nm
can be seen in the initial region of the CogCray layer.
Judging from the ring pattern of the electron diffraction
image of a), this layer consists of nanocrystalline grains
whose crystal axes are randomly oriented in three-dimen-
sional space. For the Cog;CrioPtsB4/CogyCra/C media, it
is found that the C seedlayer promotes the formation of
Cr-deprived hcp grains with Cr segregation structure in
the CogiCryo intermediate layer, although nanocrystalline
layer is formed in the initial growth stage of the CosiCry
intermediate layer. It is suggested that the Cr-deprived hcp
grains in the intermediate layer prevent the formation of
initial layer in magnetic layer due to epitaxial growth,
which lead to the remarkable improvement of the magnetic
properties for the Cog;Cri9PtsB4/CogsCrs/C media from
the structural point of view [25, 26].

Finally, we pointed out problems left over for CoCr-
based perpendicular recording media. Fig. 20 shows the
thickness dependence of HJ/HE™ (lower part) and o
(upper part) for CogCrioPtsB, media (A) without inter-
mediate layer, (B) with Ru and (C) CogCry/C inter-
mediate layer, respectively. The other magnetic properties
and microstructure of these media have been shown in
Fig. 16-19. As seen, in spite of the elimination of the
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initial layer, the maximum value of H/HS™ is no more
than 0.31 for the media C with dp,,, =30 nm, and this
value is lower than that for the medium A (0.32) at dpyp. =
50 nm. Furthermore, the values of o for the media C are
Larger than that for the media A, and the values of o for
1e media C are much larger than 1. These results suggest
“nat the exchange coupling between columnar grains for
:pitaxial-growth media, which has no initial layer, is
stronger compared with that for media having an initial
layer. The fact that the exchange coupling increases when
the initial layer thickness is decreased, is in agreement
with other result which shows that the thinner the initial
layer becomes, the stronger exchange coupling tends to
be (refer d,; and « in Figs. 14). Therefore, the key issue
of material investigation for CoCr-based perpendicular
recording media will be focused on how to fabricate c-
plane-oriented columnar grains well-isolated with non-
magnetic substance in an epitaxial-growth medium, while
maintaining the thermal stability of the medium.

4. Conclusion

We proposed a novel method to evaluate the magnetic
properties of the initial layer and the columnar structure
separately for CoCr-based perpendicular recording media.
We show that the thickness of the initial layer and the
intrinsic magnetocrystalline anisotropy of columnar struc-
ture can be quantitatively evaluated using the plotted
product of perpendicular anisotropy to magnetic film
thickness versus magnetic film thickness (Kg1 X dpag VS.
dyqg, plot). Based on the analyses, it is found that: (1)
compared with CoCrPtTa media, CoCrPtB media have
relatively thin initial layer, and have fine grains with
homogeneous columnar structure with c-plane crystallo-
graphic orientation; (2) CoCrPtB media can be grown
epitaxially on Ru or CoCr/C intermediate layer, and as the
result, the magnetic properties of the media within thin
thickness region of dp,,, <20 nm is significantly improv-
ed; (3) the key issue of material investigation for CoCr-
based perpendicular recording media will be focused on
how to fabricate c-plane-oriented columnar grains well
isolated with nonmagnetic substance in epitaxial-growth
media, while maintaining the thermal stability of the
media.
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