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Two-dimensional atomic layers composed of metallic atoms with a high principal quantum number in valence
shells are promising materials for applications in state-of-the-art magnetic devices due to the presence of a strong
spin-orbit coupling. In this work we experimentally explored the effects of triggering perpendicular magnetic
anisotropy (PMA) of ferromagnetic (FM) films by applying a series of 6p-Pb, Bi and 4d-Pd (reference) atomic
layers with high-level atomic orbital and low-level lattice strain. Our research indicates that, compared with Pd
atoms, Pb and Bi atoms can produce higher-strength PMA on adjacent FM films through orbital hybridization
at the interface. Moreover, we demonstrate that the PMA induced by Pb and Bi atoms is highly sensitive to
the ordering degree of the wetting layer which is determined by the interplay of surface free, cohesive, and
strain energies within the grown materials; the Pb(Bi) atoms added on the wetting layer can enhance the PMA
of the adjacent FM film only when the wetting layer maintains an ordered structure. This work clarifies the
critical interface effects of 6p-HMs on the FM layer, thus providing important clues to increase control over the
spin-orbit interaction engendered by HMs through the interface.

DOLI: 10.1103/PhysRevB.104.174407

I. INTRODUCTION

Two-dimensional atomic layers composed of metallic
atoms with high principal quantum numbers in valence shells
have attracted considerable research interest not only be-
cause their specific structures differ from those of their
bulk counterparts but also because they generate high spin-
orbit interactions, which are promising for applications in
perpendicular-based spin-transfer torque devices [1-6], spin-
orbit torque memories [7-13], and even quantum materials
[14-20]. In these state-of-the-art magnetic devices, the key
spin-orbit coupling effects is expected to be highly related
to the structural order or material interface. Despite being
highly desirable, experimental investigations of the interplay
among the crystal structure, orbital hybridization, and spin-
orbit coupling (three crucial, interrelated components) in a
model system with well-defined structure, interface, and mag-
netism have been scarce.

6p-Pb and Bi heavy metals (HMs) are stable elements
with high-level atomic orbital and large spin-orbit-coupling
constants [21]. First-principle calculations indicate that strong
orbital hybridization and giant spin-orbit coupling at the
HM-FM interfaces can trigger sizable perpendicular mag-
netic anisotropy (PMA) on adjacent FM films [22-24]. In
particular, the Bi/CoFe/MgO structure produces a substan-
tial PMA with a value approximately three times that of
the conventional Ta/CoFe/MgO structure [23]. Therefore,
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applying 6p-HMs could be a possible approach to accom-
plishing advanced perpendicular-based magnetic devices with
high thermal stability. Practically, however, the stability of
these theoretically proposed structures is hindered by the con-
siderable lattice mismatch between Pb(Bi) and CoFe films
(20%—-23%). To examine the key spin-orbit coupling effects of
Pb(Bi) atomic layers on magnetism, acquiring a Pb(Bi)/FM
system with compatible crystalline structure is crucial, and
this requires the minimization of the lattice mismatch be-
tween the Pb(Bi) and FM substrate. As detailed in Table I
[25,26], the lattice mismatch between Pb(Bi) and the surface
layer grown in the ¢(2x2) structure of Cu(001) is reduced
to approximately —3.3% (—6.1%). Therefore, Pb(Bi) atomic
layers grown on epitaxial magnetic Co/Ni/Cu(001) films [27]
could become model systems for experimentally exploring the
effects of the 6p-HMs on the magnetism as well as the spin-
orbit coupling with the adjacent FM films—the phenomena of
which remain unclear.

In this work we employed multiple in situ techniques
to comprehensively investigate the PMA induced in 2-ML
Co/15-ML Ni/Cu(001)(Co/Ni/Cu) layers after growth of
6p-Pb, Bi and 4d-Pd (reference) atomic layers. Our results
indicate that Pb(Bi) and Pd atoms grown on Co/Ni films are
in layer-plus-island and layer-by-layer modes, respectively.
Compared with Pd atoms, Pb and Bi atoms can produce higher
strengths of PMA on adjacent Co/Ni films. X-ray measure-
ments verified that PMA originates from the enhancement of
the magnetocrystalline anisotropy (MCA) of the interfacial
Co layer, which is caused by the orbital hybridization at
the interface between 3d-Co and 6p-Pb(Bi) with very large
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TABLE I. In-plane lattice constants (a;) of Pd, Pb, Bi, Co, Ni, and Cu (in A) at {100} surface [25,26], and the lattice mismatch (Aay/ay)
between these materials and the surface layer grown into the p(1x1) or ¢(2x2) structure of Cu(001). The a; of the Bi layer was estimated

using the metallic radius of the bulk structure [26].

Elements Pd Pb Bi Co Ni Cu-p(1x1)/c(2%x2)
ay at {100} surface 3.88 4.94 4.80 3.52 3.54 3.61/5.10
Aay/ay [p(1x1)] 7.7% —2.5% —1.9%

AaH/aH [C(2><2)] —3.3%

—6.1%

spin-orbit coupling. We demonstrate further that the PMA
induced by Pb and Bi is highly sensitive to the order of the
wetting layer which is determined by the interplay of surface
free, cohesive, and strain energies within the grown materials;
the Pb(Bi) atoms added on the wetting layer can enhance
the PMA of the adjacent Co/Ni film only when the wetting
layer maintains an ordered structure. Our study clarifies the
critical interface effects of 6p-HMs on the FM layer, thus
offering important clues to increase control over the spin-orbit
interaction engendered by HMs through the interface.

II. EXPERIMENT

In this study the growth, crystalline structure, and magnetic
properties of a series of Pd, Pb, and Bi/Co/Ni films were
investigated in sifu in a multifunctional ultrahigh-vacuum
chamber with a base pressure of 2x107!? Torr. Cu(001) sub-
strates with miscut angles of less than 0.1° were cleaned
by applying cycles of 2 keV Ar™ ion sputtering and subse-
quent annealing at 800 K for 5 min to obtain a well-ordered
crystalline structure and smooth surface. All films were de-
posited at room temperature by using thermal evaporation
guns with a flux monitor. After a 15 ML Ni film was de-
posited on Cu(001), the sample was annealed at 430 K for
10 min to improve the surface smoothness [28]. Then the
Co film and the subsequently grown Pd, Pb, or Bi capping
layers were deposited after the sample was cooled to room
temperature. During film growth, the deposition rate and the
thickness or coverage of the Pd, Pb, and Bi were monitored
through medium-energy electron diffraction (MEED). The
growth conditions of Pd, Pb, and Bi on Co/Ni/Cu were also
investigated at room temperature using an Auger electron
spectrum (AES), which employed a single-path cylindrical
mirror analyzer (CMA). The in-plane atomic structure of
the films was measured using low-energy electron diffraction
(LEED) at 130 eV in room temperature. The magnetic hys-
teresis loops of the samples were measured in situ through
magneto-optical Kerr effects (MOKE) in both longitudinal
and polar geometries at room temperature. The influences of
Pd, Pb, and Bi adsorption on the magnetic properties of the
interfacial Co layer were examined by assessing the x-ray
magnetic circular dichroism (XMCD) effects with sum-rule
analysis [29] at the Co L3 » absorption edges in total electron
yield mode; these measurements were performed at an end
station of x-ray photoemission electron microscopy (PEEM)
[30-32] at beamline BLO5B2 of the National Synchrotron
Radiation Research Center in Hsinchu, Taiwan. The measure-
ments of x-ray absorption spectrum (XAS) and XMCD curves
were performed under remanent conditions at room tempera-
ture, achieved by applying either positive or negative magnetic

fields along the in-plane (200 Oe) or out-of-plane directions
(£1000 Oe) before placing it in the PEEM sample holder. The
XAS were normalized by the incident beam intensity as well
as the edge jump of L3 5.

III. RESULTS

A. Growth of Pd, Pb, Bi on 2-ML Co/15-ML Ni/Cu(001)

Figure 1 depicts the typical specular reflection MEED (0,0)
beam intensity of various growth materials as a function of
deposition time. Regarding Ni grown on Cu(001), Co on
15-ML Ni/Cu(001), and Pd on Co/Ni/Cu, the presence of
regular oscillation indicates layer-by-layer growth conditions
for these films. By contrast, the MEED curves of the Pb and
Bi grown on Co/Ni/Cu exhibit merely one distinguishable
peak at the initial stage of the growth. This result suggests
that a flat surface of Pb or Bi grown on Co/Ni/Cu is present
only at low coverage. The growth conditions of Pd, Pb, and Bi
on Co/Ni/Cu were further examined using AES by applying
CMA. According to AES theory [33,34], the contribution of
the AES signal from the buried layer decays exponentially
when the distance to the top surface of the covered layer
is increased. Thus, the growth conditions of the deposited
materials can be distinguished by examining the AES peak
ratio between the deposited material and underlayer (i.e.,
Igeposition / Tundertayer ), according to the coverage-dependent AES
curves. Figures 2(a)-2(c) display the ratios of 0—4-ML Pd,
Pb, and Bi/Co/Ni/Cu recorded from the Pd (318-330 eV),

Nigrown on Cu(001)

2 Y
j\\} Co grown on 15 ML Ni/Cu(001) E

Wpd grown on Co/Ni/Cu

¥ Pbgrown on Co/Ni/Cu

(0,0) beam intensity (arb. units)

v Bi grown on Co/Ni/Cu

0 250 500 750 1000 1250 1500 1750 2000
Deposition time (sec)

FIG. 1. Selected MEED (0,0) beam intensity curves as a function
of deposition time for Ni grown on Cu(001); Co grown on 15-ML
Ni/Cu(001); and Pd, Pb, and Bi grown on Co/Ni/Cu at 300 K. Film
thickness or coverage was calibrated by the oscillations in the MEED
curves. Arrows indicate the time taken for the shutter to be closed.
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FIG. 2. (a)—(c) Summarized AES peak high ratios between grown materials (Pd, Pb, and Bi) and Co/Ni films as functions of Pd, Pb, and
Bi coverage, according to AES curves displayed in (d)—(f), respectively. Schematic on the right displays the contribution of the film, wetting
layer, and three-dimensional islands to AES signals under different growth modes.

Pb (88-100 eV), Bi (98-106 eV), and Co/Ni (50-64 eV)
peaks displayed in the dN/dE AES curves of Figs. 2(d)—
2(f) [35]. Considering Pd grown on Co/Ni/Cu [Fig. 2(a)],
we observed significantly enhanced Ipq/IconNi When Pd cov-
erage (fpg) increases. This behavior is typically associated
with the layer-by-layer (van der Merve) growth mode [33,34]
because of the significantly increased average distance be-
tween the Pd film surface and the Co underlayer; this result
is also consistent with an observation of regular oscillation
in the MEED curve (Fig. 1). Regarding the initial stage of
the growth of Pb(Bi) on Co/Ni/Cu [Figs. 2(b) and 2(c)], the
Ipy/Iconi (Ii/Iconi) increases linearly with Pb(Bi) coverage
tpa(tsi). Upon fpq(fsi) exceeding approximately 1 ML, the
slope of Ipy/Icomi (IBi/IconNi) suddenly decreases. This char-
acteristic behavior is typically linked to the layer-plus-island
(Stranski-Krastanov) growth mode [33,34], where a 1-ML
wetting layer forms at the interface before the growth of the
three-dimensional islands. Thus, the presence of a single peak
in the Pb(Bi) MEED curves (Fig. 1) can be attributed to a
formation of a 1-ML wetting layer.

The different growth modes between the Pd and Pb(Bi) on
Co/Ni/Cu could be understood through the concept of inter-
play among the surface free, cohesive, and strain energies. The
surface free energy is commonly defined as the work required
to construct the unit area of a particular surface or interface
[36]. As displayed in Table II, the surface free energy of the
Pd, Pb, and Bi layers are lower than that of the Co layer.
Therefore, in the initial stage of growth, due to the lower strain
energy, the deposited atoms prefer to form a wetting layer on
the Co surface, which can reduce the exposed area of the Co

layer and the total surface/interface free energy of the system.
For the subsequently deposited atoms, however, the growth
conditions depend on the competition between the strain en-
ergy and cohesive energy within the grown materials [34].
For the grown film with large strain energy, the atoms prefer
to reduce the strain energy by forming either strain-relaxed
films or three-dimensional islands. In the present work, Pd
atoms grown in a p(1x1) structure of the Co/Ni/Cu are un-
der a compressive strain (—7.7%). Because of relatively high
cohesive energy (Table II) [37], moving the Pd atoms across
different surface steps to form relaxed three-dimensional is-
lands entails a substantial energy cost. Thus, the added Pd
atoms tended to maintain their filmlike shape. By contrast,
the Pb(Bi) layers grown in ¢(2x2) structure of the Co/Ni/Cu
are subject to a tensile strain of 3.3% (6.1%). However, due
to the relatively low cohesive energy (Table II), the added
Pb(Bi) atoms are more prone to growing into relaxed three-
dimensional islands to reduce the large strain energy, although
limited surface free energy is gained due to the formation of
islands on the wetting layer.

B. Surface crystalline structure of Pd, Pb, Bi on Co/Ni/Cu

The in-plane surface structures of Pd, Pb, and
Bi/Co/Ni/Cu were investigated using LEED at 130 eV.
Regarding 1-ML Pd/Co/Ni/Cu [Fig. 3(c)], characteristic
p(1x1) spots locate at the same positions as those of the
Cu(001) [Fig. 3(a)] and Co/Ni/Cu [Fig. 3(b)]. This indicates
an epitaxial growth condition for the grown 1-ML Pd film;
the in-plane lattice constant (a)) of 1-ML Pd is determined
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TABLE II. Surface free energy of Pd, Pb, Bi, Co, Ni, and Cu at the {100} surfaces [25,26], and the cohesive energy (energy required to

separate the atoms) in units of eV /atom [37].

Elements Pd Pb Bi Co Ni Cu
Surface free energy [25,26] 0.95 0.46 0.30 0.98 0.94 0.74
Cohesive energy [37] 3.89 2.03 2.18 4.39 4.44 3.49

to be equal to 3.61 A [lattice constant of Cu(001)]. When #pq
reaches 2 and 3 ML [Figs. 3(d) and 3(e)], the p(1x1) spots
disappear. This behavior indicates a formation of structurally
disordered Pd layers, probably caused by a large lattice
mismatch between the Pd and Co/Ni/Cu (Table I). Regarding
Pb grown on Co/Ni/Cu [Fig. 3(f)], not only sharp p(1x1)
but also c(2x2) LEED spots are present at fp, = 1 ML. This
finding suggests the formation of an ordered Pb wetting layer
with atoms occupying the c(2x2) sites of the Co/Ni/Cu; this
is similar to the behaviors of Pb grown on Ni(001) or Cu(001)
[38,39]. Thus, the atomic density of 1-ML Pb (or 1-ML Bi
introduced in the latter) defined in the present work is half of
the Cu(100) [Cu(001): 1.53x 103 atoms/cmz] [26]. However,
the lattice structure of the Pb layer evolves with #p,. When
tpp is larger than 1 ML [Figs. 3(g) and 3(h)], those c(2x2)
spots split into four arclike features. Such a superstructure
becomes clear when #p}, is increased to approximately 2 ML,
but then gradually disappears when fpy is increased to 3
ML. Meanwhile, the p(1x 1) spots remain clear. Considering

(a) " (c)
(1,008
® *
Cu(001) 1 ML Pd/Co/Ni/Cu

(b) ® (f) *

. v ’ - v

. K . .
(112,-1/2)
. . - . -
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2 ML Co/15 ML Ni/Cu(001)

N '

- .
.
(12,-112) 7
- . -

1 ML Bi/Co/Ni/Cu

1 ML Pb/Co/Ni/Cu

Bi grown on Co/Ni/Cu, sharp p(1x1) and c¢(2x2) LEED
spots are also present when fg; reaches 1 ML [Fig. 3(i)];
this is similar to the behavior of Bi grown on Cu(001) [40].
However, the ¢(2x2) spots soon became blurred when #g; is
higher than 1 ML [Figs. 3(j) and 3(k)].

The detailed atomic model of the Pb(Bi) wetting layer
affected by the addition of Pb(Bi) atom adsorption is dis-
cussed in the following. According to the current LEED
results [Fig. 3(f)], c(2x2) spots are present in Pb/Co/Ni/Cu
when fpp, = 1 ML. When fpp, > 1 ML, four arclike super-
structures, moved from c(2x2) sites toward four symmetric
45° directions, begin to set in [Fig. 3(g)]. A formation of
such superstructures around the c(2x2) sites is attributable
to a change in the atomic structure of the Pb wetting layer
upon adsorption of the added atoms. Figure 4(a) presents the
schematic atomic models of the Pb wetting layer [c(2x2)
stacking], Co film [p(1x 1) stacking], and the corresponding
LEED patterns. According to a comparison of the reciprocal
distances of the four arclike superstructures and the c(2x2)

(d) (e)

2 ML Pd/Co/Ni/Cu 3 ML Pd/Co/Ni/Cu

(9) H (h) :
- . .
¥ 5 e .
. ﬂ . - *
¥
= s

2 ML Pb/Co/Ni/Cu 3 ML Pb/Co/Ni/Cu

(1) (k)

2 ML Bi/Co/Ni/Cu 3 ML Bi/Co/Ni/Cu

FIG. 3. LEED patterns of (a) Cu(001), (b) Co/Ni/Cu, (c)—(e) 1-3-ML Pd/Co/Ni/Cu, (f)-(h) 1-3-ML Pb/Co/Ni/Cu, and (i)—(k) 1-3-ML
Bi/Co/Ni/Cu, measured at 130 eV and 300 K. The atomic densities of 1-ML Pd and 1-ML Pb(Bi) are the same and half the surface atoms of

Cu(001), respectively.
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FIG. 4. Schematic of atomic models (top and side views) of 1-ML Pb(Bi) grown on ¢(2x?2) sites of Co/Ni/Cu. The unit cells of the Co
(red) and Pb(Bi) (blue) in real and reciprocal spaces are displayed in the diagrams. (b) and (c) Schematics of atomic models (top and side view)
for 1-ML Pb/Co/Ni/Cu and 1-ML Bi/Co/Ni/Cu under the adsorption of Pb- and Bi-added atoms, respectively. In (a)—(c), the corresponding
LEED patterns are displayed on the right. In (b) and (c), the dashed circles in the atomic models indicate the positions of c(2x2) sites. In (b),
the arrows indicate an ordered displacement of Pb atoms in the four {110} directions. In (c), the displacement of Bi atoms in the wetting layer

are disordered.

spots [Fig. 3(g)], an ordered displacement of approximately
0.5 A toward {110} directions in the wetting layer is estimated.
Such a displacement could be attributed to a strain relief of
the Pb wetting layer triggered by repulsive force from the
added Pb atoms located at the interstitial sites of the wetting
layer, as illustrated in the schematic atomic model of Fig. 4(b),
and this finding is supported by a prior study of Pb(Bi)
grown on Cu(001) [41] which shows that Pb or Bi atoms
prefer to stack or displace along the {110} directions. How-
ever, although similar ¢(2x2) LEED spots are also present
in 1-ML Bi/Co/Ni/Cu [Fig. 3(1)], blurry c¢(2x2) spots are
present when #g; > 1 ML [Figs. 3(j) and 3(k)]. Meanwhile,
because the p(1x 1) LEED spots remain sharp, an observation
of blurry ¢(2x2) spots suggests a disordered structure of the
Bi wetting layer, as displayed in the schematic in Fig. 4(c).
Thus, in contrast to an ordered structure of the Pb wetting
layer under the strain relief, Bi wetting layer shows a disor-
dered structure. The different evolutions of the structure of
the wetting layer between the Pb and Bi/Co/Ni/Cu under the
layer-plus-island growth mode could be understood through a
comparison of their strain level and cohesive energy. Although
the cohesive energy between Pb and Bi are similar (Table II),
the strain level for the Bi wetting layer grown in the c(2x2)
structure of Co/Ni/Cu(001) is twice that of Pb (Table I). With

the accumulation of larger tensile strain, the direction of strain
relaxation of the atoms in Bi wetting layer under the layer-
plus-islands growth mode could be more random than that
in Pb wetting layer; this could therefore result in a relatively
disordered structure of the Bi wetting layer in Bi/Co/Ni/Cu
when tg; > 1 ML.

C. Magnetic properties of Pd, Pb, Bi/Co/Ni/Cu

Figure 5(a) illustrates the magnetic hysteresis loops of
0—4-ML Pd grown on in-plane magnetic Co/Ni/Cu, which
indicates that PMA can be triggered when tpq is greater than
0.7 ML (1-ML Pd: 1.53x10" atoms/cm?). According to
Fig. 5(d), the perpendicular H, value maintains a similar level
of 50-40 Oe when tpq varies between 1 and 4 ML; this in-
dicates that once the 1-ML Pd film is covered, the strength
of PMA in Pd/Co/Ni/Cu varies slowly with variations in
tpq. Regarding Pb/Co/Ni/Cu [Fig. 5(b)], PMA can be trig-
gered and then enhanced when #py, > 0.6 ML [1-ML Pb(Bi):
0.76 x 10" atoms / cm?]. However, after reaching a maximum
value (=160 Oe) at a fp, of approximately 2 ML [Fig. 5(e)],
increasing tpy, tends to reduce the perpendicular H.. The non-
trivial behavior of induced PMA with a variation of capping
layer in thickness is also present in Bi/Co/Ni/Cu [Figs. 5(c)
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FIG. 5. Magnetic hysteresis loops of (a) 0-4-ML Pd/Co/Ni/Cu, (b) 0—4-ML Pb/Co/Ni/Cu, and (c) 0—4-ML Bi/Co/Ni/Cu measured
according to the longitudinal and polar MOKE at 300 K. The summarized H, values, in accordance with (a), (b), and (c), are displayed in
the upper sections of (d), (e), and (f), respectively. The lower sections of (d), (e), and (f) display the magnetic easy axis phase diagram of 0—
4-ML Pd/2-4-ML Co/15-ML Ni/Cu(001), 0-4-ML Pb/2-4-ML Co/15-ML Ni/Cu(001), and 0-4-ML Bi/2-4-ML Co/15-ML Ni/Cu(001),
respectively. In (e) and (f), the color shadows denote the estimated critical ranges of #p, and f5;, which cause the maximum intensity of PMA
on the Pb(Bi)/Co/Ni films.
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TABLE III. Orbit-to-spin ratio (mwit/Mspin) of Co moments in various Pd, Pb, and Bi/Co/Ni/Cu. The symbol || (L) denotes the in-plane

(perpendicular) magnetic easy directions of the films.

Systems Morbit/Mspin (1 = 0)

morbil/mspin (I’l =1 morbil/mspin (i’l = 2)

n-ML Pd/Co/Ni
n-ML Pb/Co/Ni
n-ML Bi/Co/Ni

0.11+£0.02 (I

0.13 4+ 0.02 (L)
0.22 +£0.02 (L)
0.22 +0.02 (L)

0.13 +0.02 (L)
0.27 +0.02 (L)
0.20 +0.02 (L)

and 5(f)]; the perpendicular H, is induced when #g; > 0.7 ML
but then is significantly decreased after achieving a maximum
value (=100 Oe) at a g; of approximately 1 ML. The lower
sections of Figs. 5(d)-5(f) further display the magnetic easy
axis phase diagrams of various 0—4-ML Pd, Pb, and Bi/2—4
ML Co/15-ML Ni/Cu(001). Notably, the thickness ranges
of the capping metals that trigger PMA are reduced when
the thickness of the Co layer is increased. This behavior
can be attributed to a significantly enhanced in-plane shape
anisotropy and in-plane MCA in a thicker Co film [42]. Thus,
by tuning the level of in-plane magnetic anisotropy of the
Co/15-ML Ni/Cu(001), we could obtain the critical ranges
of tp4, tpy, and 7p; that trigger maximum PMA. Regarding
Pd/Co/15-ML Ni/Cu(001), increasing Co thickness from 2
to 3 ML results in only a slight delay in triggering PMA after
the tpq threshold is crossed; the PMA is not decreased further
when #pq is increased. For Pb(Bi)/Co/15-ML Ni/Cu(001),
by contrast, a maximum PMA is triggered when #py(fg;) ap-
proaches approximately 2(1) ML; these critical values are
consistent with the results estimated from the maximum value
of perpendicular H, on these systems [displayed in the upper
sections of Figs. 5(e) and 5(f)]. According to current MOKE
results, the magnetic anisotropy energy contributed by the Pd,
Pd, and Bi atoms at the interface can also be estimated by
applying Néel type phenomenological model [43]. According
to the analysis detailed in the Supplemental Material [44], the
perpendicular anisotropy energy contributed by Pd, Pb, and Bi
wetting layers per atom (unit area) were estimated to be 285.4,
652.0, and 570.8 ueV/atom (0.70, 0.80, and 0.70 mJ/mz),
respectively. These values indicate a large perpendicular in-
terface anisotropy energy engendered by 6p-HMs, when only
half the atom density in Pb and Bi wetting layers (compared
with Pd) are considered.

To clarify the origin of the induced PMA in Pd, Pb,
Bi/Co/Ni/Cu, Fig. 6 displays the XAS and XMCD curves
measured at the Co L3 ; edges. The p and g values given by the
integration of the XMCD curve in the L3 and L3 + L, regions,
respectively, indicate the sum of magnetic asymmetry in both
regions. According to XMCD sum rules [29], extracting the
ratio of orbit to spin moments (Morit/Mspin) Of a magnetic
sample requires only information of the p and ¢ values from
XMCD curves. In addition, the effects of the thermal pertur-
bation on the remanent magnetization can be offset by the
Morbit /Mspin NOrmalization. Thus, instead of the mowpi; and mgpin
values, we extract momit/Mgpin Tatio of a series of Pd, Pb,
Bi/Co/Ni/Cu samples for a comparison. Assume a negligible
magnetic dipole operator term in the spin sum rule [45,46],
which is small for 3d metals [47]. Next, p and ¢ values can
be used to calculate mgpi/mspin ratio according to the for-
mula of Mmowit/Mspin = 2g/(9p — 6q) [29], thereby obtaining
information on MCA [21,48-50]. Table III summarizes the

results of the mowic/Mspin ratio of the Co moments in various
samples. Compared with in-plane magnetic Co/Ni/Cu, an
increase in the Mgt /Mgpin Tatio is present in perpendicularly
magnetic Pd, Pb, and Bi/Co/Ni/Cu. This confirms the notion
of an increase in the perpendicular MCA (spin-orbit coupling)
of the interfacial Co moments to be the origin of the es-
tablished PMA in these systems; this could be triggered by
orbital hybridization with the capping layers at the interface
[23,51-53]. Moreover, as indicated in Table III, the
Morbit/Mspin Tatio of the Co moments in Pb(Bi)/Co/Ni/Cu
is much larger than that in Pd/Co/Ni/Cu. According to the
literature [21,23], the MCA energy driven by spin-orbit cou-
pling is proportional to the square of the spin-orbit coupling
constant. Thus, the 6p-Pb and Bi atoms at the interface could
generate a higher strength of perpendicular MCA relative to
the 4d-Pd atoms, because the spin-orbit coupling constant of
6p-HMs is larger than that of 4d metals [21]. In addition, by
comparing the mopic/Mspin ratio of the Co moments in either
Pb/Co/Ni/Cu or Bi/Co/Ni/Cu, relatively higher values are
present for tp, (2 ML) and #g; (1 ML). This result indicates that
the perpendicular MCA of the interfacial Co layer engendered
by orbital hybridization from Pb(Bi) atoms is also sensitive
to a variation of tpy(tg;), which accords with observations
of nontrivial fp,(#g;)-dependent behavior of induced PMA in
these samples [Figs. 5(e) and 5(f)].

IV. DISCUSSION

A. PMA induced by 6p-Pb, Bi atomic layers:
Crucial effects of interface structural order

In the current work, compared with 4d-Pd/Co/Ni/Cu,
6p-Pb(Bi)/Co/Ni/Cu exhibits a strongly enhanced PMA and
out-of-plane mopi/Mspin Tatio of the Co moment (Table IID);
this verifies a giant interfacial MCA and spin-orbit coupling
triggered by 6p-HMs through a 6p-3d orbital hybridization
at interface, as theoretically proposed by Peng er al. [23].
However, the PMA-induction behaviors of the Pb/Co/Ni/Cu
and Bi/Co/Ni/Cu in the present work are quite different,
especially for py(#5;) > 1 ML (Fig. 5). We speculate that this
is related to the differences found in the surface structure of
Pb(Bi) (LEED patterns in Fig. 3) and the orbital hybridization
of Pb(Bi)-Co interface (morwic/mspin value of the Co layer
extracted from Co L3, XMCD curves in Fig. 6). Regarding
1I-ML Pb/Co/Ni/Cu and 1-ML Bi/Co/Ni/Cu showing or-
dered c(2x2) surface structure [Figs. 3(f) and 3(i)], the ex-
tracted mormic/Mspin Values of the Co layers are in a similar level
(~0.22) [Figs. 6(c) and 6(e)]. This indicates a similar orbital
hybridization effects at the Pb(Bi)-Co interfaces in these two
systems, which can be understood from their similar atomic
orbitals in valence shells and similar degree of interface
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FIG. 6. XAS and XMCD curves of (a) Co/Ni/Cu, (b) 1-ML Pd/Co/Ni/Cu, (c) and (d) 1- and 2-ML Pb/Co/Ni/Cu. (e) and (f) 1- and
2-ML Bi/Co/Ni/Cu measured at the Co L3, edges in remanent states. The angle of incidence in circular-polarized x rays was 25° with respect
to the in-plane [010] crystallographic direction of Cu(001). The orbit-to-spin ratios (Mowit/Mspin) of Co moments were extracted from the
integration of the XMCD curves according to the XMCD sum-rule data [29].

structural order. By contrast, the extracted moic/Mspin value
of the Co layer in 2-ML Bi/Co/Ni/Cu (~0.20) is relatively
lower than in 2-ML Pb/Co/Ni/Cu (=0.27) [Figs. 6(d) and
6(f)]. This suggests that the orbital hybridization effects oc-
curred at the 2-ML Bi-Co interface could be relatively weaker
than at the 2-ML Pb-Co interface, which could be asso-
ciated with a relatively disordered surface structure of the
2-ML Bi compared to 2-ML Pb according to the LEED re-
sults [Figs. 3(g) and 3(j)]. Indeed, according to prior reports
[51-53], the PMA of a FM film promoted by a thin capping
layer is typically triggered by an enhanced orbital moment

at the interface, which in turn is due to the band narrow-
ing caused by the loss of atomic neighbors. However, the
narrowing of the density of state at the interface would be
reduced when the degree of disorder in the capping layer is
increased. In the present work we speculate that such an effect
could result in a reduction of the orbital hybridization effects
and the induced PMA in 2-ML Bi/Co/Ni/Cu, when compare
to 2-ML Pb/Co/Ni/Cu. In summary, current results show
that 1-ML Pb/Co/Ni/Cu and 1-ML Bi/Co/Ni/Cu exhibit
similar PMA-induction behaviors; this could be attributed to
the similar 6p atomic orbital of Pb(Bi) in valence shells and
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similar degree of structural order at the Pb(Bi)-Co interfaces.
However, the magnetic behaviors of Pb(Bi)/Co/Ni/Cu when
tppeiy > 1 ML should include contributions associated with
the atomic ordering at the Pb(Bi)-Co interfaces; this argu-
ment can also be supported by a finding of similar evolution
between the PMA and ordering of the surface structure in
wedge-shaped 0-3-ML Pb(Bi)/Co/Ni/Cu samples detailed in
the Supplemental Material [44].

According to the aforementioned discussion, the current
study can further uncover the crucial effects of interface
structural order (or disorder) of the 6p-HM wetting layers
on the induced PMA as well as the spin-orbit coupling. In
Pb/Co/Ni/Cu, the Pb wetting layer with an ordered atomic
structure could ensure a high orbital hybridization between
the 6p-Pb and 3d-Co orbitals at the interface. In addition,
the added atoms at the ordered interstitial sites could also
contribute to the Pb-Co interface orbital hybridization and
thus could continually strengthen the PMA and spin-orbit
coupling in Pb/Co/Ni/Cu until #p, is approximately 2 ML,
for which the degree of disorder in the wetting layer starts
to increase [44]. By contrast, the disordered structure of the
Bi wetting layer induced by the added Bi atoms and greater
strain may have hindered the orbital hybridization between the
6p-Bi and 3d-Co orbitals at the interface; therefore, this could
have limited the promotion of PMA and spin-orbit coupling in
Bi/Co/Ni/Cu when fg; is approximately 1 ML. Regarding the
reference Pd/Co/Ni/Cu, because the atomic density of the Pd
interfacial layer is twice of the Pb(Bi) wetting layers, the influ-
ence of orbital hybridization of Pd added atoms on Co layer
through close-packed Pd interfacial layer could be relatively
minor. The strength of PMA induced in Pd/Co/Ni/Cu films
could therefore be insensitive to an increase in tpg [Figs. 5(a)
and 5(d)]. Thus, current work clearly demonstrated that the
PMA as well as the spin-orbit coupling engendered in HM-

FM systems through orbital hybridization at the interface are
not only determined by the level of atomic orbital of the
capping metals but are also highly sensitive to the ordering
degree of the interfacial wetting layer. We expect our study
findings can inspire more experimental or theoretical work to
promote the key spin-orbit coupling effects of HM in HM-FM
heterosystems, which will be indispensable to the application
of HM in magnetic devices.

V. CONCLUSION

We comprehensively investigated the correlation between
the interface structure order, orbital hybridization, and in-
duced PMA (spin-orbit coupling) in a series of 6p-Pb(Bi)
and 4d-Pd (reference) atomic layers grown on the in-plane
magnetic Co/Ni/Cu. Our results demonstrate that the PMA
engendered by the 6p-HMs through interface orbital hy-
bridization are highly sensitive to the order degree of the
interfacial wetting layers which is determined by the interplay
of the surface free, cohesive, and strain energies within the
grown materials. The 6p-HM atoms added on the wetting
layer can enhance the PMA of the adjacent FM film only
when the wetting layer maintains an ordered structure. The
findings of this study unveil the critical interface effects of
6p-HMs on the FM layer and offer important clues for the
promotion and development of low-power spintronic devices
or even quantum materials that require high spin-orbit inter-
action engendered by HMs through the interface.
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