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Fabrication and magnetocrystalline anisotropy of NiCo(002) films*
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A series of 30-nm-thick epitaxial Ni,Co;_, (002) alloy films are fabricated by DC magnetron sputtering. MgO (002)
and SrTiO3 (002) single substrates are used for x > 0.5 and x < 0.5, respectively. The magnetocrystalline anisotropy
of NiyCoj_, (002) alloy films is studied in the entire composition region for 0 < x < 1.0. When x decreases, the cubic
magnetic anisotropy constant K changes sign from negative to positive at x = 0.96 and becomes negative again at x = 0.79.
It becomes more negative as x decreases from 0.79 to 0. The uniaxial anisotropy K, is smaller than the K} by a factor of

two orders.
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1. Introduction

Magnetic anisotropy of magnetic materials has always
been a subject of interest in condensed matter physics.
As is well known, magnetocrystalline anisotropy (MCA)
arises from both the spin—orbit coupling (SOC) and the ex-
change split.!'! Within the frame of the perturbation the-
ory, the magnetic anisotropy constant may be proportional
to the SOC strength &2 and &* for uniaxial anisotropy and
cubic anisotropy, respectively.!!l For L1(0) FePtPd ternary
alloys,[?3! for example, the perpendicular magnetic anisotropy
is found to be proportional to & !3. More remarkably, the MCA
of transition metallic alloys is also found to strongly depend
on the numbers of 3d electrons in the valence band.!*% For
bulk centered cubic (BCC) NiFe alloys, the cubic magnetic
anisotropy constant K; approaches zero near Nig gFeg > due to
the band-filling effect of 3d band, although Kj is positive for
BCC Ni and Fe.!'"!

The MCA of 3d magnetic alloys has been studied
extensively.[”~!?] For bulk Ni-rich NiFe alloys with face cen-
tered cubic (FCC) structure, the sign change is located near
the composition of NiggFeg,.!®! In contrast, the composi-
tion dependence of the MCA of bulk Ni,Co;_, (=NiCo) is
rather complicated,!”®! compared with that of NiFe alloys.
For the bulk Ni-rich NiCo alloys with FCC structure, the
K changes the sign from negative to positive at 4 at.% Co
and then once again turns negative near 20 at.% Co.!”) Fur-
thermore, the MCA of FCC Co-rich NiCo alloys has seldom
been studied despite its crucial importance. This is partly be-
cause bulk Co-rich NiCo alloys at the equilibrium state are of
hexagonal close-packed (HCP) structure instead of the FCC
structure. Fortunately, the epitaxial FCC Co films and Co-
rich NiCo films have very recently been fabricated on single
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crystal substrates by molecular beam epitaxy or magnetron
sputtering.[!3] Therefore, we are allowed to study the MCA
of Ni,Co;_, alloys within the entire composition region. In
this work, we have successfully fabricated a series of epitax-
ial FCC Ni,Coj—_, (002) alloy films with 0 <x < 1.0, and then
studied the MCA by the magnetic torque technique. It is found
that the K of the Ni-rich Ni,Coj_, (002) films exhibits a sim-
ilar variation trend for Ni-rich NiCo bulk alloys. For Co-rich
NiCo epitaxial films, the K; is negative and its magnitude in-
creases with decreasing x.

2. Experiments and results

Ni,Coj_, thin films were fabricated on MgO (002) single
crystalline substrates for x > 0.5 and on SrTiO3 (002) single
crystalline substrates for x < 0.5 in a high vacuum DC mag-
netron sputtering system. Here, SrTiO3 substrates favor fab-
rication of the epitaxial Co-rich NiCo films.!'* The samples
were deposited from NiCo alloy targets, which were formed
by adding Co/Ni small pieces on Ni/Co targets. The base pres-
sure was 1 x 1073 Pa and the working Ar pressure was 0.35 Pa.
The deposition rate of Ni,Co;_, films was about 0.1 nm/s.
The MgO and SrTiOj3 substrates were first annealed at 500 °C
and 650 °C for one hour to annihilate possible contamination
on the surface, respectively. The temperatures of MgO and
SrTiO3 substrates were then kept at 300 °C and 500 °C dur-
ing deposition of Ni-rich and Co-rich NiCo films, respectively,
and post-annealing was performed at the same temperature for
two hours. The microstructure and thickness of films were
characterized by x-ray diffraction (XRD) and x-ray reflectivity
(XRR) by a Bruker D8 diffractometer with 5-axis configura-
tion and Cu Ka (A = 0.1542 nm), respectively. The epitaxial
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growth was proven by the x-ray pole figures. The alloy com-
position was characterized by energy dispersive x-ray spec-
troscopy (EDX) in combination with scanning electronic mi-
croscopy (SEM). In-plane magnetization hysteresis loops and
magnetic torque curves were measured by a vector vibrating
sample magnetometer (VVSM) of Lakeshore 7407. Compo-
nents of the magnetization parallel and perpendicular to the
external magnetic field H, My, and M,, were measured simul-
taneously. In the presence of an in-plane H, M,, and M, were
both parallel to the film plane. Here, the curve of M, versus H
corresponds to the conventional magnetization hysteresis loop.
In magnetic torque measurements, M, was measured as a func-
tion of the orientation of the sample under a fixed H and the
magnetic torque, i.e., the product of the M, and H, was ob-
tained. All of the measurements were performed at room tem-
perature.

The film thickness characterized by XRR is 3041.0 nm.
Figures 1(a) and 1(b) present the typical XRD spectra of Co-
rich and Ni-rich NiCo films, respectively. For Co-rich NiCo
films on SrTiO3 (002) substrates in Fig. 1(a), two peaks near
26 = 46° and 52°, correspond to SrTiO3 (002) and Ni,Coj_,
(002) orientations, 3! respectively. For Ni-rich NiCo films on
MgO substrates in Fig. 1(b), two peaks are found at 20 = 42°
and 52°, which refer to MgO (002) and Ni,Co;_, (002) orien-
tations, respectively. The XRD peak of the Ni,Co;_,(002) al-
most does not shift with x and the lattice constant of Ni,Coj_
films along the film normal direction is about 0.3524 nm for all
samples, which is close to their bulk value.!'>! This happens
because the strain of epitaxial films is relaxed when the film
thickness is larger than a critical value. It is noted that there is
no diffraction peak near 20 = 75° for HCP (1120) Co.l3 In
order to prove the epitaxial growth of Ni,Co_, films, ¢ scan-
ning was performed for Ni,Coj_, films and substrates. Fig-
ure 1(c) shows that the Co film and SrTiO3 substrate have the
same four-fold symmetry, where 20 = 44.36° for the Co film
and 260 = 39.98° for the SrTiO3 substrate. In experiments, it
is found that SrTiO3(002) substrates are more suitable for the
epitaxial growth of the Co-rich NiCo films, compared with the
MgO(002).1*] With MgO(002) substrates, Co-rich NiCo films
are of both FCC and HCP phases at the same fabrication con-
dition. It is expected that FCC Ni,Co;_, epitaxial films on
SrTiO3 substrates have a smaller strain when compared with
the MgO(002) ones. In other words, the Ni-rich and Co-rich
NiCo(002) films are epitaxially well grown on the MgO and
SrTiOj3 substrates.

Figures 2(a)-2(f) show typical hysteresis loops of Co film
and Nig gCoq 5 film (x = 0.8) along [200], [v/310], and [220],
respectively. It can be seen that for the Co film, the hysteresis
loop along [220] is more squared than those at other orienta-
tions, and thus the easy axis is aligned along the [220] orienta-
tion. In contrast, the easy axis for x = 0.80 is aligned along the

[200]. Therefore, the K is negative for x = 0 and positive for
x = 0.80, as further proved below. Moreover, the coercivity of
x = 0.8 is much smaller than that of x = 0. As shown in Fig. 3,
the angular dependencies of the remanent ratio and the coer-
civity for the Ni films clearly illustrate the four-fold symmetry
of the Ni films, which is in agreement with the XRD results.
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Fig. 1. (color online) XRD spectra of Co-rich NiCo films on SrTiO3 sub-

strates (a) and Ni-rich NiCo films on MgO substrates (b), ¢ scanning at
260 = 44.36° for the Co film and 39.98° for the SrTiO3 substrate (c).
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Fig. 2. (color online) Typical in-plane hysteresis loops of the Co (left
column) and NiggCoyq (right column) films for H along the [200] ((a)
and (d)), [v/310] ((b) and (e)), [220] ((c) and ()).

To get the K; and K, magnetic torque curves were mea-
sured for the Ni,Coj_, films. Figure 4(a) shows typical torque
curves for Co, NipgCop2, and Ni films. All three samples
have four-fold symmetry. The magnetic torque changes simi-
larly for Co and Ni films, whereas it varies in an opposite way
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for the Nig gCoo; films. Moreover, the Co film has the largest
magnitude in the torque curve and the NiggCoq film has the
smallest one, indicating the effect of the alloy composition on
the magnetic anisotropy constants.
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Fig. 3. (color online) For the Ni film, the coercivity (a) and remanent
ratio (b) as a function of the orientation of the external magnetic field.
Solid lines serve a guide to the eye. Here, ¢y = O for H along the [200].
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Fig. 4. (color online) (a) Torque as a function of the angle difference be-
tween the external magnetic field and the magnetization vector, and (b)
the spontaneous magnetization M versus the x. The solid lines refer to the
fitted results in panel (a) and serve a guide to the eye in panel (b). In panel
(a), H = 200 Oe for x = 0.80, and H = 1.0 kOe for x =0 and 1.0.

The magnetic torque curves can be fitted as follows. The
free energy of the Ni,Co;_, films includes the MCA, uniaxial

anisotropy, and the Zeeman energy, and it reads as follows:
E = Kisin®(¢)cos?(¢) + Ky, sin?(¢)
—MH cos(¢ — ¢g), (D

where ¢ and @y are the angles of the magnetization vector
and the external magnetic field with respect to [200]. At a
specific orientation of the external magnetic field, the equi-
librium angular position can be obtained from the equation
JdE/dd = 0. Accordingly, the magnetic torque can be calcu-
lated by the following equation, L = MsH sin(¢ — ¢y ). Since
the magnetic torque curves can be fitted very well in Fig. 4(a)
the K; and K, can be deduced. For the Co (002) films, the
K; = —7.6 x 10° erg/lcm3. In the above fitting process, the
saturation magnetization My at room temperature is shown in
Fig. 4(b). The M; decreases from 1330 emu/cm’ for Co to
493 emu/cm? for Ni, which is in agreement with the Slater—
Pauling curve.!!¢! The value of M; for the FCC Co film is also
close to the reported results from other research groups.!!’-2!]

Figure 5(a) shows that with increasing x, K| increases
from negative to positive values at x = 0.79, and then turns
negative again. In the region from x = 0.79 to 1.0, the val-
ues of the K| for the present films are close to other reported
results.l”] For 0.35 < x < 0.7, however, the K; for the present
Ni,Co;_, films is larger than the results given by other re-
search groups.!!72% It is noted that the K; of the present Ni
film is smaller than that of 5.6 x 10° erg/cm® for bulk FCC
Ni.’l The discrepancy of the K; may arise from the different
lattice constants. [!8:19:23-231 For the present epitaxial Ni,Co;_,
films, the lattice constant along the film normal direction is
0.352 nm for all x whereas for bulk FCC-NiCo crystals, the
lattice constant changes from 0.354 to 0.352 nm for x from
0 to 1.0.1151 For the present epitaxial Co films, the lattice con-
stant c is reduced by 0.45% when compared with the bulk FCC
Co.

For the present Ni,Co;_, films, the non-monotonic
change of the K is in agreement with the theoretical

U126 The ab initio calculations show that the or-

prediction.
bital moment and the magnetostriction coefficient of NiCo
alloys change non-monotonically with the alloy composition
due to the band-filling effect.[*®! The effective SOC strength
and the MCA are expected to have similar variation trends.
Therefore, the non-monotonic variation of the Kj in Fig. 5(a)
can be explained in terms of the band-filling effect. It is noted
that in the Ni,Co;_, (002) films, the second order of the MCA
K> cannot be obtained from the magnetic torque measure-
ments. As shown in Fig. 5(b), the K|, is smaller than the K; by

a factor of two orders and the data are much more scattered.
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It is interesting to analyze the composition depedence of
the in-plane coercivity along the easy axis. Figure 5(c) shows
that the in-plane coercivity has a minimum near x = 0.90
because the magnetization reversal mechanism of Ni,Coj_,
films is mainly determined by the MCA and the Ni,Coj_,
(002) films near x = 0.9 are soft magnetic materials due to
small K;. Moreover, for most of the epitaxial Ni,Co;_, (002)
films the coercivity is smaller than the anisotropic field, indi-
cating the multidomain magnetization reversal process. For
example, the coercivity and the anisotropic field are 76 and
123 Oe for the Co film, respectively. Finally, the interfa-
cial morphology should also be considered. For example,
Lukaszew et al. have found the coercivity of the Ni films on
the MgO substrate is 200 Oe,*’! which is much larger than
that (90 Oe) of the present Ni film, this was attributed to the ex-
change bias induced by an ultrathin NiO layer at the Ni/MgO
interface. For the present Ni film, a clean Ni/MgO interface
is therefore obtained without any NiO ultrathin layer at the

interface. 28]
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Fig. 5. (color online) Kj (a), Ky (b), and the coercivity Hc along the
film plane (c) at room temperature as a function of x. In comparison,
data from Refs. [7] (reference a, red solid circles) and [9] (reference b,
blue uptriangle) are given in panel (a). The solid lines serve a guide to
the eye.

3. Summary

In summary, we have fabricated 30-nm-thick epitaxial
Ni,Coj_, films on MgO(002) substrates for x > 0.5 and on
SiTiO3 substrates for x < 0.5. The K increases from nega-
tive to positive with a crossover near x = 0.79 when x changes
from O to 0.90. As x further increases, the K; decreases from
positive to negative with a crossover near x = 0.95. For the
Ni,Co;_, films x > 0.35, the composition dependence of the
K, reproduces the results of bulk NiCo alloys. The in-plane
coercivity also changes non-monotonically with x, exhibiting
a minimal value near x = 0.90. These results will be helpful to
understand the MCA of 3d transition metals and alloys.
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