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Dependence of Co anisotropy constants on temperature, processing,
and underlayer
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The dependence of the Co anisotropy constants on the measurement temperature, deposition
conditions, and underlayer materials was studied using unicrystal Co~101̄0!/Cr ~or NiAl !~112!/
Ag~110! films sputter deposited on hydrofluoric acid etched Si~110! substrates. The single, in-plane
easy axis orientation in these films allows the direct determination of the anisotropy constants. The
anisotropy constants of unicrystal Co films are smaller than those of a bulk Co single crystal, and
the temperature dependence of the anisotropy constants is stronger. TheK1 value drops by 50% as
the temperature is increased from 25 °C to 75 °C, and then becomes negative at 135 °C. This
zero-crossing temperature is considerably lower than the 250 °C at whichK1 of a bulk Co single
crystal decreases to zero. The anisotropy constants also vary with the film preparation substrate
temperature. Applying a substrate bias during the Co deposition effectively increasesK1 to near
bulk material values. Unicrystal Co films grown on NiAl/Ag/HF–Si~110! show smallerK1 as
compared to those on Cr underlayers. The addition of a thin Cr intermediate layer on the NiAl
underlayer, however, restoresK1 to the larger value obtained on Cr/Ag/HF–Si~110!. © 2000
American Institute of Physics.@S0021-8979~00!69908-5#
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The magnetocrystalline anisotropy is an important pr
erty of Co-alloy materials. In magnetic recording, the anis
ropy field determines the maximum achievable coercivity1,2

and the product of the anisotropy constant and the par
volume dictates the thermal stability.3 Hence, knowledge and
control of the anisotropy constants are essential for the
sign of Co-alloy media. We have previously reported on
technique to epitaxially grow unicrystal Co-alloy~101̄0!/
Cr~112!/Ag(110) films by sputter deposition on hydrofluor
acid ~HF!-etched Si~110! single crystal substrates.4 These
films exhibit a single, in-plane easy axis orientation and th
allow the direct determination of the anisotropy constants
torque and hard axis hysteresis loop measurements. W
single crystal MgO~110! substrates were also used to gro
unicrystal Co-alloy films for studies on the composition
and temperature dependence of anisotropy constants5 Si
substrates are of interest since the wafers are readily a
able and inexpensive. Hence, this epitaxial unicrystal fi
structure provides a pathway for a systematic fundame
study of the magnetocrystalline anisotropy. This article w
focus on pure Co anisotropy constants as functions of
measurement temperature, the processing conditions su
growth temperature and substrate bias, and different un
layer materials.

The thin-film fabrication and characterization deta
have been described in our previous publications.4,6 While
the anisotropy constants can be determined from ei
torque curves or hard axis hysteresis loops, for this study
use of hard axis loops is emphasized because they ca
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conveniently obtained and the loop shape directly reve
important qualitative characteristics of the anisotropy co
stants. In this method, the anisotropy constantsK1 and K2

can be determined by fitting the hard axism(H) loops to7

msH

V
52K1S m

ms
D14K2S m

ms
D 3

,

~1!
0<m<ms , and H.0.

Here,V is the sample volume andms is the saturation mo-
ment of the sample. Figure 1 shows the schematic plots
the hard axism(H) loops for variousK1 andK2 . They are
calculated withH decreasing from the saturation field
zero, which is the same as the measurement proced
WhenK250, the hard axis loop is a straight line. The cu
vature in the loop results from a nonzeroK2 ~assumeK2

FIG. 1. Schematic hard axis hysteresis loops calculated for differentK1 and
K2 . Here,HK52K1 /Ms . The fieldH decreases from the saturation field
zero.
4 © 2000 American Institute of Physics
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.0!. K1 determines the characteristics of the loop at
origin. WhenK1.0, the loop will go through the origin with
a finite positive slope

d

dH S m

ms
D

H50

5
ms

2K1V
5

1

HK
, ~2!

and thus a steeper slope indicates a smallerK1 . When K1

50, the loop will be tangent to the vertical axis at the orig
When K1,0, the loop will intersect with the vertical axis
corresponding to a remanence squareness

S5
mr

ms
5AuK1u

2K2
. ~3!

The in-plane hard axis hysteresis loop of a typical un
rystal Co/Cr/Ag/HF–Si~110! film is shown in Fig. 2. It
shows a curve with virtually zero openness; the remane
squarenessS,0.02. This confirms the almost perfect ea
axis alignment. The anisotropy constants determined fr
the hard axis loop areK151.553106 erg/cm3 and K2

51.303106 erg/cm3. ThisK1 is much smaller than the valu
reported for a bulk Co single crystal~K154.5
3106 erg/cm3 and K251.53106 erg/cm3!.7 Given the good
alignment of the Co grain easy axes, the smallK1 cannot be
explained by assuming an easy axis orientation dispersio
is likely that stacking faults may develop during the grow
of the hcp Co film and the resulting fcc stacking seque
may be responsible for this decrease.

The temperature dependences of the saturation mag
zation (Ms), K1 , and K2 of the unicrystal Co/Cr/Ag/HF–
Si~110! sample are shown in Fig. 3, and the correspond
hard axis hysteresis loops at selected temperatures are s

FIG. 2. Hard axis hysteresis loop of a typical Co~500 Å!/Cr~500 Å!/Ag~750
Å!/HF–Si~110! film.

FIG. 3. Saturation magnetization and anisotropy constants of a Co~500 Å!/
Cr~500 Å!/Ag~750 Å!/HF–Si~110! film at different measurement tempera
tures.
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in Fig. 4. The measurement spans from room tempera
~25 °C! to 200 °C.MS remains almost constant, without an
observable decrease.K1 shows a very strong temperatu
dependence. When the temperature is increased to 75 °CK1

has already dropped by 50%, from 1.553106 erg/cm3 to
0.753106 erg/cm3, as is also indicated by the hard axis loo
showing a larger slope at the origin.K1 continues to decreas
with increasing temperature and crosses zero at 135 °C.
hard axis loops at 150 °C and 200 °C intersect with the v
tical axis, confirming negativeK1 values. This zero-crossing
temperature of 135 °C is considerably lower than the 250
at which K1 of a bulk Co single crystal decreases to zer7

K2 , on the other hand, decreases slowly and remains pos
at 200 °C. BothK1 and K2 measured at 25 °C after th
sample was cooled back down from 200 °C are in excell
agreement with the values obtained before the heat tr
ment. This suggests that an internal film stress is unlikely
explain the small anisotropy values and the strong temp
ture dependence. The rapid decrease inK1 is probably re-
lated to a high concentration of crystal defects in the film

Anisotropy constants are usually considered to be int
sic parameters of the materials. However, the observatio
the unusually lowK1 values and the strong temperature d
pendence suggest that the anisotropy constants may be
pendent on the thin film microstructure. Hence, process
conditions that modify the film microstructure are very like
to alter the anisotropy constants.

The anisotropy constants of unicrystal Co films we
found to vary with the substrate temperature during the de
sition. As shown in Fig. 5,K1 is increased when the substra
temperature is increased from 250 °C to 300 °C. When
substrate temperature is further increased to 350 °C, h

FIG. 4. Hard axis hysteresis loops of a Co~500 Å!/Cr~500 Å!/Ag~750 Å!/
HF–Si~110! film at different measurement temperatures.

FIG. 5. Anisotropy constants of unicrystal Co~500 Å!/Cr~500 Å!/Ag~750
Å!/HF–Si~110! films grown with different substrate temperatures.
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ever,K1 drops again.K2 shows a similar dependence on t
substrate temperature, only with smaller variation. At lo
temperatures the mobility of the Co atoms as they are be
deposited is small. This may result in a larger concentra
of crystal defects, and thus smaller anisotropy constants
the other hand, Co is known to have a stable fcc phase ab
422 °C.8 Therefore, as the temperature approaches 422
although the overall structure is still hcp, the fcc stacki
may become increasingly thermodynamically favored. T
would result in a higher density of stacking faults, there
decreasing the anisotropy constants.

Applying a substrate bias was found very effective
increasingK1 . As shown in Fig. 6,K1 increases as the ap
plied substrate bias becomes more negative. Its value i
most doubled at a substrate bias of2300 V. Applying a
substrate bias tends to remove those atoms loosely boun
the surface during the film growth, and leave those tigh
bound ones to form more compact films with a higher deg
of crystal perfection.9 Unicrystal Co films deposited with a
substrate bias may contain fewer defects, and hence la
anisotropy constants.

NiAl has a crystal structure and lattice constant simi
to those of Cr. NiAl underlayers have been used for Co-al
media, and compared to Cr underlayers, the smaller
more uniform grain size in NiAl underlayers are preferab
in order to achieve low noise media.10 Unicrystal Co(101̄0)
films were also successfully grown on NiAl~112!, Cr~112!/
NiAl ~112!, and NiAl~112!/Cr~112! layers deposited on
Ag~110!/HF–Si~110!. The epitaxial relationships and th
single easy axis orientation were confirmed using x-ray
electron diffraction. The anisotropy constants of the unicr
tal Co films grown on four different underlayer structures a
compared in Table I. Unicrystal Co films grown on Cr u
derlayers show largerK1 values than those obtained on NiA
underlayers. The smallerK1 values are undesirable sinc
they compromise the thermal stability of hard disk med
However, when a 100 Å Cr intermediate layer is grown b
tween the Co layer and the NiAl underlayer,K1 is almost
fully restored to the larger value obtained on Cr. Similarly
NiAl intermediate layer on the Cr underlayer decreasesK1 to
about the same value as that obtained on NiAl underlay
Lee et al. reported that Cr intermediate layers on NiAl u
derlayers enhance the coercivities of the subsequently de

FIG. 6. Anisotropy constants of unicrystal Co~500 Å!/Cr~500 Å!/Ag~750
Å!/HF–Si~110! films with the Co layer deposited at different substrate b
voltages. The applied bias values are negative. There was no substrat
during the deposition of the Cr and Ag layers.
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ited Co-alloy films, while NiAl intermediate layers on C
underlayers decrease the coercivities.11 The results shown in
Table I suggest that a possible cause of the coercivity
hancement and degradation may be the respective incr
and decrease in the anisotropy constants. The compar
also suggests that the Co anisotropy constants are lar
determined by the material directly underneath. Althou
NiAl ~112! and Cr~112! surfaces show similar atomic spa
ings and both induce the epitaxial growth of unicrystal C
films, the difference in surface atoms has a significant eff
on the anisotropy constants of the Co films.

In summary, we have studied the dependence of Co
isotropy constants on the measurement temperature, va
processing conditions, and underlayer structures. The an
ropy constants are smaller than those for a bulk single c
tal, and show very strong temperature dependence. Var
the growth temperature and substrate bias during the dep
tion can effectively change the anisotropy constants. Wh
NiAl underlayers result in a smallerK1 , the addition of Cr
intermediate layers can restoreK1 to the larger value ob-
tained on Cr underlayers. These results suggest that the
isotropy constants may be dependent on the thin film mic
structure. The relationship between the anisotropy const
and the microstructure will be the topic of further investig
tion.
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TABLE I. Comparison of the anisotropy constants of the unicrystal Co fil
grown on different underlayer structures. These underlayers were all epi
ally grown on Ag~750 Å!/HF–Si~110!.

Underlayer

K1 K2

(106 erg/cm3)

Cr~500 Å! 1.55 1.30
NiAl ~500 Å! 1.24 1.20
Cr~100 Å!/NiAl ~400 Å! 1.50 1.36
NiAl ~100 Å!/Cr~400 Å! 1.27 1.15


