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We studied the electronic properties and spin polarization of the interface between Co and black phosphorus

Co (BP) with ultraviolet, X-ray and spin-resolved photoemission spectroscopy. The results show that the outermost

Black phosphorus
Spin-resolved photoemission spectroscopy
Interfacial electronic structure

BP is destroyed and the unbonded P is produced in the process of Co deposition. There is no chemical reaction
and an interface dipole is found at the Co/BP interface. The SR-UPS results show that there is an inverted spin
polarization near Eg and the spin polarization is about positive 10%, which is attributed to the interface hy-
bridization between Co and BP.

1. Introduction

2D materials have been developed rapidly owing to their interesting
properties and wide potential applications. Graphene, a typical 2D
material, possesses many useful electrical and mechanical properties
[1-5], but the zero-band gap hinders its applications [6,7]. In order to
solve this problem, other 2D materials with finite band gaps such as
transition metal dichalcogenides (TMDCs) have been investigated [8,9].
However, due to the higher spin-orbit coupling, spin transport in TMDs
is largely eclipsed. Thus, it is necessary to find new 2D materials with
bandgap and low spin-orbit coupling for spintronic devices [10]. Black
phosphorus (BP) is a 2D material with a layered structure, which has
unique electrical and optical properties, and plenty of BP-based devices
have been fabricated [11-15]. In contrast to the TMDs, relatively
lighter P atoms leads to low spin-orbit coupling, making BP more fa-
vorable for spin transport [16]. Unlike graphene, there exists an in-
trinsic direct band gap in BP [17-20], and its value can be modified by
changing the thickness, strain and electric fields [21,22]. The BP-based
spin valve has been studied both theoretically and experimentally
[7,23,24]. Thus, BP has an enormous potential in the application of
innovative spintronic devices.

Co is among the most commonly used ferromagnetic electrode for
both injection and detection of spin-polarized current [25,26]. Sui et al.
present a density functional theory study of Co atoms adsorbed on a
phosphorene sheet and found that the Co atom can bond strongly to the
phosphorene with sizable binding energies [27]. The Co/phosphorene
systems exhibit interesting magnetic properties, which arise from the

exchange splitting of the Co 3d orbitals. Kamalakar et al. investigated
the field-effect transistor characteristics of nanolayers of BP with TiO,/
Co contacts [10]. The results show that ambipolar transistor with I,/
Ig > 10* and on-state current reaching 150 yA-um~' in the hole
conduction regime. The spin injection is mainly from the Fermi surface,
so the spin polarization of Fermi surface is of great significance. Schulz
et al. found that the presence of the LiF layer reverses the spin polar-
ization in the Alqs. This is due to a change of extracted spin polarization
brought about by a vacuum level shift due to the electric dipole moment
induced by the LiF [28]. Sun et al. reported that a thin ferroelectric
interfacial layer was added between the ferromagnetic electrode and
the organic spacer to regulate the resistance of organic spin valves. The
magnetoresistance changes sign when the electric polarization of the
ferroelectric layer is reversed [29]. Barraud et al. fabricated a nano-
scale Co-based magnetic tunnel junction with a magnetoresistance re-
sponse of up to 300% and developed a spin transport model that de-
scribes the role of interfacial spin-dependent metal/molecule hy-
bridization on the effective polarization allowing enhancement and sign
reversal of injected spins, which bring new electrical functionalities to
spintronics devices [30]. Atodiresei et al. reported that the hybridiza-
tion of the out-of-plane p, atomic-type orbitals with the d states of the
metal led to the inversion of the spin polarization at the organic site
[31]. Despite the interesting observations, the electronic structures of
ferromagnetic/semiconductor interfaces are still not clear. Given the
interesting properties of BP, it is necessary to investigate the electronic
structure to understand and explore the spintronic device potential of
this promising material.
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In this article, we study the electronic structure at the Co/BP in-
terface using ultraviolet, X-ray and spin-resolved ultraviolet photo-
emission spectroscopy (UPS, XPS and SR-UPS). Our observations show
that there are strong interactions at the interface and the outermost BP
is destroyed at the initial deposition of Co. An interface dipole is ob-
served at the Co/BP interface and the spin polarization of 3 nm Co
deposition on BP is about positive 10%. The results provide some un-
derstanding for the development of spintronic devices based on Co/BP.

2. Experimental method

The experiment was carried out in an interconnected ultrahigh va-
cuum system. First, in the preparation chamber, the BP single crystal
purchased from HQ Graphene was mechanically peeled off with a
scotch tape. The base pressure of the preparation chambers is better
than 1.5 x 10~® mbar, and the rest of the chamber base pressure is
better than 2 x 107 '° mbar. In the analysis chamber, the sample
quality was tested by XPS and low energy electron diffraction (LEED).
To perform a UPS measurement, a bias of —5 V was applied to the
sample in order to observe the secondary electron cutoff. The analysis
chamber is equipped with a SPECS PHPIBOS 150 hemispherical energy
analyzer, a Microwave UV Light Source (He I, hv = 21.2 eV), and a
monochromatic Microfocus X-ray Source (Al K, hv = 1486.7 eV). In
the molecular beam epitaxy chamber (MBE), Co layers were deposited
on BP and the thickness monitored with quartz crystal microbalance.
After the sample was magnetized, its spin polarization was measured
with a Mott detector. The effective Sherman factor S, of the Mott de-
tector is 0.12. For more information about the experimental equipment
can refer to Refs. [32-36]. The prepared samples were taken out of the
vacuum system and subjected to X-ray Diffraction (XRD) and Raman
scattering spectra tests. The structure was characterized with XRD using
a Bruker SIMENS D500 and the 26 step-scanning was carried out from
10° to 70° with a step size of 0.02°. The Raman measurements were
performed under the excitation of a 514 nm laser in a Renishaw inVia
Qontor system. The sample transport process was under the protection
of nitrogen. The experiment was carried out at room temperature.

3. Results and discussion

Fig. 1(a) shows the layered crystal structure of bulk black phos-
phorus and stacked together by van der Waals force, indicating that a
clean BP surface can be obtained by mechanical exfoliation in ultrahigh
vacuum. The XPS full scan spectra of mechanical exfoliation of BP are
shown in Fig. 1(b), and there is no other peak except P 2p peak located
at ca. 130.32 eV. Fig. 1(c) shows a clear LEED pattern and it exhibits
integrity crystal structure without reconstructions. According to
Fig. 1(b) and (c), a high-quality BP surface was obtained by mechanical
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peeling in ultrahigh vacuum.

Fig. 2 shows the UPS spectra evolve with the thickness of Co de-
posited on BP. For clarity, all spectra were normalized to the same
height. Shown in Fig. 2(a) are the cut-off region which determined by
linear extrapolation. The WF of intrinsic BP is 4.24 eV, in agreement
with the previous reports [37]. At 1 A Co thickness, the WF is 4.37 eV,
increases with the subsequent deposition of Co, approaching to the
maximum 4.66 eV after the deposition of 4 A Co, the total shift is
0.42 eV. With further increasing of the Co thickness, the WF decreases
to 4.53 eV at 15 A, then increases slowly and saturates at 5.03 eV at
90 A. Fig. 2(b) are the valence band (VB) region. The valence band
maximum (VBM) of intrinsic BP is 0.1 eV. It shifts toward the Eg with
the Co deposition and the metallic Fermi level cutoff starts to appear as
Co thickness reaches 4 A. To track the change of VBM, we used the
dotted lines mark the VB peak of BP. The peak value located near
2.36 eV and it shifts 0.25 eV after 1 A Co deposition. The possible
reason is that the interface hybridization between Co and BP leads to
the change of interface electronic structure [38,39]. Fig. 2(c) display
the energy level alignment diagram at Co/BP interface. It is found that
the WF increases first, decreases from 4 Ato 30 A, and then increases
again with the further increasing of Co thickness. At the Co/BP inter-
face, there is an interface dipole of 0.13 eV pointing from the BP to the
Co side, arising from the charge redistribution.

We investigated the samples chemical characteristics by using XPS.
All spectra were normalized to the same height for visual clarity and the
BE of the peak center was obtained by fitting Gaussian-Lorentzian
peaks. Fig. 3 shows Co 2p3,» and P 2p core level evolves with thickness
of Co deposited on BP. At the initial Co deposition, the Co 2p3,» peak is
located at 779.17 eV for 1 A Co thickness, as shown in Fig. 3(a). With
the subsequent deposition, the Co 2p3,» peak shifts toward lower BE
and reaches the minimum BE of 778.42 eV at 90 A, the total shift is
0.75 eV. The possible reason is that the interface hybridization between
Co and BP at lower Co coverage [40,41]. Otherwise, there is no che-
mical reaction between Co and BP because of the Co 2p3,» shows only
one peak as the increasing of Co thickness. Fig. 3(b) shows the core
level of P 2p is a doublet consisting of P 2p3 5 and P 2p; 5. Translucent
red peak corresponds to the P 2p3,, peak of lattice P component, it
located at ca. 130.27 eV. With the increasing Co thickness, a new
translucent red peak appeared at 129.92 eV, corresponding to the un-
bonded P atoms [37,42]. Metal materials deposited on the BP usually
cause chemical disorder at the interface, the bombardment of ‘high-
energy’ metal atoms and heating of the contact region will damage the
crystal lattice [43-45]. The initial deposition of Co destroys the out-
ermost BP structure and produce unbonded P atoms. As the thickness of
the Co deposition increase, the unbonded P component increases, after
4 10\, its component proportion larger than the lattice P, and after 30 A,
there is no lattice P component.
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Fig. 1. (a) The crystal structure of layered bulk BP. (b) XPS full spectra of BP. (c¢) LEED patterns of bulk BP.
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Fig. 2. UPS spectra evolves with thickness of Co deposited on BP. (a) The cut-off region. (b) The VB edge region. (c) The energy level diagram of the Co/BP interface.

To further analyze the process of the growth of Co on BP film, we
focus on the XPS intensity attenuation by the Co overlayer. The in-
tensity attenuation of photoelectrons after passing through an Co
overlayer (I¢,) [46]

Ieo = Ipp[1 — exp(—d/ic,)] (€9)
or that from the BP substrate (Izp)
Ipp = Ip-exp(—d/Agp) (2)

where Iy, is the photoelectron intensities from the 90 A Co overlayer

and I, is the photoelectron intensities from the BP substrate without the
Co overlayer, d is the Co overlayer thickness, and A¢, (App) is the mean
free path (MFP) of photoexcited electrons in Co (P). The intensity is
based on the peak area of the elements which was obtained by fitting
Gaussian-Lorentzian peaks, followed by normalization with corre-
sponding relative atomic sensitivity factors. The attenuation, based on
Eq. (1) and (2), of the XPS peaks of the Co overlayer or BP substrate can
be used to figure out the growth mode of Co deposition onto BP sub-
strate [47,48].

As shown in Fig. 3c, for the photoelectrons ejected from the Co 2p of
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Fig. 3. XPS spectra evolves with thickness of Co deposited on BP. (a) Co 2p3,,, (b) P 2p, (c) The photoelectron intensity as a function of the thickness of Co coverage.
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the Co/BP film, the intensities attenuate gradually with increasing
thickness of Co coverage up to 15 A, and decrease sharply with thicker
Co coverage. At the lower Co coverages, ie. © < 15 A, the photo-
electron intensity decreases gently at first, which confirmed by a small
slope for the Co 2p as shown with a dash dotted line in the figure. The
slope curve is obtained by linearly fitting the experimental data of
© < 15 A. With enough thickness of the Co coverage, i.e. © > 154, a
sharper decrease of photoelectron intensity is achieved by subsequent
deposition of Co. For the photoelectrons ejected from the BP, the in-
tensities attenuate sharply with increasing thickness of Co coverage up
to 4 A, and decrease gradually with increasing thickness up to 30 A,
which can be confirmed by a relatively large slope for the BP as shown
with a dash line in the figure. Formation of Co clusters can be excluded
at lower Co coverages from the attenuation of the P signals. The data
lead to an electron escape depth of ~10 A, not agreeing with the ex-
pected value [49]. It can be attributed to the outermost BP flake lattice
being destroyed by the deposition of Co. At the initial deposition of Co,
the outermost BP lattice is destroyed and turn to unbonded P. The in-
tensities attenuate gradually can be attributed to some unbonded P
atoms segregate at the surface. With the subsequent deposition, the
photoelectrons intensities of P 2p attenuate sharply, because of the
photoelectrons are suppressed by the Co coverage, indicating that the
amount of unbonded P is the most at 4-30 A. Combined with XPS and
UPS spectra, it can be inferred that the interface hybridization between
Co and BP is a predominant role in the initial Co deposition, i.e.
6 < 4 A, which lead to the increasing of WF. With the increasing of Co
thickness, the destruction of outermost BP crystal lattice is the main
reason caused the change of WF, the surface segregated unbonded P
atoms will reduce the WF. With enough thickness of the Co coverage,
ie. ® > 30 A, no more unbonded P atoms segregated at the surface,
the WF increases again.

These observations reveal that interfacial disruption between the
metal layer and BP film is a fundamental problem that may hurt the
device performance. As shown in Fig. 3(a), we can find that the Co core
level shift to low binding energy at low coverage (ie. @ < 8 A). It is
different with our pervious report in Au/BP, which keep unchanged
until 4 A Au [37]. Similarly, the VB of BP also keep unchanged in Au/
BP interface, but that shift to Fermi level in Co/BP interface as shown in
Fig. 2(b), indicating that the interface hybridization does occur between
Co and BP at lower Co coverage.

In order to further investigate the change of the crystalline structure
of Co/BP interface, we compared the XRD patterns and Raman scat-
tering spectra before (black line) and after (red line) 30 A Co deposi-
tion. As shown in Fig. 4(a), it is find that the position of all the dif-
fraction peaks keep unchanged and the intensity obviously attenuate
after 30 A Co deposition. Meanwhile, there is no diffraction peak of Co
in the XRD patterns, indicating that the Co film did not crystallize. As
shown in Fig. S2, the BP LEED pattern disappeared, and no new LEED
pattern emerged after 30 A Co deposition. This also confirmed that the
Co film is amorphous. Attenuation trend of intensity is also observed in
Raman scattering spectra, as shown in Fig. 4(b). The vibration mode Ag1
is corresponding to the out-of-plane vibration mode and its wave
number is 361.9 cm ™. The vibration mode By and Ag2 are corre-
sponding to the in-plane vibration mode and their wave numbers are
437.64 and 465.74 cm ™! respectively, in agreement with the pervious
report [50]. In the above analysis, we find that the BP has been de-
stroyed and turn to unbonded P. In order to verify if the BP or unbonded
P unites with Co and forms Co,P or CoP. We have compared the XRD
patterns and Raman scattering spectra of BP, 30 A Co/BP and Co,P or
CoP [51,52]. It is found that the characteristic peaks are different, in-
dicated that the BP or unbonded P does not react with Co and form
Co,P or CoP during the deposition of Co film. Combine with the XPS
results, it can be speculated that the destruction of BP take place in Co/
BP interface but there is no chemical reaction.

It is well known that the spin polarization of Co thin film is crucial
for Co-based spintronic devices, so it is especially important to see
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Fig. 4. (a) XRD patterns and (b) Raman scattering spectra of the BP and 30 A
Co/BP.

whether any spin polarization of Co thin film at the Co/BP interface.
Fig. 5(a) and (c) show the spin-polarized ultraviolet photoemission
spectra of bulk BP. Black lines (spin-up) and red lines (spin down) re-
presents fitting results with the polynomial function. The original curve
is shown in translucent color. We can find that there is no spin polar-
ization of bulk BP. Fig. 5(b) and (d) show the spin-polarized photo-
emission spectra of 3 nm Co deposited on BP films and the spin po-
larization of Co is approximately positive 10%. Generally, the spin
polarization of Co thin film is negative close to Fermi level [53], see the
Supporting Information Fig. S1, but the spin polarization of the 3 nm
Co/BP film inverted near the Fermi surface as shown in Fig. 5(d). The
inverted spin polarization near EF can be attributed to the interface
hybridization between Co and BP electronic orbitals. Due to the ex-
istence of the lone pair electrons on P atoms in phosphorene, Co orbitals
can hybridize with those of phosphorene. Sui et al. reported that the
increasing d electrons would fill the spin-down states when the Co
atoms adsorbed at the surface of phosphorene [27]. The spin-up and
spin-down channels of Co 3d orbitals are fully and partially occupied,
respectively, making it have magnetic moment. For an isolated Co
atom, the 4 s orbitals are lower in energy than the 3d orbitals. When the
Co atoms adsorbed at the surface of phosphorene, the large Coulomb
repulsion between the phosphorene and the Co 4 s orbitals will push up
the 4 s orbitals, therefore causing the charge transfer from the 4 s or-
bitals to the 3d orbitals. The increasing d electrons further fill the spin-
down states in sequence, and therefore, induce a decrease in the net
magnetic moments. Thus, the molecular structure of BP has been de-
stroyed, but spin polarization of Co film can be detected after the
growth of 3 nm cobalt, and the inverted spin polarization can be at-
tributed to the interface hybridization between Co and BP. The BP
structure should not be damaged as much as possible for the application
potential of Co/BP-based spintronic devices. The preferable approach is
to insert a modification layer at the interface to avoid damage [28,54].
The second way is called buffer layer assisted growth which is to con-
dense inert gas on the surface to form a buffer layer at low temperature
before Co deposited [55]. The third way is called indirect deposition
which is intentionally filled with inert gas in the vacuum chamber
during Co deposited and the Co sources and sample surface toward the
same direction [56]. Understanding the interface hybridization and
adjusting the electronic and magnetic structures of the Co/BP interface
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Fig. 5. Spin-polarized ultraviolet photoemission spectra of (a) BP and (b) 3nm Co/BP. Black lines: spin-up, red lines: spin down, original curve is shown in translucent
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are helpful to reduce the spin loss of spintronic devices. In addition, by
controlling the spin polarization inversion near Ep, different spin elec-
trons can be selectively injected from the same ferromagnetic electrode.

4. Conclusions

In conclusion, we have investigated the electronic properties and
spin polarization of the Co/BP interface using XPS, UPS, and SR-UPS.
The results show that the unbonded P appears when the outermost BP
lattice is destroyed by the deposition of Co and an interface dipole is
observed at Co/BP interface. There is no chemical reaction between Co
and BP or unbonded P. The inverted spin polarization near Eg has been
observed and it can be attributed to the interface hybridization between
Co and BP. It is indicated that Co/BP interface can be used to design
Co/BP-based spintronic devices and interface modified is necessary.
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