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Extraction of the chemical contribution to the interfacial magnetic anisotropy in Ni/Cu3Au(001)
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The manipulation of magnetic anisotropy via interface is crucial for spintronics, but its mechanism is still
controversial due to the parasitic problem of strain and the chemistry environment. We have independently
controlled the interfacial chemistry of the epitaxially grown Ni film on Cu3Au(001) by inserting the thickness
wedged Cu layer. The Ni layer is confirmed to be fully strained until 8 ML by the analysis of LEED I-V
spectra, which guarantees that the strain contributions to the magnetic anisotropies are identical. Our results
clearly show that the chemistry contribution of Au atoms at Ni/Cu3Au interface plays a major role for its
perpendicular magnetic anisotropy. We provide a method to quantitatively separate and extract the chemistry
and strain contributions to the interfacial magnetic anisotropy, which is helpful for clarifying its mechanism and
developing high performance spintronic materials and devices.
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I. INTRODUCTION

The control of magnetic anisotropy in ultrathin films has
emerged as a topic of importance, especially to achieve the
perpendicular magnetic anisotropy (PMA) [1–7]. This is not
only of fundamental interest but also important for indus-
trial applications, such as high-density magnetic recording,
magnetic random access memory, and other potential spin-
tronic devices [3,4,8–11]. The interface is getting crucial to
determine their magnetic properties [12,13] when the films
are getting into ultrathin scale, like MgO/CoFeB thin film,
which is one of the most promising material systems in spin-
tronic devices [14–20]. Modifying the interfacial chemistry
surroundings in MgO/CoFeB/nonmagnetic metals (NMs: Ta,
W, Mo etc.) heterostructure is a common method to enhance
the interfacial PMA. However, due to the lattice mismatches
between CoFeB and NMs, the strain contribution for the
interfacial PMA must be taken into account. The mixed con-
tributions from the chemistry and strain of the NMs hinder
the clairification of the intrinsic mechanisms in the strong
PMA. Up to now, it lacks a well-defined way to distinguish
and separate these two contributions experimentally. Here, we
developed a method to extract the chemistry effect on the
interfacial magnetic anisotropy with strain kept the same in
a representative Ni/Cu3Au(001) system.

The pseudomorphically grown Ni film on Cu(001) is a
prototype to explore the various contributions to magnetic
anisotropies, which has been intensively studied [21–31]. The
Ni films exhibit perpendicular magnetization for a thickness
from 10.5 to around 70 ML where spin orientation transitions
(SRTs) occur. Its PMA is mainly from the bulk magnetoelastic
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anisotropy contribution, countering the interfacial anisotropy
and demagnetization. Since the strain in Ni films plays an
important role in the emergence of PMA, one may expect to
achieve stronger PMA by lattice expansion [32,33]. A very
recent work realized a high perpendicular magnetic anisotropy
in Ni/Pt superlattices [7], and proved that the strain effect
is the prime source. Nevertheless, with in-plane lattice con-
stant changing from 0.352 to 0.372 nm, besides the bulk
anisotropy strongly enhanced, the interfacial anisotropy also
increased considerably. Therefore, to clarify the origin of
magnetic anisotropy, one needs to tune the chemistry and
strain, and check their contributions independently. Here, we
choose Cu3Au(001), whose lattice constant is 0.373 nm, as
a substrate to study the chemistry effect on the interfacial
anisotropy.

In Ni/Cu3Au(001), the Ni films exhibit perpendicular
magnetization between 5 and 12 ML [33], which is consistent
with the expectation of larger bulk anisotropy (Kb) in Ni films
compared to the Ni/Cu(001) system. However, there is a well-
known Au segregation on Cu3Au(001) surface. The c(2 × 2)
reconstruction indicates an Au rich surface with 50% of Au
atoms [34]. The chemical Au contribution for the interfacial
anisotropy has so far been ignored when comparing the mag-
netic anisotropies of Ni films on Cu(001) and Cu3Au(001).
Here, we covered the Cu3Au(001) surface with a Cu wedge
layer and effectively tune the interface layer from Cu3Au to
pure Cu continuously. Meanwhile, all the ultrathin epitaxial
layers are fully strained with their lateral lattice constants
same as that of Cu3Au(001). We observed the perpendicular
anisotropy of Ni films vanishes with increasing Cu coverage
layer up to 1 ML.

II. EXPERIMENTS AND RESULTS

All experiments were carried out in an ultrahigh vacuum
system with the pressure lower than 3 × 10–10 mbar during
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FIG. 1. (a) Schematic structure of the double wedged 2–15
ML Ni/0–4 ML Cu/Cu3Au(001). (b) Remnant polar (top panel)
and longitudinal (bottom panel) Kerr ellipticity of Ni on 0–4
ML Cu/Cu3Au(001) and 1 ML Cu/Cu3Au(001), respectively. All
MOKE measurements were performed at 220 K.

the deposition. Cu3Au(001) substrate was thoroughly cleaned
by Ar+ bombardment, followed by annealing at 850 K for
10 min, and then kept at 620 K for 20 min. This cleaning
procedure was repeated until a sharp c(2 × 2) low energy
electron diffraction (LEED) pattern was observed with a large
amount of atomically flat terraces seen by scanning tunnel-
ing microscope (STM). Ni, Au, and Cu metal pieces with a
purity of 99.99% were used as the evaporating sources. The
deposition rates were predetermined by a quartz microbalance
before evaporation, while the accurate thickness of the de-
posited layers was further calibrated by the coverage of atomic
terraces in STM images [13]. The perpendicular and in-plane
magnetizations were characterized in situ at a low temperature
of 223 K by magneto-optical Kerr effect (MOKE) with polar
and longitudinal modes, respectively. The lattice relaxation of
Ni and Cu films in z axis was checked by kinematic LEED
I-V spectra measurements at room temperature.

The schematic structure of the double wedged 2–15 ML
Ni/0–4 ML Cu/Cu3Au(001) sample is shown in Fig. 1(a),
with the thicknesses of Cu and Ni layers varying along x
and y directions, respectively. Cu thickness wedge from 0 to

4 ML was covered on Cu3Au(001) substrate to isolate the
influence from the Au atoms at the interface. After the growth
of Ni films on 0–4 ML Cu/Cu3Au(001), the hysteresis loops
are measured by MOKE at 223 K immediately. The remnant
magnetization MR is extracted from the loops, as shown in
Fig. 1(b). The remnant polar Kerr ellipticity is shown in the
top panel, and the out-of-plane signal from 5 to 12 ML is
observed for Ni/Cu3Au(001) (solid black square), which is
consistent with previous study [12]. However, it decreases
dramatically as Cu layer is capped on Cu3Au(001). For 0.5
ML Cu, a much smaller out-of-plane signal (solid red dots)
can be seen in the thickness range of about 6–9 ML. No out-
of-plane signal can be observed when Cu layer is more than 1
ML. Longitudinal MOKE was also performed to further verify
the magnetization orientation, as shown by the bottom panel
in Fig. 1(b). It confirms the in-plane remnant magnetization
when 1 ML Cu is capped on Cu3Au(001).

The surface of 0–4 ML Cu covered on Cu3Au(001) was
characterized by LEED (E = 70 eV), as shown in Figs. 2(a)–
2(c). For the bare Cu3Au(001) substrate, the sharp c(2 ×
2) reconstruction is observed, which is attributed to the Au
segregation on the surface [34]. The line profiles taken along
the white dashed lines are plotted on its right side, the peaks
for (−1/2, −1/2) spot can be clearly seen at the center. These
Au atoms at the surface can be effectively covered by a few
monolayers of Cu capped at room temperature. With increas-
ing the thickness of Cu layer, the (1/2, 1/2) spot vanishes
gradually and the peak intensity in the line profile decreases,
shown in Figs. 2(b) and 2(c). A clear and sharp (1 × 1)
LEED pattern is achieved for 4 ML Cu/Cu3Au(001), since
the LEED is surface sensitive with a small probe depth of
few nm at low energy region. Additionally, we can conclude
that the epitaxially grown Cu layers follow the lateral lattice
constant of Cu3Au(001) since the line-profile peak positions
of (−1, 0) and (0, −1) spots do not shift from top to bottom.

Moreover, the vertical lattice constant a⊥ of the Cu capping
layer was studied by the kinematic analyses of LEED I-V
spectra, as shown in Figs. 2(d) and 2(e). The intensity of (0,
0) spot was recorded as a function of the incident electron
beam energy. The black and red spectra are of Cu(001) and
Cu3Au(001) substrate as references, and the blue spectra are
of 1–4 ML Cu on Cu3Au(001), respectively. All spectra have
offset for clarity. According to the Bragg’s law, diffraction
peak appears when nλ = a⊥ sin θ , where λ is the wavelength
of incident electron beam, θ is the incident angle of electron
beams, which is set to 89.5 deg for convenience of recording
the (0, 0) spot. Energy peaks appear at En

00 = 1.504
a2

⊥
n2. The

dashed vertical lines in Fig. 2(d) correspond to the n = 6th

diffraction peaks of Cu3Au(001), Cu(001) substrate and Cu
capping layers on Cu3Au(001), respectively.

The peak positions En
00 for Cu(001), Cu3Au(001) and 4ML

Cu/Cu3Au(001) are marked by the black arrows in Fig. 2(d)
and plotted versus n2 in Fig. 2(e). The linear relation be-
tween En

00 and n2 can be clearly seen and the vertical lattice
constants are extracted from the linear fitting. We obtained
a⊥ of Cu(001), Cu3Au(001) and Cu layer on top are 0.361
± 0.002 nm, 0.3725 ± 0.002 nm and 0.341 ± 0.001 nm,
respectively. According to elastic theory, the associated ver-
tical (compressive) stress ε2 = − 2c12

c11
ε1, where c11 and c12

are the cubic elastic stiffness constants. For the fully strained
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FIG. 2. (a)–(c) LEED patterns of bare Cu3Au(001) substrate,
1 ML Cu and 4 ML Cu on Cu3Au(001) are taken at E = 70 eV;
the correspondence line profiles are shown on the right. (d) (0,
0) spot kinematic LEED I-V spectra of Cu(001), Cu3Au(001) and
0–4 ML Cu layers capped on Cu3Au(001). Arrows indicate the
position of elastic diffraction peaks, and vertical dashed lines mark
peaks with n = 6. (e) The peak positions En are plotted versus n2

for Cu(001), Cu3Au(001) and 0–4 ML Cu layers capped on it.
The vertical lattice constants are extracted from the linear fitting,
respectively.

Cu films grown on Cu3Au(001), the lateral (tensile) stress is
ε1 = 3.3%. Taking into account the stiffness constants of Cu
[35], we can get ε2 = −4.8%, thus the vertical lattice constant
of Cu film on Cu3Au(001) is estimated to be 0.344 nm, which
is consistent with the value extracted from LEED I-V. We can
conclude that the Cu layers are fully strained with their lateral
lattice constants following Cu3Au(001) substrate up to 4 ML.

In order to further confirm that the out-of-plane magneti-
zation in Ni films is induced by the Au atoms at interface,
a well-defined sample structure is prepared via shadow mask
deposition as shown in Fig. 3(a), which contains three differ-
ent areas: (I) Ni/Cu3Au(001); (II) Ni/1 ML Cu/Cu3Au(001);
(III) Ni/0.5 ML Au/1 ML Cu/Cu3Au(001), with the interfaces
of Ni-Cu3Au, Ni-Cu and Ni-CuAu, respectively.

For clarification the in-plane magnetization with 1 ML Cu
insertion, the strain in Ni films on 1 ML Cu/Cu3Au(001) is
studied and compared with that on Cu3Au(001). The LEED
I-V spectra are shown in Fig. 3(b), the black and red lines are
the spectra of 3, 5, 8, and 12 ML Ni films on areas (I) and
(II) from bottom to top, respectively. The dashed vertical lines
are used to mark the 5th and 6th diffraction peaks. For both
spectra, the peaks slightly shift to lower energy as the Ni film
thickness increased, indicating the strain relaxed gradually
in the Ni films. Nevertheless, no relative peak shift can be
distinguished between the two black and red spectra for the
same Ni thicknesses. We can conclude that the insertion of
1 ML Cu between Ni and Cu3Au(001) substrate does not
change the strain in the Ni films, i.e., �ε2 < 0.5%, the upper
limit of the uncertainty. The bulk anisotropy Kb in Ni films
should be identical with Ni/Cu3Au(001). Therefore, the mag-
netization orientation difference between Ni/Cu3Au(001) and
Ni/1 ML Cu/Cu3Au(001) in Fig. 1(b) could be only from
the different interface chemistry condition (Cu and CuAu),
where the Ni/CuAu interface prefers out-of-plane magnetiza-
tion compared with the one of Ni/Cu.

The polar MOKE results in these three areas are shown
in Fig. 3(c). For the top panel, the out-of-plane magneti-
zation between 5 and 12 ML is shown in Ni/Cu3Au(001).
For the middle panel, as 1 ML Cu is inserted, no out-
of-plane magnetization can be observed. Surprisingly, the
out-of-plane magnetized Ni films show up again when 0.5 ML
Au deposited on the 1 ML Cu to forming a CuAu surface
[similar with Cu3Au(001)], as shown in the bottom panel.
This experiment unambiguously shows that the perpendicular
magnetization of 5–12 ML Ni films on Cu3Au(001) is induced
by Au atoms at the interface. The results in area (I) and (III)
show slight difference, which is presumably due to roughness
and defects induced by the 0.5 ML Au/1 ML Cu, as compared
to the Cu3Au(001).

III. DISCUSSION

The interfacial magnetic anisotropy energy of thin films
is estimated quantitively based on the phenomenological for-
mula [28]:

K = (Ks + Ki )/d + Kb−Ed , (1)

where Kb is the bulk anisotropy, Ks and Ki are the interfacial
anisotropies for the upper and bottom interfaces, and Ed is
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FIG. 3. (a) Structure scheme of sample. (b) LEED I-V spectra are 3, 5, 8, and 12 ML Ni films on Cu3Au(001) (black solid line) and 1 ML
Cu/Cu3Au(001) (red solid line) respectively. (c) Polar Kerr ellipticity of area (I) Ni/Cu3Au(001), area (II) Ni/1 ML Cu/Cu3Au(001), and
area (III) Ni/0.5 ML Au/1 ML Cu/Cu3Au(001), measured at 223 K.

the demagnetization energy. The Kb due to the magnetoelastic
effect, are 30 μeV/atom [29] and 70.4 μeV/atom [33] for Ni
films on Cu(001) and Cu3Au(001), respectively. They are not
related to the condition of interface, but only proportional to
the film strain ε1. The demagnetization energy Ed is constant
for Ni films as 7.5 μeV/atom [29]. The critical thickness dc

of the magnetization orientation switching from in-plane to
out-of-plane (1st SRT) can be written as

dc = − (Ks + Ki )/(Kb − Ed ). (2)

In Ni/Cu(001), KCu
b = 30 μeV/atom, Ed =

7.5 μeV/atom, dc = 10.5 ML [29]. While for
Ni/Cu3Au(001), the Ni film is fully strained (ε1 =
5.9%) below 8 ML as shown by the LEED-IV results in
Fig. 3(b), and its bulk anisotropy energy is estimated to be
KCu3Au

b = 70.4 μeV/atom. The dc for Ni/Cu3Au(001) with
a Cu3Au interface is determined to be 5 ML, while it shifts
to 6 ML for Ni/0.5 ML Cu/Cu3Au(001) with half monolayer
Cu inserted, as shown by the black squares and red dots in
Fig. 1(b), respectively.

Here we chose the system of Ni films on x ML
Cu/Cu3Au(001) for analysis, where less than 1 ML Cu is
considered (0 � x � 1). The bulk magnetic anisotropies Kb

and the upper interfacial anisotropies Ks are kept the same
regardless of the ultrathin Cu inserting layer [as indicated
in Fig. 3(b)]. While the bottom interfacial terms Ki are sig-
nificantly tuned since the Cu layer changes the interfacial

conditions of the bottom interface. According to the STM
morphologies, the ultrathin Cu layers are epitaxially grown
on Cu3Au(001) with atomic terraces, as shown in the Sup-
plemental Material Fig. S1 [36]. The Ni film on x ML
Cu/Cu3Au(001) can be simply considered as two parts: Ni
on the 1 ML Cu atomic terrace (with an area ratio of x) and Ni
on the bare Cu3Au(001) surface (with an area ratio of 1–x).
Thus, the total bottom interfacial magnetic anisotropy Ki can
be written as

Ki = xKCu
i + (1 − x) KCu3Au

i , (3)

where KCu
i and KCu3Au

i are the interfacial anisotropies for
Ni-Cu and Ni-Cu3Au interfaces on the Cu3Au(001) substrate,
respectively. Then

dx
c = −[

Ks + xKCu
i + (1−x)KCu3Au

i

]
/
(
KCu3Au

b − Ed
)
. (4)

As for Ni/1 ML Cu/Cu3Au(001), no SRT can be observed
and the Ki cannot be directly estimated according to Eq. (4).
Here we take the result of x = 0.5, where d0.5

c = 6 ML, as
shown in Fig. 1(b). Then the total interfacial anisotropy ener-
gies of Ni/Cu and Ni/Cu3Au can be extracted as: Ks + Ki

Cu =
− 440.3 μeV/atom and Ks + Ki

Cu3Au = –314.5 μeV/atom,
with the lateral lattice constant of 0.373 nm. The difference
of the bottom interfacial anisotropy energies �Ki can be
obtained: Ki

Cu–Ki
Cu3Au = –125.8 μeV/atom, indicating the

chemistry contribution of Cu atoms at the interface prefers
in-plane magnetization. The strain, interface and magnetic
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TABLE I. Comparison of magnetic anisotropies of Ni on 0–1 ML Cu/Cu3Au(001) and Cu(001).

Ni/Cu3Au(001) Ni/0.5 ML Cu/Cu3Au(001) Ni/Cu/Cu3Au(001) Ni/Cu(001)[Ref. 26]

Strain 5.9% 5.9% 5.9% 2.5%
Kb 70.4 μeV/atom 70.4 μeV/atom 70.4 μeV/atom 30 μeV/atom
Bottom interface Ni-Cu3Au 50%Ni-Cu3Au + 50%Ni-Cu Ni-Cu Ni-Cu
dc 5 ML 6 ML N.A. 10.5 ML
Ks + Ki −314.5 μeV/atom −377.4 μeV/atom −440.3 μeV/atom −236.2 μeV/atom

anisotropies of Ni films on x ML Cu/Cu3Au(001) (x = 0,
0.5 and 1) and Cu(001) have been summarized in the Table I.
We can conclude that the Ni/Au interface anisotropy energy is
much lower than Ni/Cu.

IV. CONCLUSION

In summary, the magnetic anisotropy of Ni films on
Cu3Au(001) is studied with changing the interface from
Cu3Au to pure Cu under the same lateral lattice constant. With
increasing the Cu coverage at the interface, the perpendicular
magnetic anisotropy of Ni films decreases dramatically and
switches to in-plane when Cu thickness is higher than 1 ML.
Compared to the Ni/Cu interface, Au atoms at the interface
significantly affects the interfacial anisotropy, which induces
the perpendicular anisotropy in Ni films from 5 to 12 ML on

Cu3Au(001) substrate. This work clearly demonstrated that
the interfacial magnetic anisotropy can be changed up to 125.8
μeV/atom with the interfacial chemical conditions, clarifies
the previous interpretation of strain induced the change of
SRT in Ni/Cu3Au(001) compared to Ni/Cu(001) system. Our
research paves an alternative method to give an insight view
of the interfacial magnetic anisotropy, which is crucial for the
future manipulation of magnetic anisotropies.
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