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Crystalline CoFeB/Graphite Interfaces for Carbon
Spintronics Fabricated by Solid Phase Epitaxy

P. K. Johnny Wong, Elmer van Geijn, Wen Zhang, Anton A. Starikov, T. Lan Anh Tran,
Johnny G. M. Sanderink, Martin H. Siekman, Geert Brocks, Paul J. Kelly,

Wilfred G. van der Wiel, and Michel P. de Jong*

Structurally ordered interfaces between ferromagnetic electrodes and gra-
phene or graphite are of great interest for carbon spintronics, since they allow
spin-filtering due to k-vector conservation. By solid phase epitaxy of amor-
phous/nanocrystalline CoFeB at elevated temperatures, the feasibility of fab-
ricating crystalline interfaces between a 3d ferromagnetic alloy and graphite
is demonstrated, without suffering from the unwetting problem that was
commonly seen in many previous studies with 3d transition metals. The films
fabricated on graphite in this way are found to have a strong body-centered-
cubic (110) texture, albeit without a unique, well-defined in-plane epitaxial
relationship with the substrate lattice. Using various X-ray spectroscopic tech-
niques, it is shown that boron suppresses the formation of CoFe-O during
CoFeB deposition, and then diffuses out of the CoFe lattice. Segregation of B
occurred exclusively to the film surface upon in situ annealing, and not to the
interface between CoFeB and graphite. This is favorable for obtaining a high
spin polarization at the hybrid CoFe/graphite crystalline interface. The Co and
Fe spin moments in the crystalline film, determined by X-ray magnetic cir-
cular dichroism, are found to be bulk-like, while their orbital moments show
an unusual giant enhancement which has yet to be understood.

for the development of spintronics, since
a long spin-lifetime would allow for robust
spin manipulation and readout. A par-
ticularly interesting example here is gra-
phene, a 2D sheet of carbon atoms with
many of its exceptional electronic proper-
ties.>~71 With regard to spintronics, hybrid
structures that combine graphene and fer-
romagnetic materials are basic building
blocks. For instance, spin transport in
graphene monolayers, bilayers as well
as multilayers has already been demon-
strated by several groups.®13l However, a
lack of reliable ways to fabricate clean and
structurally ordered ferromagnetic (FM)/
graphene interfaces remains a major
challenge in this field."*!] Karpan et al.
have suggested using epitaxial sandwich
structures containing Co and/or Ni elec-
trodes separated by multilayer-graphene/
graphite.l'%l At ideal epitaxial interfaces of
Co (or Ni) and graphene/graphite, perfect

1. Introduction

The young but rapidly growing field of carbon spintronics!'?

aims to realize spin-based functionalities in carbon-based mate-
rials with intrinsically weak spin relaxation and dephasing mech-
anisms.3* Such features are of very considerable importance
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spin-filtering due to k-vector conserva-

tion should be possible in theory, relying

on the fact that the only states available at
the Fermi energy of graphene/graphite are located or close to
the K-points, where there are only minority-spin states from the
said ferromagnets.'®! However, a key issue to be tackled is the
practical realization of an epitaxial ferromagnetic electrode on
top of graphene/graphite. Due to the large difference in surface
energy of 3d FM metals and carbon-based materials, FM metals
deposited onto graphene/graphite usually exhibit a 3D growth
mode.['71l This results in poor epitaxy, unless strongly out-of-
equilibrium conditions are used.

Recently, the spintronics community has begun to appre-
ciate the technological importance of (initially) amorphous fer-
romagnetic (a-FM) alloys?” for achieving novel spin-dependent
phenomena relying on lattice-matched interfaces. For instance,
magnetic tunnel junctions (MTJs) incorporating the ter-
nary alloy CoFeB in conjunction with an MgO barrier exhibit
giant tunneling magnetoresistance values at room tempera-
ture (RT).2122l The primary mechanism governing this effect
is based on the band structure symmetry and the requisite
coherent (001)-textured body centered cubic (bcc) crystal struc-
ture involved at the CoFeB/MgO interface.?3! Additionally, a-FM
alloys feature many desirable properties,? such as magnetic
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softness due to their amorphous/nanocrystalline nature and
tunability of their electronic, magnetic and structural properties
by varying elemental compositions, which makes them unques-
tionably important materials for spintronic applications.

In this paper, we demonstrate the first experimental inves-
tigation into the use of CoFeB for fabricating crystalline inter-
faces with graphite for carbon-based spintronics. Incorpora-
tion of an a-FM alloy as the top electrode material on graphite/
graphene enables studies on the aforementioned spin-filtering
effect at FM/graphene interfaces. The main idea behind our
approach is to induce a crystalline interface between the two
dissimilar materials by solid phase epitaxy driven by post-dep-
osition annealing, where the a-FM alloy crystallizes at the het-
erointerface. Consequently, the requirements posed by lattice-
matching and surface energy compatibility for epitaxial growth
of FM metals on graphene/graphite should be less stringent in
this case. It should be noted that this approach is entirely new
in relation with carbon-based spintronics, since both the use of
a-FM alloys and their interfaces with graphene/graphite have
never been reported. Major questions that need to be addressed
are the interface crystallinity that can be achieved on the gra-
phene/graphite surfaces, the diffusion mechanisms involved
in the annealing induced crystallization, and the electronic and
magnetic structure of the hybrid interfaces after the crystalliza-
tion. By using various X-ray techniques, including X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD), synchro-
tron radiation-based photoelectron spectroscopy (PES), X-ray
absorption spectroscopy (XAS), and X-ray magnetic circular
dichroism (XMCD), we offer answers to these issues.

2. Results and Discussion

2.1. Surface Structural Properties and Valence Band Electronic
Structure of CoFeB/Graphite

Figure la—c show a series of low-energy electron diffraction
(LEED) patterns capturing the surface structure of CoFeB on
highly oriented pyrolytic graphite (HOPG) at different stages of
the fabrication process. A clean HOPG surface was obtained by
in situ peeling followed by annealing at 550 °C for 60 min. The
ring structure (Figure 1a) is characteristic of the in-plane perio-
dicity with random azimuthal orientation of the graphite crys-
tallites. For CoFeB in the as-deposited state, the ring pattern of
the HOPG has been completely washed out, and the lack of any
identifiable pattern strongly supports the amorphous/nanocrys-
talline nature of the CoFeB film. Subjecting the magnetic film
to thermal annealing at 400 °C for 60 min does not produce
any observable change in the LEED pattern. At first glance, this
result might lead to the following speculations: (i) the annealed
CoFeB remains mostly amorphous in the entire film, which is
contrary to the received wisdom about thermal-driven crystal-
lization due to B-diffusion out of CoFeB, (ii) the crystallization
of the film is incomplete, leaving its surface amorphous, or (iii)
the annealed film crystallizes into a polycrystalline structure
without any preferred orientation.

We begin by addressing whether there was B-diffusion
upon annealing at the temperature used. The solid and dotted
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Figure 1. LEED images of a) clean HOPG, electron energy 194 eV;
b) As-deposited CoFeB, electron energy 233 eV; c) Annealed CoFeB, elec-
tron energy 233 eV. d) B K-edge XAS spectrum. Inset: B 1s PES signal
measured with photon energy hv = 400 eV before and after annealing.

spectra in the inset of Figure 1d correspond, respectively, to
the B 1s peaks of the as-deposited and annealed CoFeB films
measured by PES. The significant increase of the B 1s intensity
after annealing implies B enrichment of the film surface and
hence demonstrates B-diffusion, the principal mechanism of
solid phase epitaxy in CoFeB films. However, it is noteworthy
that, unlike metallic B, the binding energy of the observed B
peak indicates B-O chemical bonds. PES measurements show
that the samples indeed contain a small amount of oxygen. In
addition, the B K-edge XAS spectrum of the annealed CoFeB/
HOPG sample, shown in Figure 1d, also confirms the forma-
tion of boron oxide.?’! The overall line shape, the strong reso-
nance at 193.95 eV, and the broad feature at 202.5 eV resemble
the spectral features of B,0; very well. According to this
interpretation, the strong resonance refers to transitions of B
1s electrons to the unoccupied n*2p, molecular orbital of the
BO;*" anion, while the broad feature is due to a shape reso-
nance involving 6*2p,, molecular orbitals.’! This boron oxide
may stem from the contamination by dissociated O ions from
the Al,O; crucible or from the sintered CoFeB source itself
during the deposition or both. However, we emphasize that
there was no evidence of Co-O or Fe-O chemical bonds, neither
in the PES spectra of the Co- and Fe 2p core levels nor in the
XAS spectra of the Co- and Fe L-edges. The preferential oxida-
tion of B in CoFeB films has also been recently reported by Han
et al.,l?l and can be understood by the stronger oxygen affinity
of B compared to Co and Fe.[””?8l From the above, we conclude
that the lack of surface crystalline structure in the LEED pattern
may be attributed to the formation of amorphous/polycrystal-
line boron oxide on the CoFeB/HOPG surface.

Due to the low solubility of B atoms in the CoFe matrix (<1%),
the crystallization process triggered by annealing requires the
rejection of B atoms, which would in turn disturb the Co-B and
Fe-B chemical bonds in a given CoFeB film. An interesting aspect

Adv. Funct. Mater. 2013, 23, 4933-4940



Mk

www.MaterialsViews.com

(a) (b)

— as-deposited
----- annealed

hv=1955eV

hv=193.5eV

Intensity (arb. units)

L hv=190.0 eV

25 20 15 10 5 0 25 20 15 10 5 0O
Binding energy (eV) Binding energy (eV)

Figure 2. a) The valence band electronic structure of CoFeB measured at
normal emission (45° incidence) with photon energy hv=110eV. b) Reso-
nant PES spectra of the valence band region of annealed CoFeB measured
with different photon energies across the B 1s absorption edge at normal
incidence.

to be investigated in this regard would be the associated modifi-
cations in the valence electronic structure of the magnetic layer
upon crystallization. In Figure 2a, we show that there are indeed
pronounced changes in the valence band of CoFeB/HOPG before
and after annealing. In the spectra, several features, labeled as
i-iii, can be identified. The sharp peak near the Fermi level Eg
(feature i) is derived from Co and Fe 3d bands, which, in the
case of CoFeB, are affected by the hybridization with the B 2p
states.?*?% Feature ii is assigned to O 2p states due to the pres-
ence of a small amount of oxygen contamination on the sample
surface, which has been already described. The B 2p states con-
tribute to feature iii, which is not clearly resolved in the as-depos-
ited film.[ Two spectral changes are observed after annealing,
namely, 1) the maximum intensity of feature i shifts slightly to
higher binding energy, and 2) the relative intensity ratio of fea-
ture i and ii changes considerably. A recent density functional
theory calculation has shown that the total- and spin-resolved
density of states in bcc-Fe with and without B impurities exhibit
different peak positions below the Fermi energy, which has been
experimentally verified.?®! Our experimental observation is in
very good agreement with these studies and supports the change
in the Co-B and Fe-B bands before and after the crystallization
process. Note that the overall intensity decrease in the annealed
spectrum is ascribed to the out-diffusion of B, consistent with the
increase in the intensity of the B 1s spectra in Figure 1d and with
the evolved shoulder due to B 2p states, marked by feature iii.
The latter is further supported by the photon energy dependence
of the CoFeB valence band spectra across the B K-edge as illus-
trated in Figure 2b. The energies are chosen around the B 1s to
7"2p, resonance. The on-resonance spectrum at 193.5 eV exhibits
a stronger shoulder, whereas off-resonance spectra recorded at
190 eV and 195.5 eV, before and after the n* peak, respectively,
look quite similar both in shape and intensity.

2.2. B Distribution and CoFeB/Graphite Crystallinity

So far, the results presented in the previous section mainly con-
cern the chemical and electronic properties of CoFeB/HOPG
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Figure 3. a) Normalized XPS elemental depth profile of CoFeB/HOPG
annealed at 400 °C for 60 min. Solid vertical lines indicate the approxi-
mate interface positions within the nominal layer structure. B is present
mainly at the surface of the magnetic film. b, ) X-ray diffraction patterns
of a CoFeB/MgO(001) reference sample and annealed CoFeB/HOPG.

and do not offer much information on the crystallization of the
ferromagnetic film. In addition, another key issue that needs to
be clarified further is the distribution of B atoms, and in par-
ticular the possible accumulation of B at the CoFeB/graphene
(or graphite) interface, where the addition of B is detrimental
to the proposed spin-filtering effect. Figure 3a shows the XPS
depth profile of an annealed (30 nm) CoFeB/HOPG sample.
The sample was sputtered by using a focused Ar* beam of 1 kV
on a 3 x 3 mm? window. Characteristic peaks for each elemental
species in the sample were recorded at each point in the depth
profile. A trace of each elemental species contained within the
stack shows the concentration (at%) at a given depth, normal-
ized on the maximum concentration of that species for ease of
comparison. Concentrations are extracted from the data after
subtraction of a Shirley background and taking into account
the corresponding atomic sensitivity factors, which were cor-
rected for the transmission function of the analyzer. Interface
broadening in XPS depth profiling is predominantly due to a
combination of sampling depth and etch non-uniformity. The
intense C 1s and O 1s signals at the initial stage of the sput-
tering process are due to surface contamination originating
from exposure to air. Most importantly, in agreement with the
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PES data discussed above, we see that B accumulation exists
exclusively on the surface of the magnetic layer, but not at the
CoFeB/HOPG interface after the annealing. In accordance, we
speculate that the crystallization starts from the hybrid inter-
face, and pushes the B atoms to diffuse upward. It should be
noted that the absence of any C signal before the decline of
the Co- and Fe signals demonstrates that unwetting between
CoFeB and graphite does not occur.

The crystal structure of relatively thick CoFeB films (30 nm)
on HOPG before and after annealing was analyzed by 6-26
XRD. The XRD patterns of similar CoFeB films deposited onto
MgO(100) are also shown for comparison in Figure 3b. Besides
the high level of intensity from the MgO(100) substrate, we
could identify non-negligible bcc-CoFe(110) and (200) peaks
prior to the thermal treatment, thus implying that there are
traces of crystallites coexisting with the amorphous matrix, due
to the relatively low B at% adopted in this study. Nevertheless,
the annealed film on MgO becomes highly crystalline with a
strong bcc(100) texture, in agreement with extensive studies
on MgO-based MTJs.21223% The shift of the bcc(200) peak
to a lower angle upon annealing suggests a change of lattice
spacing, probably due to the B out-diffusion from the CoFe lat-
tice. Incorporation of B, with a small ionic radius, into CoFe
crystallites might result in a smaller lattice parameter, con-
sistent with Vegard’s law. Taking into account the X-ray source
wavelength used and the 26 values in the XRD spectra, we
estimated the distance between the atomic layers of the bcc-
CoFe{100} planes as 1.402 A and 1.414 A for the as-deposited
and annealed film, respectively, using Bragg’s law. Accordingly,
the lattice constant for the former is 2.804 A, and 2.828 A for
the latter. Notice that the lattice parameter for the annealed case
is very close to that of bulk CoFe.B!) Some additional weak sig-
nals have not been indexed and could be due to a small frac-
tion of grains with a different texture and/or the presence of
an additional minority phase due to surface oxidation. In sharp
contrast to the MgO(100) case, the annealed CoFeB/HOPG
XRD pattern in Figure 3c reveals a bcc(110) texture. Note
that according to the phase diagram of bulk binary Co,Fe;_,
alloys, one would expect a stable bcc phase for x lying between
29-70% and an fcc structure when reaching 90%,532 such that
our finding of a bec(110) texture for CoFeB with nominal com-
position Coy,Fe,(Bg is not surprising, but also not expected a
priori. The crystalline coherence length of the CoFeB films on
both substrates has been computed using the full-width at half
maximum of the 26 graphs according to the Scherrer equa-
tion. The results are summarized in Table 1. The crystal grains
within the as-deposited CoFeB film on MgO(100) are with an
out-of-plane dimension of 18 nm. After annealing, the grain
size increases by =40% to 25 nm, which is comparable with
that found for the film deposited on HOPG. It has been shown

Table 1. Crystalline coherence length of CoFeB films on MgO and HOPG.

Crystalline coherence length

[nm]
CoFeB/MgO as-deposited 18
CoFeB/MgO annealed 25
CoFeB/HOPG annealed 26

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Top view of a ball-and-stick model of CoFe(110)/HOPG. The
corresponding C hexagon and CoFe(110) unit cell are marked, respec-
tively, by (pink) hexagon and (green) rectangle. Six CoFe(110) units are
required to fit seven hexagons of graphene along ¥, while there exists an
almost perfect lattice matching along 7,. b) Projection of Fermi surfaces
of bee-Co minority- (left) and majority-spin (right) onto (110) plane. The
number of Fermi surface sheets is shown by the color bar, and the high
symmetry points (I and N) of the CoFe(110) unit cell in reciprocal space
are also shown.

previously by Takeuchi et al. that the dimension of CoFeB
grains on MgO(100) along the growth direction is mainly lim-
ited by the film thickness.3 The grains of CoFeB quantified in
the table probably have (almost) reached their maximal sizes,
given the film thickness of 30 nm.

Concerning elemental ferromagnetic 3d transition metals,
the lattice constants of hexagonal close-packed (hcp)-Co(0001)
and face centered cubic (fcc)-Ni(111) surfaces match the in-
plane lattice constants of C(0001) almost perfectly (lattice mis-
match y <2%). For bcc-CoFe, the (110) orientation matches
C(0001) much better than the (100) and (111) planes. As sche-
matically illustrated in Figure 4a, the atomic arrangement of
CoFe(110) on HOPG is such that seven parts of the HOPG
lattice match six parts of the CoFe(110) lattice. The interfa-
cial spin-filtering effect proposed by Karpan et al. essentially
builds from two prerequisites: 1) the lattice matching of FM
and graphene, and 2) the minority-spin only character of the
FM bands at Ep at graphene’s high symmetry K-point.['® It fol-
lows that both of these requirements have to be strictly ful-
filled in order to achieve this effect perfectly. In the following,
we will comment on the suitability of utilizing our crystalline
CoFeB(110)/graphite interface as the spin filter. As already
shown in Figure 4a, in order to attain the best possible lat-
tice matching between the FM alloy and surface graphene, the
atomic arrangement is such that the CoFe(110) unit cell fits
almost perfectly the C hexagon on one direction (y; < 1%, see
Figure 4a) and 6 units for 7 of that of graphene on the other
(11=1%). From a crystallographic viewpoint, this configuration

Adv. Funct. Mater. 2013, 23, 4933-4940
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Figure 5. SAED patterns of a representative crystallized 12 nm CoFeB/graphite sample. a) and
b) show the patterns obtained on different locations on the sample, using an electron beam
radius of =100 nm. The red circles refer to the hexagonal diffraction patterns of the graphite
lattice, while the numbers in yellow indicate those of the crystallized CoFe. The yellow arrows
mark the high intensity regions in the CoFe diffractions. c—e) were captured at different areas
of the same sample with a much smaller beam spot (<10 nm diameter). It can be seen that
spots belonging to the CoFe (within the yellow circles) are observed at different locations with
respect to the diffraction spots of graphite (indicated by the red hexagons).

appears to be less ideal than the case of (111) Co or Ni on gra-
phene, where a hexagon-on-hexagon registry is possible, and
may, therefore, induce a symmetry-lowering factor which is
likely to decrease the robustness of the spin-filtering effect. We
have estimated the degree of such an effect by also considering
the band matching between CoFe(110) and graphene. With the
presented atomic arrangement, the second prerequisite elabo-
rated by Karpan et al. should be valid for regions where the
K-point of graphene/graphite either directly meets or is nearby
the N-point of CoFe(110). For simplicity, we show in Figure 4b
the spin-resolved Fermi surfaces of bce-Co projected onto the
(110) plane, where an imbalance of minority- versus majority-
spin states at the N-point in reciprocal space of Co(110) can
be observed. Further taking into account the presence of Fe in
the alloy, which features a complicated structure of majority-
and minority-spin states at the E,13* the spin-filtering effect
and thus the difference in conductance between the parallel
and anti-parallel cases in a sandwich structure involving the
CoFe(110)/graphene interfaces is estimated to be fairly low.
Consequently, at the crystalline CoFe(110)/graphite interface
fabricated by solid phase epitaxy, the stringent requirements
for the spin filtering are partially fulfilled, meaning that any
spin-dependent signal that is mediated by minority-spin
transport of CoFe via the K-point of graphene/graphite will
be unfavorably affected by the effects caused by the non-ideal
atomic registry between CoFe(110) and graphene. One would,

Adv. Funct. Mater. 2013, 23, 4933-4940
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however, expect a finite, albeit small, spin-fil-
tering at the fabricated crystalline interface.

In order to verify whether an in-plane
epitaxial relationship between crystallized
CoFeB and graphite indeed exists, transmis-
sion electron microscopy (TEM) and selected
area electron diffraction (SAED) have been
used. Figure 5 show a series of SAED pat-
terns obtained from a representative (12 nm)
CoFeB film on peeled HOPG (see Supporting
Information for details on sample prepara-
tion), where diffraction from both mate-
rials can be observed. The diffraction pat-
terns recorded on different locations on the
same sample using an electron beam radius
of =100 nm, which probes multiple crystal
grains, are illustrated in Figure 5a,b. The red
circles refer to the hexagonal patterns of the
graphite lattice (with lattice plane spacings
of 2.13 A for the innermost hexagon and
1.23 A for the subsequent hexagon), while
the numbers in yellow indicate the meas-
ured lattice plane spacings belonging to the
CoFe. The existence of high-intensity regions
in the CoFe diffraction pattern clearly indi-
cate a non-random in-plane orientation of
the CoFe film. However, one cannot single
out a unique epitaxial relationship between
the materials either. We have also captured
the SAED patterns at different areas of the
same sample with a much smaller beam spot
of nm diameter, as in Figure 5c—e. For such
a small spot size, the patterns are no longer
sharp, but individual CoFe grains can be probed resulting in
well-defined diffraction spots. As shown, spots that are due to
CoFe (within the yellow circles) are observed at different loca-
tions with respect to the diffraction spots of graphite, as indi-
cated by the red hexagaons. The locations at which the CoFe
spots are observed match well with the high-intensity regions
in the large-area SAED patterns. It can thus be concluded that
the annealed CoFeB film is, strictly speaking, textured, and
lacks a unique in-plane epitaxial relationship with graphite.
However, the SAED measurements indicate a non-random
in-plane orientation. We attribute these findings to 1) a rather
weak but non-negligible interaction between the graphite sur-
face and CoFe, and 2) the poor match between the CoFe(110)
and graphite(0001) planes. The implications for the suitability
of this particular materials combination as a spin filter are that
the filtering efficiency will be deteriorated by the coexistence
of many different in-plane orientations of the CoFe crystals on
the graphite lattice.

2.3. Magnetic Properties of CoFeB/Graphite by Element-Specific
XMCD

XAS and XMCD have been particularly chosen for the present
studies, due to their element-specificity and ability to allow for
direct and separate quantitative determination of atomic spin
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Figure 6. Sum rule analysis of normalized Co- and Fe L,3-edge XMCD
spectra of annealed CoFeB/HOPG. The measurements were taken at
remanence and at RT. The symbols shown in the figure are explained in
the text.

and orbital magnetic moments*># of Co and Fe in CoFeB/
HOPG. Figure 6 shows the Co and Fe L,;-edge XAS and
XMCD spectra of an annealed 5 nm CoFeB film. The spectra
have been corrected for the photon incident angle of 45° and
the 75% degree of circular polarization, by multiplying the
difference spectra by [1/cos(45°)]/0.75 while keeping the sum
spectra unchanged. It is unambiguous that both of these ele-
ments in the film are free from oxidation and display very
strong dichroic signals. The XMCD sum rules were applied to
extract the spin and orbital magnetic moments of Co and Fe
from the spectra.?”* Following the procedure established by
Chen et al.,’% the contributions of the continuum states were
simulated by a two-step background function and subtracted
from the absorption spectra for computing the 2p to 3d XAS
intensities u+ and p_ for parallel and antiparallel alignment of
photon helicity and magnetization.l3%l The orbital- m,y, and spin
magnetic moments myg,;,, were obtained from the integrals of
the summed XAS [(u, + p_) and XMCD J(u, — u_) spectra for
calculating the values for p, g and r,*®l using the following sum
rules:

Mory = —4qny, /37 1)

Mspin = (4q - 6[’) nL/r (2)

The number of holes ny, was taken as 2.49 for Co, and 3.39
for Fe.’®l The results of the sum rule analysis, compared to the
bulk values, are summarized in Table 2. As shown, mg, of Co
and Fe are, respectively, 1.59 £ 0.20 and 2.00 £ 0.26 ug, both
representing the bulk-like values.?® On the other hand, the
anomalously high g values obtained from the XMCD integrals
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Table 2. Spin and orbital magnetic moments in units of ug per atom of
CoFeB/HOPG, hcp-Co and bec-Fe.

Morp[Hg] Mepin[ U] Mo Mgpin
Co in CoFeB/HOPG 0.661 £ 0.085 1.59+0.20 0.416 £ 0.054
Fe in CoFeB/HOPG 0.543 £0.070 2.01+£0.26 0.271 £0.035
hcp-Col3¢l 0.153 1.55 0.099
bec-Fel®! 0.086 1.98 0.043

for both edges give a remarkably high my, of 0.661 £ 0.085 and
0.543 £ 0.070 for Co and Fe of the annealed CoFeB film, respec-
tively. With respect to bulk Co and Fe, these values imply an
extraordinary enhancement of mgy, by 432% for Co and 631%
for Fe. The orbital moments in itinerant ferromagnets are gen-
erally very weak due to the strong crystal-field perturbation of
the 3d electron wave functions. Therefore, the observation of
sizeable orbital moments in this alloy is surprising. In addi-
tion, the spectra show a substantial XMCD signal in between
the two absorption edges, in particular at the Co L-edge, which
has been previously attributed to “diffuse magnetism”, involving
s-electronic states instead of 3d electrons.3>4%* To harness the
effects of such a diffuse part of the magnetic moments due to
sp contributions in Ni and Co films, O’Brien and Tonner used
a simplified atomic model similar to that introduced by Erskine
and Stern,*?l and concluded that the diffuse magnetic moments
have only little effect on the mygy, extracted from the XMCD sum
rules.B In contrast, the m,y; computed using the same sum
rule procedure could suffer from a large uncertainty as much
as 25%.%! In order to rule out the uncertainty introduced by the
values of ny, which are usually difficult to obtain from experi-
ments, and the systematic error arising from the value of r, we
compared the orbital-to-spin ratios mq,/ Mg, With those of bulk
Co and Fe. The ratio for the Co in the alloy film is considerably
larger than the Co bulk value, and, from a similar evaluation,
the Mg,/ Mpin of Fe is also much larger than that of bulk Fe.

In magnetic thin films, a reduction of symmetry at surfaces
and interfaces, which can change the orbital degeneracy, could
lead to an enhancement in the orbital moment. First-principles
calculations on bec-Fe surfaces have predicted a 100% enhance-
ment of orbital moment as compared to the bulk value.*’!
However, such an argument seems to be unlikely to explain
our observation of a giant enhancement of about 631%. Since
the total-electron-yield (TEY) signal mostly originates from the
upper surface of the annealed CoFeB film, instead of the inter-
face with graphite, the presence of B and boron oxide at the
surface might play a role.

A very recent XMCD study of ultrathin (1 to 3 nm) CoFeB/
MgO bilayers, which show a perpendicular magnetic anisot-
ropy, has revealed similarly large meq /Mgy, with the authors
suggesting its origin as magnetostriction.**l On the other hand,
it is well established that the presence of structural features,
such as surface roughness, steps, or terraces, will lead to more
localized atomic-like 3d wave functions and thus an enhanced
orbital moment.®! To explicitly confirm the origin of the unu-
sual magnetic features found in the CoFeB thin films, further
investigations with scanning tunneling microscopy, high-res-
olution transmission electron microscopy and X-ray spectros-
copy would be necessary.
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3. Conclusions

In summary, we have introduced a viable approach to fabri-
cate crystalline FM/graphite interfaces by solid phase epitaxy
of a-FM. With CoFeB, the particular ferromagnetic alloy being
studied in this case, the obtained structural and electronic prop-
erties by a wide range of techniques suggest that the prereq-
uisite requirements for the crystalline CoFe(110)/graphite
interface as a spin filter can hardly be fulfilled, which has
been ascribed as a consequence of the rather weak interaction
and poor lattice match between CoFe(110) and graphite(0001)
planes. Nevertheless, our study serves as a proof of principle
that solid state epitaxy is a viable route towards engineering
lattice matched ferromagnet/graphite-or-graphene interfaces,
which is an important step forward. This is strengthened by the
absence of B accumulation at the hybrid interface, which would
otherwise break the favorable conditions for the spin-filtering
effect. We expect that the same approach may be used to achieve
films with a different texture. XMCD measurements and sum
rule analysis show a bulk-like spin moment for both Co and Fe
in the crystallized film. Surprisingly, sizeable orbital magnetic
moments, in which a strong contribution by diffuse magnetism
is apparent, have been observed, and its origin cannot be fully
explained at present. We are convinced that this study should
lead to a better knowledge as well as further investigations
involving a-FM for carbon-based spintronic applications.

4. Experimental Section

CoFeB films on graphite were deposited in an ultrahigh vacuum
chamber by e-beam evaporation of a Co;,Fe,Bg alloy source. Either an
Al,O3 or BN crucible was used to accommodate the material. During the
deposition, the chamber pressure was maintained below 8 x 107'° mbar.
The graphite substrates (highly oriented pyrolytic graphite, HOPG, Grade
SPI-1,10 x 10 x T mm), were cleaved in situ in the load-lock chamber in
order to minimize surface contaminations that could significantly affect
and deteriorate the structural and magnetic properties of the deposited
magnetic layer.'8194]

The CoFeB/HOPG samples for PES and XAS measurements were
prepared in situ at the experimental station of beam line D1011 (with
a base pressure of 107'° mbar) of MAX-Laboratory in Lund, Sweden.
The XAS spectra were collected in total-electron-yield mode, where the
sample drain current was recorded as a function of photon energy. To
perform XMCD measurements, we used 75% left or right circularly
polarized X-rays, which were incident at an angle of 45° with respect to
the sample normal. To crystallize the as-deposited film for the XMCD
measurements at remanence, the samples were annealed in vacuum at
400 °C for 60 min in the presence of a magnetic field of =0.1 T along
the X-ray propagation direction using a permanent magnet. The XMCD
signals were obtained by taking the difference in the absorption intensity
measured for the left- and right helicity of the X-ray beam.

The surface structure at different stages of the in situ preparation
was monitored by low-energy electron diffraction (LEED), while the film
crystallinity was analyzed ex situ by XRD with Cu-Kow radiation. The B
depth distribution in the samples was evaluated by ex situ sputtering
XPS measurements. In-plane crystallinity of annealed CoFeB with
respect to that of HOPG was studied by TEM and SAED measurements.
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