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Interfacial magnetic anisotropy in a Pt/Coj_,Fe,/Pt multilayer is tuned by doping iron atoms into the cobalt layer.
The perpendicular magnetic anisotropy and out-of-plane coercivity are found to decrease with increasing x. For a specific
x, the out-of-plane coercivity acquires a maximal value as a function of the thickness of the CoFe layer. At low temperature,
the coercivity is enhanced. Small coercivity but reasonably large perpendicular magnetic anisotropy can be obtained by

controlling the x and CoFe layer thickness.
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1. Introduction

Magnetic thin films with perpendicular magnetic aniso-
tropy (PMA) are of great interest because of their poten-
tial applications in magnetic—optical (MO) recording, high-
density magnetic recording, and non-volatile memory.l!=
Large PMA and out-of-plane coercivity Hc are often required
in these applications. Recently, perpendicularly magnetized
materials were incorporated into magnetic tunneling junction
and spintronics devices as free layers.[>% In each of these
magnetic sensing devices, a moderate magnetic anisotropy and
small Hc are often required in order to reduce the switching
field, leading to a high sensitivity. Accordingly, the fabrica-
tion of a CoFeB/MgO bilayer and its magnetic properties have
been extensively studied in magnetic junction devices.!”-8]
Moreover, [Co/Pt], multilayers have prevailed because of the
flexible preparation conditions compared with ordered alloys,
e.g. SmCo and L1¢-FePt.[7->1 Very recently, much effort has
been made to reduce the PMA and Hc by either magnetic al-
loy layers such as CoFe/Pt, or nonmagnetic spacer layers such
as Pt-Fe.l''"1*] Ding ez al.!'?) successfully adjusted the PMA
of [CoFe/Pt],, multilayers by changing the CoFe and Pt layer
thicknesses and the number of CoFe/Pt bilayers because the
PMA is very sensitive to the thickness of the Co and Pt lay-
ers. Feng et al.'3! optimized the magnetic properties of the
[CoFe(0.2 nm)/Pt(0.2 nm)],, multilayers by changing the ther-
mal annealing conditions and bilayer number. In this paper,
we address the optimization of the PMA and Hc¢ of Pt/Co/Pt
multilayers by doping iron atoms into the cobalt layer. By tun-
ing the Fe concentration x in the cobalt layer, the PMA and Hc
are reduced significantly.
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2. Experiments

In this study, the Pt(20 nm bottom)/Co;_,Fe, (=CoFe)
(0-1.0 nm)/Pt(10-nm top) multilayers were prepared on
2 cmx5 cm silicon wafers with 2 nm natural oxide layers
by a computer-controlled multi-source dc sputtering system
at ambient temperature. Here, CoFe layers were deposited
from the CoFe composite target, on which small iron pieces
(99.99% pure) were placed on the Co target. The CoFe layer
took a wedged thickness along the long edge of the substrate.
The samples were then cut into 17 small pieces, and each
can be treated as a uniform thickness. The base pressure was
2.0x107> Pa and the Ar working pressure was 0.68 Pa. The
deposition rates were 0.2 nm/sec and 0.1 nm/sec for the Pt
and CoFe, respectively. A set of single Co;_,Fe, layers on Si
were also prepared to measure the saturation magnetization.
The film thickness and microstructure were characterized by
X-ray reflectivity (XRR) and X-ray diffraction (XRD) at large
angles. Energy dispersive spectrometer (EDS) analysis was
employed to determine the compositions of the CoFe layers.
The magnetic properties were measured by a vector vibrating
sample magnetometer (VVSM) from LakeShore 7407 and the
Versa-Lab system of Quantum Design.

3. Results and discussion

Figure 1(a) shows the typical XRR pattern of the Pt
(20 nm)/CoFe (0.3 nm)/Pt (10 nm) multilayers with x = 0.53.
From the reflection fringes, the thickness of the constituent
layers from bottom to top are fitted to be 18.66 nm, 0.45 nm,
and 9.81 nm, which are close to the designed values. Fig-
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ure 1(b) shows the XRD pattern of the same sample. The
main peak located in 260 = 39.6° corresponds to the fcc Pt
(111) orientation. Due to the small thickness, the peak near
260 = 44.2° corresponding to the fcc Co (111) orientation does
not appear. [l
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Fig. 1. Typical XRR (a) and XRD (b) of Pt (20 nm)/CoFe (0.3 nm)/Pt
(10 nm) multilayer films with x = 0.53.
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Fig. 2. (color online) Out-of-plane hysteresis loops of Pt(20 nm)/CoFe
(0.3 nm)/Pt(10 nm) multilayers with x = 0 (a), 0.2 (b), and 0.53
(c). The inset shows the angular dependence of room-temperature H,
for x = 0.53. The solid lines refer to the fit results of 1/cos(6),
1 0e=79.5775 A/m.

The out-of-plane hysteresis loops of the Pt (20 nm)/CoFe
(0.3 nm)/Pt (10 nm) multilayers with x = 0, 0.2, and 0.53 are
given in Fig. 2. It is indicated that the PMA is established with
the magnetic easy axis perpendicular to the film plane in all
three samples. We also study the magnetization reversal mech-
anism of the Pt/CoFe (0.3 nm)/Pt multilayer with x = 0.53.
The room-temperature Hc is measured as a function of the
Oy angle between the external magnetic field and the normal
direction of the film, as shown in the inset of Fig. 2(c). Hc
increases with increasing 6y and approximately obeys a pro-
portional function of 1/cos(6y). Apparently, the magnetiza-
tion reversal mechanism is accompanied by the pinned domain
wall motion (DWM) and can be described by the Kondorsky
model.['>161 Tt is surprising that the magnetic easy axis still re-
mains along the normal direction of the film even for x = 0.53,
indicating a much higher surface magnetic anisotropy than re-
ported before. [!1-17]

Figures 3(a) and 3(b) show the x dependences of the Hc
and in-plane saturation field Hs, which was taken as the in-
plane anisotropy field.!"?! Hc and Hg both decrease monoton-
ically with Fe concentration. Hc decreases from 162 Oe at
x=0to 8 Oe at x = 0.53. Hg decreases from 4517 Oe atx =0
to 1750 Oe at x = 0.53. The PMA in the Co/Pt multilayers is
believed to come from Co/Pt interface anisotropy and Co bulk
anisotropy.!!! The total effective magnetic anisotropy energy
is often defined as!!-1718]

Keff:KU—ané‘i‘ZKS/tCOFW (1)

where the first two terms on the right-hand side correspond
to the magnetocrystalline anisotropy and the shape anisotropy
of the bulk anisotropy, respectively, Ks is the interfacial
anisotropy at the CoFe/Pt interface, Mg the saturation mag-
netization of the CoFe layer, and fcore the CoFe thickness.
As reported before, K. mainly comes from the interfacial

anisotropy due to the lowered symmetry at the interface./'®!
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Fig. 3. (color online) Dependences of Hc (a), Hs (b), Ms (c), and Kg
(d) on the Fe concentration in the Pt(20 nm)/CoFe (0.3 nm)/Pt(10 nm)
multilayers, 1 erg=10""J.

The in-plane saturation field and anisotropy field are
both equal to 2Ks/Ms."1 In order to obtain the interfacial
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anisotropy Kg, the saturation magnetization Mg is measured.
Figures 3(c) and 3(d) show the x dependences of Ms and Kg
in the Pt(20 nm)/CoFe(0.3 nm)/Pt(10 nm) multilayers, respec-
tively. Mg is estimated from the measured magnetic moment
of the 20-nm Co;_,Fe, single film and reaches a maximal
value of about 1600 emu/cm® at x = 0.5, which is consis-

[20] With x increasing, the

tent with the Slater—Pauling curve.
Ks is found to decrease from 0.05 erg/cm’ to 0.02 erg/cm?
(1 erg:lO’7 J). From formula (1), it is found that K¢ mainly
comes from the competition between the demagnetization en-
ergy and the interfacial anisotropy Ks when Ky can be ignored
in the polycrystalline film. By tuning x, the K5 and demagne-
tization energy are tuned, leading to a reduction in PMA.

The results in Fig. 2 can be ascribed to the x dependence
of Ks. The randomly distributed Fe atoms in the Co matrix
may have a strong effect on the orbital hybridization between
the d electrons in Pt and the Co atoms at the Pt/Co inter-
face, leading to the changing interfacial anisotropy.[!!2!1 With
the further increase in the Fe content up to 60 at% in CoFe,
the room-temperature hysteresis loop becomes considerably
slanted, suggesting that the PMA is no longer large enough to
overcome the shape anisotropy.

It is essential to investigate the Pt/CoFe/Pt multilayers
The thick-
ness dependence of Hc is shown in Fig. 4(a). All the sam-

with different values of CoFe layer thickness.

ples are found to show similar variation trends. With increas-
ing CoFe thickness, Hc first increases and then decreases af-
ter a maximal Hc. When x = 0.4, for instance, Hc reaches
a maximal value of 60 Oe at a CoFe thickness of 0.27 nm.
For a thinner CoFe layer, the interfacial anisotropy energy is
not large enough to overcome the demagnetization energy be-
cause of the relative non-uniformity of film coverage.!!”! For
a thick CoFe layer, the out-of-plane Hc increases, indicat-
ing the increase in interfacial anisotropy energy, owing to the
well established interface. After that, Hc is reduced, with the
CoFe thickness further increasing because of the increasing
effect of demagnetizing energy compared with the interfacial
anisotropy energy.[’!

To further understand the Hc of the Pt/CoFe(0.3 nm)/Pt
multilayer, hysteresis loops are measured at different temper-
atures from 380 K to 60 K. In the experiments, it is found that
the hysteresis loops are squared at low temperatures and be-
come slanted at high temperatures. The magnetization easy
axis is aligned along the film normal direction at low tem-
peratures and along the film plane at high temperatures. The
crossover temperature decreases with increasing x. For ex-
ample, it is equal to 350 K and 250 K for x = 0.4 and 0.6,
respectively. Figure 4(b) shows that the values of Hc increase
significantly as the temperature decreases for all samples with
x=0.6,0.53,0.4,0.2, and 0. The H¢ variation can be ascribed
to the temperature dependence of the PMA and the magneti-

zation reversal mechanism of the CoFe/Pt multilayers. 2223
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Fig. 4. (color online) Values of Hc versus CoFe thickness (a) and tem-
perature (b) for the Pt(20 nm)/CoFe/Pt(10 nm) multilayers with various
Fe concentrations.

4. Conclusion

In this paper, for Pt/CoFe/Pt multilayers with a specific
CoFe layer thickness, the PMA and the out-of-plane Hc are
found to decrease with increasing x, indicating the tuning ef-
fect of the Fe concentration x on interfacial anisotropy. More-
over, Hc is found to acquire a maximal value at a moder-
ate thickness, and increases with decreasing temperature. For
Pt/CoFe/Pt multilayers with x = 0.53 and 0.45 nm thick CoFe
layers, a low Hc of about 10 Oe and a reasonably large PMA
are obtained, which may facilitate the fabrication of spintron-
ics devices.
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