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Ferromagnetism with perpendicular magnetic anisotropy (PMA) was observed at room temperature
in cobalt nanoparticles (NPs) grown on hexagonal boron nitride (h-BN) on a Pt(111) surface. It was
shown that the Co NPs have planar hexagonal shapes with a mean diameter of ~20nm and a mean
height of ~1.6nm. The depth-resolved analysis of X-ray magnetic circular dichroism at the Co
L, 5-edges revealed that in the ferromagnetic Co NPs, the ratio of the orbital magnetic moment
to the spin magnetic moment in the out-of-plane direction becomes larger at the Co NP/h-BN
interface than the ratio in bulk Co. The B and N K-edge near edge X-ray absorption fine structures
showed the orbital hybridization between the m orbitals of h-BN and d orbitals of Co at the
interface, as an origin of the orbital magnetic moment enhancement possibly giving rise to PMA in

the Co NPs. Published by AIP Publishing. https://doi.org/10.1063/1.5010836

The interfaces between ferromagnetic (FM) materials
and atomic layer (AL) materials have attracted broad interest
due to their particular importance in developing future
spintronic devices taking advantages of the unique two-
dimensional structures and outstanding properties of AL
materials.' The interfaces between FM materials and con-
ducting graphene play a dominant role in the spin injection
in graphene-based devices, where the excellent spin transport
properties of graphene are utilized.*”’ Insulating hexagonal
boron nitride (h-BN) can be utilized as a tunneling barrier of
the magnetic tunneling junctions in magnetoresistive devi-
ces®'? and for the spin injection in graphene-based devi-
ces.” ' Since the performances of these nano-spintronic
devices are quite sensitive to the interfacial properties,'? the
use of AL materials in these devices is quite reasonable. This
is because AL materials allow us to fabricate interfaces with
controlled microstructures and electronic and spintronic
properties at the atomic level owing to the two-dimensional
structural homogeneity of AL materials.

Recent studies on the heterostructures of FM metals and
AL materials have highlighted a significant impact of the
FM metal/AL material interfaces on the magnetic properties
of FM metals as well as those of AL materials.'*'” It has
been shown that a local transition of the magnetization easy-
axis from the in-plane to out-of-plane direction occurs in the
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region near the graphene/Ni interface.'” Recently, it has
been reported that perpendicular magnetic anisotropy (PMA)
is drastically enhanced in a Co thin film intercalated between
graphene and Ir(111).'° On the other hand, in the case of the
FM metal/h-BN heterostructures, much less effort has been
directed toward understanding the impact of the interfaces
on the magnetic properties of FM metals. A recent theoreti-
cal study has predicted that the Co/h-BN interface can pro-
mote PMA of Co, even though the magnetic anisotropy
energy (MAE) due to the Co/h-BN interface is smaller than
that due to the Co/graphene interface and the free Co
surface.'”

In this study, we report a discovery of the interface-
induced PMA in the Co nanoparticles (NPs) on h-BN
prepared on Pt(111). The measurements of X-ray magnetic
circular dichroism (XMCD) demonstrated that the FM Co
NPs exhibit PMA at room temperature. From the depth-
resolved analysis of XMCD at the Co L, 3-edges, it was
revealed that at the Co NP/h-BN interface the magnitude of
the orbital magnetic moment (m,,,) with respect to the spin
magnetic moment (mg,,) in the out-of-plane direction
becomes larger than that in bulk Co. The near-edge X-ray
absorption fine structure (NEXAFS) measurements at the B
and N K-edges showed the orbital hybridization between
Co and BN, which could bring about the m,,, enhancement
contributing to the observed PMA.

Single-layer h-BN was prepared on a Pt(111) single
crystal by chemical vapor deposition in an ultra-high vacuum

Published by AIP Publishing.
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(UHV) chamber (base pressure ~1078Pa). A clean Pt(111)
surface was prepared by cycling Ar" sputtering, annealing at
600 °C in the O, atmosphere, and short annealing at 800 °C
in UHV. By exposing the Pt(111) surface to 100 Langmuir
of borazine (B3N3Hg), while the substrate temperature was
kept at 800 °C, single-layer h-BN with complete surface cov-
erage was synthesized as reported in a previous study.18 Co
was subsequently deposited on the h-BN surface at the sub-
strate temperature of 250 °C by using an electron beam evap-
orator. The deposition rate and nominal thickness of Co were
controlled to ~0.02nm/min and ~1.5nm, respectively, by
using a quartz crystal microbalance. The surface morphology
of the sample was investigated by scanning tunneling
microscopy (STM) and atomic force microscopy (AFM).
The NEXAFS and XMCD experiments at the B K-edge, N
K-edge, and Co L, ;-edges were conducted in sifu by using a
depth-resolved XMCD chamber (base pressure ~10°Pa)
installed on the soft X-ray beamline BL-7A of the Photon
Factory, KEK."'"” The NEXAFS and XMCD measurements
at the B K-edge, N K-edge, and Co L, 3-edges were done at
room temperature with circularly polarized X-ray beams
(circular polarization factor P.=0.8) in the partial electron
yield (PEY) mode with retarding voltages of —100V,
—300V, and —500V, respectively. The XMCD measure-
ments were performed in remanence after applying a pulsed
magnetic field (H =700 Oe and a pulse duration of ~5s) by
Helmbholtz coils. The concept of the depth-resolved X-ray
absorption technique is schematically shown in Fig. 1(a). In
the depth-resolved measurements, the mean probing depth
(4) from the surface can be estimated from the mean escap-
ing depth of the emitted Auger electrons, which changes
depending on the emission angle 6 between the sample sur-
face and the detection area on the imaging-type detector. In
the analysis of the Co L, ;-edge data, Z is estimated from the
J-0 relationship in an iron film'? for the range of 0 < 15° and
under the reasonable assumption that 4 is proportional to
sin 0 for the range of 0> 15°. The geometries used in the
depth-resolved measurements are indicated in Fig. 1(b).
Throughout this study, the incidence angles of the circularly
polarized X-ray beams (o) and the pulsed magnetic fields (/)
to the sample surface were fixed to « =90° and ff=90° [the
normal incidence (NI) condition, hereafter] and oo =30° and
f=0° [the grazing incidence (GI) condition, hereafter]. In
the XMCD sum rule analysis,?* the magnetic dipole operator
was neglected, and the 3d electron occupation number of Co
was assumed to be the same as that of bulk Co (7.51).20

(b)
X-ray Magnetic

field
h-BN | N N N ]
Pt(111)

electron detector

large +— small
Mean probing depth A

NI: o =90° B = 90°
Gl:a=30°p = 0°

FIG. 1. (a) Concept of the depth-resolved X-ray absorption technique. (b)
Experimental configuration of the depth-resolved NEXAFS and XMCD
measurements.
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Figure 2(a) shows the STM image of the single-layer
h-BN on Pt(111). A moiré pattern of h-BN with a periodicity
of ~2.5nm, which corresponds to the 9 X 9 superstructure
due to the lattice mismatch between epitaxial h-BN and the
Pt(111) surface, is observed.'® Extensive STM observations
confirmed that the most of the Pt(111) surface is covered
with the epitaxially grown h-BN. Figure 2(b) shows the
AFM image of h-BN/Pt(111) after the Co deposition. Co
atoms aggregate to NP as seen in the figure and its inset.
Figure 2(c) presents a frequency distribution of the lateral
diameter and height of Co NPs analyzed from the AFM
image. The Co NPs have a broad size distribution with the
mean diameter and height of ~20nm and ~1.6 nm, respec-
tively. Correlations are not observed between the diameters
of the Co NPs and the periodicity of the moiré pattern of
h-BN. As shown in the inset of Fig. 2(b), the Co NPs tend to
show a hexagonal shape arranged in the same direction. This
indicates that the Co NPs are single crystals with an epitaxial
relationship with h-BN. It is considered that the almost per-
fect lattice matching between Co(0001) and h-BN makes the
epitaxial growth of Co NPs more feasible.

Figures 3(a) and 3(b) show the B and N K-edge
NEXAFS spectra of h-BN/Pt(111), respectively. The upper
and lower curves in these figures show the data obtained
under the NI and GI conditions, respectively. The prominent
peaks labeled with ©* in each spectrum are attributed to the
7* resonances (B 1s-n* and N 1s-7* transitions) characteris-
tic of h-BN. The spectral shapes are very similar to those
of bulk h-BN, indicating the similar electronic structure of
h-BN on Pt(111) to suspended h-BN due to the weak van der
Waals type interaction at the h-BN/Pt(111) interface.?' The
strong angular dependence of the ©* peaks between the NI
and GI conditions shows the flat growth of h-BN on the
Pt(111) surface. In Fig. 3(b), a small shoulder A (~398¢V)
is observed at the lower energy side of the n* peak. This low
energy shoulder A is ascribed to the adsorption-induced gap
states of h-BN caused by the hybridization between the d
orbitals of Pt and the 7* orbital of N of h-BN.?' It was

10 20 30 40
Diameter (nm)

Height (nm)
L KR
y'
| |
ann
fraee]

FIG. 2. (a) STM image of h-BN/Pt(111). Sample bias and tunneling current
are 5.80V and 83.5 pA, respectively. The bidirectional arrow on the image
shows the periodicity of the moiré pattern of h-BN (2.5 nm). (b) Wide scan
AFM image and narrow scan STM image (inset) of Co NPs/h-BN/Pt(111).
The black dotted lines in the inset are drawn to guide the eyes. For the STM
image, sample bias = 1.21 V and tunneling current = 88.9 pA. (c) Frequency
distribution of the height and diameter of Co NPs in (b). The frequency is
represented by the color of each point as indicated in the color bar.
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FIG. 3. (a) B and (b) N K-edge NEXAFS spectra of h-BN/Pt(111). (c) B and
(d) N K-edge NEXAFS spectra of Co NPs/h-BN/Pt(111). The spectra
obtained under the NI and GI conditions are shown in the upper and lower
parts of each figure. 7* and ¢* show the peaks ascribed to the 1s-7* and
1s-0* transitions in h-BN, respectively. The shoulders A and B can be
attributed to the adsorption-induced gap states and the interlayer conduction
band states, respectively (see text for details).

reported that this low energy shoulder develops into a peak
in the spectrum of h-BN/Ni(111) in which a strong chemical
bonding between N and Ni exists.?!? Figures 3(c) and 3(d)
show the B and N K-edge NEXAFS spectra measured after
the Co deposition, respectively. It is found that the intensity
of the low energy shoulder A in the N K-edge NEXAFS
spectrum [Fig. 3(d)] becomes more prominent and a low
energy shoulder A (~191eV) corresponding to the same
adsorption-induced gap states appears in the B K-edge spec-
trum [Fig. 3(c)]. One can also see shoulders B at the higher
energy side of the 7* peak in Figs. 3(c) and 3(d). These high
energy shoulders B can be attributed to the interlayer con-
duction band states as reported for h-BN/Ni(111).>"*? The
above spectral features indicate a significant modification of
the electronic structure of h-BN due to the hybridization
between the h-BN 7 orbitals and the Co d orbitals at the Co
NP/h-BN interface. The co-presence of the features attrib-
uted to the n-d hybridized and pristine h-BN in the B and N
K-edge spectra can be understood by the fact that the Co
NPs do not cover the whole surface area of h-BN as seen in
Fig. 2(b) and its inset.

Figure 4 shows the non-depth-resolved (PEY for sim-
plicity) Co L, ;-edge NEXAFS (red and blue curves) and
XMCD (green curves) spectra of Co NPs/h-BN/Pt(111)
obtained under the NI [Fig. 4(a)] and GI [Fig. 4(b)] condi-
tions. The red and blue curves in the figures are the
NEXAFS data measured in remanence after applying the
pulsed magnetic fields parallel (red curves) and antiparallel
(blue curves) to the photon helicity, respectively. The shapes
of the NEXAFS spectra are almost identical to that of bulk
Co.° A strong XMCD signal was detected only under the NI
condition. This clearly shows that the FM Co NP on h-BN/

Appl. Phys. Lett. 112, 022407 (2018)
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FIG. 4. Co L, ;-edge NEXAFS and XMCD spectra of Co NPs/h-BN/Pt(111)
under the (a) NI and (b) GI conditions. The red and blue curves in the figures
show the NEXAFS spectra measured in remanence after applying the pulsed
magnetic fields parallel and antiparallel to the photon helicity, respectively.
The green curves show the XMCD spectra obtained from the difference in
the NEXAFS spectra for the opposite magnetic field directions.

Pt(111) exhibits PMA at room temperature. The total magnetic
moment (1) of Co evaluated from the PEY XMCD spectrum
in Fig. 4(a) by applying the sum rules™ is n,,=0.93 pp/atom
(Mgpin = 0.80 ug/atom and myy, = 0.13 pp/atom) that is smaller
than the one of bulk Co (1.7 pp/atom).?

In order to gain microscopic insights into the nature of
the PMA in the FM Co NPs, we conducted a depth-resolved
analysis of the Co L, ;-edge XMCD spectra under the NI
condition. As shown in Fig. 5(a), obvious changes are
observed in the XMCD intensities with the mean probing
depth /. The effective spin magnetic moments 7p;,, orbital
magnetic moments 7., total magnetic moments 71, in the
out-of-plane direction, and the ratio of n1,,/mgpin Obtained by
using the sum rules are plotted in Figs. 5(b) and 5(c) as a
function of A. In Fig. 5(b), both myp;, and m,y, increase with
the increase of A toward the depth close to the Co NP/h-BN
interface (~mean height of the Co NPs). This behavior is
accounted for by taking the size distribution of the Co NPs
[Fig. 2(c)] into consideration. The volume of the Co NP cor-
responding to the superparamagnetic (SPM) limit*>>** is
roughly estimated to be ~300nm® from the magnetocrystal-
line anisotropy constant of hep Co (4.5 x 107 J/m*).% Since
the mean volume of the Co NPs (~700nm?) in the present
sample is close to the estimated value, it is considered that a
small fraction of Co NPs within the size distribution as
shown in Fig. 2(c) is SPM at room temperature. Note that the
above simple estimation is to estimate the order of magni-
tude, and the surface/interface magnetic anisotropy and
shape anisotropy of the Co NPs are neglected. In the depth-
resolved Co L,3-edge measurements, the ratio of the
NEXATFS signals from the SPM Co NPs becomes larger in
the range that /1 is less than or comparable to the height of
the small SPM Co NPs (~1nm) as depicted in Fig. 5(d). Due
to the contribution of these small SPM Co NPs which exhibit
no remanent magnetization and XMCD signal, the estimated
values of the magnetic moments at the small mean probing
depth 4 <1nm can be remarkably small compared to those
at the larger A [Fig. 5(b)]. This also affects the relatively
small moments even at the larger / and in PEY XMCD com-
pared to those in bulk Co. It is worthy to note that another
Co NPs/h-BN/Pt(111) sample with a smaller mean diameter
(~10nm) and thickness (~1nm) of Co NPs showed no
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FIG. 5. (a) Depth-resolved Co L, ;-edge XMCD spectra of Co NPs/h-BN/
Pt(111) under the NI condition. The spectra at different mean probing depths
A are represented by different colors as indicated in the figure. (b) and (c)
Mean probing depth dependences of (b) the magnetic moments; 7,4, Mgpin,
and Mgy, and (c) the Mo/, Tatio for the FM Co NPs. The black dotted
line is drawn to guide the eyes. (d) Schematic illustration representing the
contributions of the small SPM Co NP and large FM Co NP to the depth-
resolved NEXAFS signal. The red areas show the regions of the Co NP
within the mean probing depth A. The contribution of the SPM Co NPs in
comparison to that of the FM Co NPs is large/small under the small/large 4
conditions, respectively.

detectable XMCD in remanence (not shown), supporting the
above discussion.

The analysis of the Mg/, Tatio as a function of 4
[Fig. 5(c)] allows us to investigate the nature of PMA in the
FM Co NPs separately from the influence of the SPM Co NPs.
In Fig. 5(c), the mqw/mgpyin tatio at the smallest mean probing
depth (A~0.4nm) is close to that of bulk Co (Mow/Mgpin
= 0.1).20 However, the miq/mgpin Tatio becomes larger in the
larger A region (mou/Mgpin ~ 0.18). The large meu/Mmgpin ratio at
the large A indicates that the orbital magnetic moment my, in
the out-of-plane direction is largely enhanced in the vicinity of
the Co NP/h-BN interface. A simple estimation considering the
contribution from a certain depth in the FM Co NP to the
depth-resolved NEXAFS data®® and the thickness distribution
of the Co NPs gives the mguw/mgyin Tatio of ~0.3 just above
the Co/h-BN interface. As the magnetic anisotropy due to the
spin-orbit interaction is directly linked to anisotropy of the
orbital magnetic moment,”’ this interface-induced  nigy,
enhancement can be closely related to the PMA in the FM Co
NPs. Recent theoretical calculations have suggested that in the
Co/h-BN heterostructure, the Co/h-BN interface can promote
PMA of Co depending on the degree of hybridization between
the h-BN = orbitals and the Co d orbitals in a similar manner to
the Co/graphene heterostructure, although the interface-induced
MAE in the Co/h-BN heterostructure is smaller than that in the
Co/graphene heterostructure and the MAE induced by the free
Co surface.'” The very small lattice mismatch between
Co(0001) and h-BN at the interface (0.4%) and also the epitax-
ial growth of Co NPs on h-BN can lead to the strong hybridiza-
tion as proved by the B and N K-edge NEXAFS measurements.

Appl. Phys. Lett. 112, 022407 (2018)

Although the precise mechanism of the my, enhancement at
the Co NP/h-BN interface is not yet very obvious, the present
finding shows clearly that h-BN indeed induces visible PMA in
FM metal/h-BN heterostructures. Further studies on the Co
thickness dependence and on Co NPs/graphene/Pt(111) for
comparison are required to gain quantitative information on the
effect of the Co/h-BN interface on the PMA behavior.

In summary, the present study demonstrated that the FM
Co NPs grown on h-BN/Pt(111) show PMA at room temper-
ature. The depth-resolved analysis of the Co L,3-edge
XMCD spectra revealed a significant increase of the miyq/
Mgpin Tatio along the out-of-plane direction as the mean prob-
ing depth from the sample surface approaches the mean
height of the Co NPs. It was shown from the B and N K-edge
NEXAFS spectra that there exists orbital hybridization
between the BN 7 orbital and the Co d orbital at the Co NPs/
h-BN interface, as a possible origin of the PMA. The present
finding would shed light on the applications of FM metal/h-
BN heterostructures to the spintronic devices such as mag-
netic random access memory and magnetoresistive sensors
utilizing h-BN as a tunneling barrier and insulating substrate.
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