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This work investigates the charge transfer and Al(Ga) p-Ni d hybridization effects in the
intermetallic Ni;Al (Ni;Ga) alloy using the Ni L;; and K edge and Al (Ga) K x-ray absorption near
edge structure (XANES) measurements. We find that the intensity of near-edge features at the Ni L5
edge in the NizAl (Ni;Ga) alloy decreased with respect to that of pure Ni, which implies a reduction
of the number of unoccupied Ni 34 states and an enhancement of the Ni 34 state filling in the Ni;Al
(Ni;Ga} alloy. Two clear features are also observed in the NisAl (NiyGa) XANES spectrum at the
Al (Ga) K edge, which can be assigned to unoccupied Al3p-(Ga4p-) derived states in NijAl
(Ni3Ga). The threshold at the Al K-edge XANES for NisAl shifts towards the higher photon energy
relative to that of pure Al, suggesting that Al loses some p-orbital charge upon forming NizAl. On
the other hand, the Ni K edge shifts towards the lower photon energy in Ni;Al (Ni;Ga) relative to
that of pure Ni, suggesting a gain of charge at the Ni site. Thus both Al and Ni K-edge XANES
results imply a transfer of charge from Al3p orbital to Ni sites. Our theoretical calculations using
the spin-polarized first-principles pseudofunction method agree with these results. © 2000

American Institute of Physics. [S0021-8979(00)03603-3]

{. INTRODUCTION

The intermetallic NisAl compound has received exten-
sive attention owing to its pofential applications in high-
temperature structural materials,' The unique properties of
the Ni;Al compound are principally attributed to the nature
of its electronic and atomic structures. 1t is well known that
the atomic structure of NizAl has a cubic LI,-type order. In
this structure Al occupies the cubic corners and Ni occupies
the face centers so that each Ni atom is coordinated with 8 Ni
and 4 Al atoms in the first shell. Extended electron energy-
loss fine structure studies were performed on the local atomic
structure of NisAL? On the other hand, Muller et al.’ per-
formed MNi L,,-edge electron energy loss spectroscopy
(EELS) to investigate the electronic structure of segregated
grain boundaries in Ni;Al with and without boron dopanis.
This study indicated that boron tends 1o increase the cohesive

. strength, possibly due to the enhancement of boron-induced

ductility in Ni;Al. Owing to the absence of a core level shift
in the Ni L;-edge EELS spectra of NisAl from that of pure
Ni, Muller er al. concluded that little net charge is transferred
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between Al and Ni sites in Ni;Al. And Auger electron® and
x-ray photoemission® measurements suggested that charge
transfer only influences slightly the filling of the Ni3d band
in Ni;Al. Totova ef al. systematically calcufated electronic
structures and elastic properties for the Ni;X (X=Mn, Al,
Ga, Ge, and 8i) series and found an increasing trend of shear
module that goes from NisMn to Ni;Si.® This trend could be
refated to the anisotropic bonding charge density resulted
from a combination of the charge transfer from X to Ni and
a strong X p-Ni d (Mn d-Nid in Ni;Mn) hybridization effecis
in Ni3X. Charge transfer and strong hybridization effects in
NizAl were also supported by previous electronic structure
calculations.”® Thus, there were discrepancies between the-
oretical results and the interpretations of EELS, Auger, and
x-ray photoemission data. As generally known, the charge
transfer between X and Ni sites and the density of X p-Nid
hybridized states above the Fermi level in the Ni;X systems
should be observable for all excitations involving outermost
Xp or Nid finai states from x-ray absorption near edge
structure (XANES) spectra. Here, we focus on the under-
standing of the p-d hybridization between Al and Ni in NizAl
and between Ga and Ni in Ni;Ga and clarification of the
controversy over the charge transfer between Al (Ga} and Ni
sites in NiyAl (NisGa). How charge transfer influences the
filling of the Ni3d band in Ni;Al (Niy;Ga) will be addressed.

@ 2000 American Institute of Physics
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TABLE I The parameters of the fattice constant (ao), muffin-tin radii
{(Rug), and number of plane waves which we used w© expand the
psuedofunction (PSF), charge deusity p. and potential V oat the inter-
stitial and nonspherical regions.

aglau.) Rt PSFs P 4

Ni 665197 217 133 25° 25

Ni;Al 67378 235 (Ni) 93 17 17
2.38 (Al

Ni;Ga 6.7841  2.35 (Ni) g3 17 17
2.44 (Ga}

Al 76535 2.30 13 213 243

3C. Kittel, Infroduction to Solid State Physics, 7th ed. (J Wiley, New York,
1996).

The chemical shifts of the absorption edge in the XANES
spectra are strongly related to the charge transfer between Al
{Ga) and Ni sites. We also analyzes the electronic structures
of NizAl (Ni;Ga) obtained by combining Ni L; - and K edge
and Al (Ga) K-edge XANES measurements and the spin-
polarized first-principles electronic structure calculanions us-
ing the pseudofunction method.

1. EXPERIMENT

The XANES measurements were performed using the
high-energy spherical grating monochromator (HSGM) with
an electron beam energy of 1.5 GeV and a maximum stored
current of 200 mA at the Synchrotron Radiation Research
Center (SRRC), Hsinchu, Taiwan. The spectra of the Ni L3,
edge and Al K-edge XANES were measured using the
sample drain current mode at the room temperature. The Ni
and Ga K-edge XANES measurements were also performed
in a total electron mode at the wiggler beamiine of SRRC. A
Si(111) double crystal monochromator was used to record
the spectra, The typical resolution of the spectra was 0.4-0.5
eV for HSGM and ~2 eV for wiggler beamlines. The
samples were prepared by arc melting after argon backfill, as
described in elsewhere.” The single phase and concentration
of the samples were confirmed using x-ray diffraction and
energy-dispersive x-tay fluorescence analysis.

itl. THEORY

The spin-polarized first-principles pseudofunction (PSF)
method'® was employed to calculate the projected density-
of-states (DOS) and the amount of electron charge occupy-
ing each valence state at the Ni and Al sites in the Ni;Al and
Ni;Ga alloys and pure Ni and Al reference samples. In this
method, the potential was divided into spherical potentials
within the muffin-tin spheres and a plane-wave expanded
potential that extends throughout the crystal, which includes
interstitial potential and the nonspherical part of potentials
within muffin-tin spheres. PSFs are smooth mathematicai
functions constructed by continuously and diffcrentially ex-
tending the muffin-tin-orbital tails into muftin-tin spheres.
They arc simply devised to calculate the interstitial and non-
spherical parts of mairix elements efficiently'” through plane
waves using the fast Fourier transform technique. Table 1
lists the lattice constant (aq), muffin-tin radii (Rp}, and
number of plane waves used to expand the PSF. nonspherical
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FIG. |. Normalized Ni Lj;¢dge x-ray absorption spectra of NiyAl and
NiyGa alloys and pure Ni mesal at room temperatnre. The inset shows the Ni
L,-edge difference curve for NizAl and NiyGa with respect to pure Ni.

and interstitial charge density p and potential V for all the
samples. The lattice constants of NizAl and Ni;Ga were de-
termined according to the x-ray diffraction measurements.
The unit-cell parameters and atomic positions were deduced
from x-ray crystallograph table.!! Muffin-tin radii chosen for
Ni, Al, and Ga are roughly proportional to their covalent
radii'? with the constraint that all muffin-tin spheres do not
overlap. We have chosen the cubic unit cell for NizAlL
Ni;Ga, and pure Ni and Al metals, although they have a
face-centered-cubic (fcc) base structure. For pure Ni and Al
there are four Ni or Al atoms per unit cell. For Ni;Al and
Ni;Ga, there are three Ni atoms and one Al or Ga atom in the
unit cell. In this study, four special k points of Chadi and
Cohen for a simple cubic lattice wese used to obtain the
self-consistent charge density and potential.”* To obtain par-
tial DOSs, we have chosen the Monkhorst—Pack special k
points with g=4." Totally, iwenty special k points were
sampled to obtain partial DOSs.

IV. RESULTS AND DISCUSSION

Figures | and 2 display the Ni Ly, and Al K-cdge
XANES spectra of the NizAl and NizGa alloys. respectively.
in which pure Ni and Al metals are regarded as references.
All of the spectra shown in these figures were divided by the
incident intensity o and then normalized to an edge jump of
unity. The normalization procedure was implemented by
matching the absorption coefficicnts from the pre-edge re-
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FIG. 2. Normalized Al K-edge x-ray absorption spectra of Ni,Al (dot ling)
and pure Al (solid line} at room temperature, The lower inset shows the
normalized Ga K-edge x-ray absorption spectra of the Ni,Ga afloy, in which
the zero energy was selected at the reflection point of the edge. The upper
inset shows the Al K-edge difference curve between Ni,Al and Al The area
under the difference curve in the region of interest is darkened.

gion at L3 edge to 20 eV above the L, edge of Ni and keep
the same area in the energy range between 1660 and 1670 eV
{not fully shown in Fig. 2) as that of the Al K edge. By using
the dipole-transition selection rules, we can assign the white
line features at the Ni L; ;-edge (labeled L; and L,) XANES
to the transitions from the Ni 2psy, and 2p,, ground states to
the unoccupied Ni3d final states. The general spectral line-
shapes in the Ni Ljj-edge XANES spectra of NisAl and
Ni;Ga display similar white-line features (labeled as Aj)
above the Ni L3 edge. However, their intensities are reduced
considerably in comparison with those of pure Ni. The de-
pendence of the general behavior of the specira’s line shape
and intensity on the photon energy for Ni;Al and Ni;Ga are
similar except that the intensity of the white-line features Ay
{the higher encrgy sateilite structure, B} at the Ni L, edge is

. slightly lower (larger) in the NijAl spectrum than in the

Ni;Ga spectrum. The difference curve (hereinafter referred
to as AA) and AB,) of the Ni L;-edge XANES in NizAl and
Ni;Ga with respect to pure Ni are shown in the inset of Fig,
I. No significant cnergy shifts of the highest peak in the Ni
L;2-edge XANES spectra from that of pure Ni are observed
for both alloys. Our data are in agreement with earlier Ni
Ly,-edge EELS measurements made on the Ni; Al
atloys.* In addition, the satellite structures B, for both Ni,Al
and Ni;Ga are enhanced and broadened refative 1o that of

Chang et a/.

pure Ni. This satellite structure can be assigned to the exci-
tation of electrons from Ni2p., to Ni4s states.'® Our results
indicate a decrease in the intensity of white-line features A
at the Ni L3 edge for both Ni;Al and Ni3Ga alloys relative to
that of pure Ni, which corresponds to a decrease of the num-
ber of unoccupied Ni3d states and an enhancement of the
Ni3d-state filling,

Figure 2 displays the Al K-edge XANES spectra for
NizAl and pure Al In the NizAl spectrum, the intensity of
feature A, which is located between ~1573 and 1577 eV, is
markedly reduced and the reflection point of the threshold
clearly shifts towards the higher energy with respect to that
of pure AL In addition, a prominent feature B, (located be-
tween ~1577 and 1590 eV} is significantly enhanced in the
NizAl spectrum. The lower inset of this same figure reveals a
similar behavior of features A¥ and Bf at the Ga K-edge
XANES in the Ni;Ga spectrum (There was a difficulty in
comparing the Ga K-edge XANES spectrum with that of
pure Ga because pure Ga has a low melting point and differ-
ent bonding properties at room temperature). According to
the dipole-transition selection rules, the features A, (A%)
and B; (By} in the Al (Ga) K-edge XANES spectra as
shown in the (inset) of Fig. 2 can be assigned to the transi-
tions o unoccupied Al3p-(Ga4p-) derived states, which
hybridize with the Ni3d/4sp states. As mentioned earlier,
the inflection point in the Ni;Al XANES spectrum at the Al
K edge apparently shifts towards the higher photon energy
than those of pure Al. This suggests that Al loses some
p-orbital charge upon forming NizAl because the loss of
some 3p electrons reduces the screening of the Al nuclear
charge and consequentily lowers the 1s core level energy of
Al. We also determine the difference of the densities of
Al3p-derived states for Ni;Al and pure Al just above the
Fermi level. A comparison is made of the areas under the Al
K-edge XANES spectra as shown in Fig. 2. The edge energy
Ey in the NisAl spectra is aligned with that of pure Al. We
assume that the dipole transition matrix element at the Al K
edge is the same for both Ni;Al and pure Al. We also adopt
the findings of Tamura et al. for pure Al that its unoccupied
p states spread up to ~30 eV above the Fermi level'® and
that the area under the difference curve (hereinafter denoted
as AA; and AB;) as shown in the upper inset of Fig. 2 is
proportional to the difference in the densities of unoccupied
Al3p-derived states between NijAl and pure Al. The ranges
of integration are from 1555.0 to 1577.5 eV and from 1577.5
to 1590.0 eV, respectively, for AA, and AB,. The integra-
tion for AA,+AB, yields 0.17 (—1.56+0.08 and 1.73
+0.09, respectively, for AA, and AB,). Thus, the number of
unoccupied Al3p-derived states increases in Ni,Al relative
to that of pure Al In other words, Al loses some p-orbital
charge in consistent with that suggested by the shift of the
threshold of the spectrum.

Ni L;,- and Al K-edge XANES results suggest a charge
transfer from the Al 3p orbitals to Ni sites. However. in met-
als the charge count at the atomic site {Wigner Scitz volume)
tends to remain neutral, i.e., only a small amount of net
charge transfer possibly occurs upon alloying. This property
1s due to the itinerant nature of corduction electrons which
automatically adjust their distribution to minimize the clec-
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FIG. 3. Normalized Ni K-edge x-ray absorption spectra of the Ni,Al and
Ni;Ga alloys and pure Ni at room temperature. The region of threshold edge
in the inset is on a magnified scale.

trostatic energy. Although electroneutrality is the general
rule, charge redistribution of localized d electrons and itiner-
ant sp type conduction electrons according to the relative
electronegativity of the constituent metal atoms can still oc-
cur without any significant net charge flow on and off a site
in alloys.'”™*® One would intuitively expect that the Ni levels
should shift to the lower photon energy in NizAl opposite to
the shift to the higher photon energy of the Al p-derived
states. However, the Ni3d states in Ni;Al and Ni;Ga do not
shift noticeably towards the lower photon energy at the Ni
L5, edge as shown in Fig. 1. Thus, we argue that the charge
transfer occurs not only through the Al 3p(Ga4p)-Ni3d hy-
bridized states, but also through the rehybidized s-p-d states
involving one or two sites in NizAl (Ni;Ga). The involve-
ment of conduction electrons of Nip character in rehybrid-
ization can be evidenced in the Ni K-edge XANES, which
probes the unoccupied Ni4p-derived states above the Fermi
level. Figure 3 displays the Ni K-edge XANES of NizAl,
Ni,Ga, and pure Ni. According to this figure, the absorption
intensity above the main edge decreases noticcably and the
shift of their main edges towards the lower photon encrgy for
both Ni;Al and NizGa are comparable with that of pure Ni.
The pre-edge shoulder in the Ni K-edge XANES can be at-
tributed to the Nils to 34 transition through the Nip-d
rehybridization."® A reduction of the Ni K near edge intensity
corresponds to the reduction of the number of unoccupied
Nidp-derived states, which implies an enhancement of the
number of occupied Nidp-derived states and a gain of
Ni 4 p-orbital charge upon alloying. To maintain local charge
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FIG. 4, Comparisen of the Ni Li-edge x-ray absorption near edge features
{upper solid-line} with a convolution of the theoretical Ni d-projected DOS
with core-hole lifetime and instrumental broadening (upper dashed-line) for
NiyAl. The spectra have been aligned at the position of the first peak, and
the intensity units have been normalized arbitrarily. The darkened area is the
theoretical Ni d-projected DOS above the Fermi level, which is defined as
the zero energy.

neutrality, Ni must lose some s-orbital charges in both Ni;Al
and Ni;Ga and the density of unoccupied Ni s-derived states
in the vicinity of the Fermi level should increase in both
NiyAl and Ni;Ga relative to that of pure Ni. This indeed can
be found in the satellite structure B, at the Ni L5 edge of the
XANES spectra for NizAl and Ni;Ga as shown in Fig, 1,
which can be seen to be relatively dispersive and stronger.
This observation is consistent with the difference curve of
the Ni L;-edge spectra between the alloys and pure Ni as
shown in the inset of Fig. 1. The intensities of AA; (between
850.0 and 856.6 ¢V} and AB, (between 856.6 and 865.0eV)
were integrated separately for the Ni;Al and Ni;Ga spectra.
The integration yielded —0.62+0.03 and 0.60*+0.03 for
NizAl and —0.38=0.02 and 0.33x0.02 for Ni;Ga for AA,
and AR, respectively. These results indicate that the loss in
AA; (indicating that Ni3d orbitals gain electron charge) is
almost compensated by the gain of AB; (indicating that
Ni4s orbital loses electron charge) in Ni3Al and NiyGa.
Figures 4 and 5 compare Ni Ls-and Al K-edge XANES
spectra with calculated Ni d-projected and Al p-projected
DOS of NizAl, respectively. The darkened area shows the
theoretical Ni d-projected and Al p-projected DOS above the
Fermi level. The upper solid curve is the Ni L3- and Al
K-edge absorption spectra at the region of XANES. The
dashed curve in the middle represents the theoretical Ni
d-projected (Al p-projected) DOS broadened with a Lorent-
zian of 0.3 eV (0.42 eV) to simulate the core-hole lifetime™
and convoluted with a Gaussian function of 0.4 eV (0.5 cV)
to simulate the experimental resolution. According to Figs, 4
and 5, the Ni3d states lie predominantly below and near the
Fermi level with a relatively small DOS above the threshold
region in comparison with those of Nidsp and Al 3sp states.
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FIG. 5. Comparison of the Al K-edge x-ray absorption near edge features
(upper solid-line) with a convolution of the theoretical Al p-projected DOS
with core-hole lifetime and instrumentat broadening (upper dashed-line) for
Ni,Al The spectra have been aligned at the position of the first peak and the
intensity units have been normalized arbitrarily. The darkened area is the
theoretical Al p-projected DOS above the Fermi level, which is defined as
the zero energy.

The DOSs for Nidsp and Al3sp states spread over a wide
energy range because they are more delocalized or extended.
Qur calculations also reveal that the white-line features A,
and the saiellite structure B, observed at Ni L;-edge XANES
in Fig. 1 is primarily contributed by Ni3d-derived states,
which hybridize with the Al3sp states. On the other hand,
peaks A, and B, at the Al K-edge XANES of Ni;Al shown
in Fig. 5 can be attributed to the Al 3 p-derived states, which
hybridize with the Ni3df4sp states. In particular, the
Al3p-Ni3d/dsp hybridized states are found to contribute
significantly to features B, at the Al K-edge XANES spectra
of NizAl Similar results have also been obtained for the
Ni;Ga alloy. These results agree with our experimental data
and confirm the presence of strong Ni—X hybridized bonds
in the Ni-based intermetallic Ni,X systems.*™®

Table II summarizes the calculated numbers of electrons
() occupying the valence orbitals of Ni and Al in the alloy
and pure Ni and Al. Although recent augmented plane wave
(APW) calculations showed that there is no unique definition
of charge at a particular atomic site and charge transfer be-
tween two sites and they were found to depend on the

TABLE If. Total integrated number of electrons per atom for the valence
orbitals at the Ni and Al sites in Ni;Al Ni;Ga, and reference pure Ni and Al

Ni site Al site
", "y ny ", ",
Ni 0.58(0.02) 0.60(0.03) 8.59(0.03)
Ni,Al 0.54(0.04) 0.61(0.03) 8.88(0.03) C1.2000.02)  1.46(0.02)
NiyGa 0.54(0.02) 060(0.03) 8.83(0.02)
Al 1.510.01)  1.48(0.01)

Chang et al.

muffin-tin radii of Al and Ni,>"? we believe these problems
are characteristics of the plane-wave based methods because
these methods cannot unambiguously assign interstitial
charge to any particular atom. In contrast, the PSF method
used in this study has an atom-centered muffin-tin-orbital
basis set. Charges and charge transfer can be unambiguously
determined through the occupation numbers of muffin-tin or-
bitals. Table II shows that Ni3d states in NiAl and Ni,Ga
gain a significant amount of charge relative to that of pure
Ni, which qualitatively explain the variation of white-line
features A, between alloys and pure Ni at the Ni L4 edge as
shown in Fig. 1. Since the intensity of A, is proportional to
the density of unoccupied Ni3d states, these calculated re-
sults imply a decrease of A, intensities in NizAl and Ni;Ga
relative to that of pure Ni. Results of Ni d electron counts in
Nis;Al and pure Ni shown in Table II are consistent with
earlier calculations.” The slightly larger charge transfer from
Al to Nid orbitals in Ni;Al(0.29¢) than that from Ga to Nid
orbitals in Ni;Ga(0.24e) agrees with the results of Ni
Li-edge measurements. These measurements reveal a
slightly smaller intensity of Al in NijAl than in Ni;Ga. The
calculated number of Alp electrons decreases slightly from
pure Al (1.48¢) to the alloy NijAl(1.46e), which corre-
sponds to the results of Al K-edge XANES shown in Fig. 2.
The calculated number of Al s electrons decreases from pure
Al(1.51¢) to the NizAl afloy (1.20¢). The calculated number
of Nis electrons decreases slightly from pure Ni(0.58¢) to
NizAl/NiyGa(0.54¢). The numbers of s electrons transferred
away from the Ni4s crbital in the alloys are relatively small
(0.04¢} comparing to that inferred from our experimental
observations of a stronger B, features in Ni;Al and Ni;Ga
than in pure Ni. These results agree with the earlier discus-
sion that Nid orbitals in the alloys gain some electron
charges with the expense of non-d conduction electrons (s
electrons). The direction of charge transfer is in accordance
with the higher electronegativity for Ni (1.91) than for Al
(1.61) and Ga (1.81). If An(ND[An(AD] is the difference in
the electron counts in the Ni (Al) orbitals between NizAl and
pure Ni (Al), then An(Ni}=ngy(NizAl)~no(ND{An(Al)
=ng(NizAl)—n(AD]. An’s can be obtained from the
numbers of electrons occupying Ni and Al orbitals given in
Table II. The charge transferred into the Ni orbitals is
+0.26e, which roughly equals the charge transferred away
from the Al orbitals {(—0.33¢} in the Ni;Al alloy. This is
consistent with the observation that the intensities of the
white-line A, features are considerably reduced in Ni;Al and
Ni;Ga as shown in Fig. 1, which implies a gain of
Ni 3d-orbital charge. The Ni L;;-edge XANES spectra do
not have any noticeable shifts relative to that of pure Ni,
suggesting some non-d charge depletion at the Ni sites in the
altoy. Moreover, the absorption intensity above the Ni
K-edge XANES in Ni;Al and Ni;Ga decreases relative to
that of pure Ni as shown in Fig. 3, which suggests that the
Nip orbitals also gain electron charges upon alloying, fur-
ther demonstrating that the depleted charge at the Ni site
consists primarily of itinerant s electrons. It scems that our
calculated s-orbital occupation numbers disagree with the
observed depletion of s electrons at the Ni sites. But we
would like to mention that in our calculations, s orbitals,
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which are different from d orbitals, are extended Bloch or-
bitals; they are not localized at the atomic sites. In our cal-
culations the local charge neutrality is implicitly gvaranteed
by the itinerant nature of sp electrons through the screening
effect, which is characteristic of metallic systems.

As generaily believed, the p-d hybridization effect in
transition-metal compounds is closely related to the energy
separations between the transition-metal 4 and the nearest-
neighbor (NN) p states as well as the transition-metal-NN
bond lengths.”* Harrison showed that the square of the hy-
bridization coupling consiant, ng, is proportional to
(i"f}/aiﬂNN),24 where r; and dyy are the transition-metal
d-orbital radius and the transition-metal-NN bond lengths,
respectively. The strength of Al(Ga) p-Nid hybridization in
NizAl (NizGa), which is predominantly determined by the
degree of overlap of the participating Nid and Al(Ga) p
orbitals, should be closely associated with the electronic
transition probabilities occurring between Ni3d- and
Al3p-(Ga4p-) derived states as well as the NN Ni—Al (Ga)
bond lengths. To see if this is the case, we obtained the NN
bond lengths of 2.54+0.01 A in Ni;Al (Ni-Al) and 2.59
+0.01 A in Ni;Ga (Ni—Ga) using the extended x-ray absorp-
tion fine structure (EXAFS) at the Ni K-edge in NizAl and
Ni;Ga, respectively.” The NN bond lengths obtained by
careful EXAFS analysis give rise to a slightly greater d-p
coupling constant in NizAl than in Ni;Ga. This difference
is consistent with the greater size of the Ga atom {(cova-
lent radius=1.26A) than the Al atom (covalent radius
=1.18 A),"? which leads to a slightly greater p-d hybridiza-
tion in Ni;Al than in Ni;Ga as predicted by the Harrison’s
formula. This conclusion is consistent with earlier theoretical
caiculations, in which Iotova ef al.® obtained slightly smaller
d-p energy difference, ie., E,(Ni)—E,(X}, and a slightly
larger d-p coupling constant for NizAl than for NiGa.

V. CONCLUSION

The observed decrease in the intensity of white-line fea-
tures at Ni L; edge and the edge energy shifts towards the
lower photon energy at the Ni K-edge XANES relative to
that of pure Ni imply an enbancement of Ni 3d-states filling.
The threshold at the Al K-edge XANES for Ni;Al shifts
towards the higher photon energy relative to that of pure Al,
which implies that Al loses some p-orbital charges in NizAl
Thus, there is charge transfer from Al3p to Ni13d orbitals.
We also found that Nip orbitals gain some electrons. The
property of the local charge neutrality of this metallic system
is maintained through the loss of itinerant s electrons at the
Ni site to compensate the gain in Ni4p and 34 electrons. A
prominent feature B, observed in the NijAl spectrum at the
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Al K edge can be atiributed to the Al3p-derived states,
which hybridized strongly with Ni3d/4sp states. Our EX-
AFS analysis showed that the NN Ni-Al bond length is
shorter than that of Ni—-Ga. The use of the Harrison's for-
mula indicates that the Ni3d states have a stronger hybrid-
ization with the Al3p states in NiyAl than with the Gadp
states in Ni;Ga.
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Structural characterization of the Co/Cr multilayers by x-ray-absorption spectroscopy
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We have performed Cr and Co K-edge x-ray-absorption measurements to investigate the dependence of local
electronic and atomic structures on the Cr-layer thickness in epitaxial Co(1100) {40 Aycr(211) (tc) (e
=2,3,5,7, and 9 A) multilayers. The Cr K x-ray-absorption near-edge fine structure (XANES) spectra of the
Co/Cr multilayers indicate an abrupt transition of the Cr layer from hcp to bee structure when the thickness of
the Cr layer is increased to exceed ~5 A or three atomic layers. Our results offer an upper limit for the ability
of the Co/Cr interface to stabilize the hep structure in the thin Cr layer. The numbers of nearest-neighbor and
next-nearest-neighbor atoms in the Cr and Co layers determined by extended x-ray-absorption fine-structure
measurements performed at the Cr and Co X edge, respectively, are consistent with the XANES results.

Magnetic multilayers have attracted a great deal of atten-
tion over the last decade because of their peculiar magnetic
propertics and their technological and fundamental
importance.! The oscillatory variation of the interlayer ex-
change coupling with respect to the separation between two
ferromagnetic layers in the multilayer systems is particularly
of interest.? For epitaxial Co/Cr multilayers, previous works
showed that the magnetic properties have the characteristics
of giant and anisotropic magnetoresistance.’™ It was also
found that the magnetic and magnetotransport properties of
the magnetic multilayers are strongly affected by their elec-
tronic and atomic structures.® The reflection high-energy
electron diffraction (RHEED) analyses by Vavra et al.” and
Henry et al® showed that the Cr layer in epitaxial Co/Cr
multilayers exhibited an abrupt transition from bcc structure
to close-packed structure (fcc or hep) at a Cr-layer thickness
of < 5 A. This property was attributed to the interfacial
energy that stabilizes the thermodynamically less favored
densest atomic arrangement. However, they obtained differ-
ent local atomic structures around Cr when the Cr layer is
very thin, Vavra et al. found that pseudomorphicaily grown
Cr layers are constrained coherently to the hcp structure of
the wvnderlying Co, while Henry ef al. reported that no
pseudomorphism occurs at the Cr/Co interface, but it is more
likely that interdiffusion resulted in forming a close-packed
CoCr alloy. Another investigation also found the existence of
interdiffusion at the Cr/Co interface of the sputtering grown
Co/Cr multilayers.*! Different orientations and preparation
conditions of the thin-film samples used in these studies
might be the cause of the different interfacial structures. The
mismatch of the atomic arrangement at the interface depends
on the orientation of the multilayers. Recently, based on
structural characterization Huang ef al.® found that though
bce and hep structures have different atomic arrangements,

Co(1100) and Cr(211) planes match extremely well in sym-
metry and lattice parameters. In this crystal orientation, the
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existence of fcc Co/Cr-alloy structure at the interface may
not be likely because the fcc structure is incompatible with
either hep(1100) or bec(211) atomic arrangement. The
x-ray-absorption spectrum is very sensitive to the local envi-
ronment around the absorbing atom, which can be used as a
fingerprint of the crystallographic structure and allows us to
study the local structures in multilayer systems.!"'? In this
work we measure the local electronic and atomic structures
of a series of CofCr multilayers and characterize the varia-
tion of local electronic and atomic structures with respect to
the Cr-layer thickness. This study may help us understand
the dependence of the local electronic and atomic structures
in the epitaxial Co/Cr multifayers on the Cr-layer thickness.

X-ray absorption spectra of the Co/Cr multifayers were
measured using a double-crystal Si(111} monochromator at
the wiggler beamline, with an electron-beam energy of 1.5
GeV and a maximum stored current of 200 mA at the Syn-
chrotron Radiation Research Center {(SRRC) in Hsinchu,
Taiwan. The absorption spectra of the Co/Cr multilayers and
thin-film CoCr alloy at the Cr and Co K edges were mea-
sured using the fluorescence mode with the Lytle detector at
room temperature. The spectra of the reference Cr and Co
foils were obtained in transmission mode. All the spectra
were collected with step energy of 0.5 €V in the x-ray-
absorption near-edge structure (XANES) region and of 2 eV
in the extended x-ray-absorption fine-structure (EXAFS) re-
gion. Samples of 24x[Co (40 A¥Cr (2 A)] and
20x[Co (40 A)/Cr (1) ] multilayers with 7,,=3, 5, 7, and 9
A and a ~50 A Mo buffer were deposited on the MgO{110)
substrates. X-ray-diffraction results indicate that the Co and
Cr layers deposited in the alternating Co/Cr multilayers

mainly have hep/bee structure in the Co(1100)/Cr(211) ori-
entation. The details of the preparation of the Co/Cr multi-
layers and x-ray-diffraction determination of the orientation
of these multilayers have been described elsewhere.’™
Figures 1 and 2 show, respectively, the Cr and Co K-edge
XANES spectra obtained for the Co/Cr muliilayers, refer-

9616 ©2000 The American Physical Society
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FIG. 1. Normalized Cr K near-edge absorption spectra for epi-
taxial Co (40 A)/Cr (r¢,) (1c;=2, 3, 5, 7, and 9 A) multilayers. (a)
Co foil (offset Co K edge), (b} CoCr alloy, (¢) te,=2 A, {d) t¢,
=3 A, (&) re,=5A. () tc=TA, () 1,=9 A, and (h) Cr foil.

ence CoCr alloy, and Cr and Co foils. For all the spectra,
zero energy was selected at the inflection point of the thresh-
old in the spectra. The zero energies correspond to absolute
energies of 5989.0 and 7709.1 eV, respectively, for the Cr
and Co K edges. Due to the bulk sensitivity of fluorescence
measurements, the spectra in Figs. 1 and 2 predominantly
reflect the bulk absorption of the Co/Cr multilayers. The nor-
malized EXAFS oscillations y(k) are weighted by &* for
both Cr and Co K edges, and the comresponding Fourier
transforms (FTs) of the k*y data for the Co/Cr multilayers
and reference samples are shown in Figs. 3 and 4, respec-
tively. Further analysis involved the use of a combination of
the multiple-scattering EXAFS computer program FEFF6
(Ref. 13) and the nonlinear least-squares-fitting computer
program FEFFIT.'* As also shown in Figs. 3 and 4, the quality
of the fit for the nearest-neighbor (NN) and next-nearest-
neighbor (NNN) bond lengths is quite good.

The part of the Cr K-edge XANES spectra of the Co/Cr
multilayers, reference CoCr alloy, and Cr foil and of the
offset Co K-edge XANES spectra of the Co foil between
labels b, and b, as shown in Fig. 1 can be attributed to the
dipole 1s-to-4p transitions above the Fermi level. The two
small bumps in the region from about 0 to 10 eV above the
edge (labeled as @, and a,) are primarily due to the Cr and
Co 1s-to-3d transition through the Cr and Co p-d
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FIG. 2. Normalized Co K near-edge absorption spectra for epi-
taxial Co (40 AYCr (1o} (25=2, 3. 5, 7, and 9 A) multilayers. (a)
Co foil, (b) CoCralloy, (c) 1¢,=2 A, (d) 1c,=3 A, (e) tc,=5 A, (D)
re,=7 AL () 1e,=9 A, and (h) Cr foil (offset Cr K edge).

rehybridization."> The two-peak features &, and b, (labeled
by vertical arrows) in the Cr K-edge XANES of the Co/Cr
multitayers with a Cr-layer thickness ¢, less than 5§ A
closely resemble those of the Co foil with a hep structure. In
contrast, the single-peak feature in the Cr K-edge spectra of
the Co/Cr multilayers with 7->>5 A resembles the single
sharp feature 5* located in the region between peaks b, and
b5 in the spectrum of the Cr foil with a bee structure. The
features in the Cr K-edge XANES of the CoCr alloy are
much broader and appear to be least resolved in comparison
with those of the Co/Cr multilayers and Cr and Co foils. The
first derivatives of the XANES spectra of the Co/Cr multi-
layers, CoCr alloy, and Cr and Co foils are shown in the
inset of Fig. L. A general trend of the change from the single
peak 4% to the double peaks b, and b can be easily seen
when the Cr-layer thickness decreases in the Co/Cr multilay-
ers. This trend clearly indicates a local structural transition at
te~5S A in the Co/Cr multilayers. It may suggest that
pseudomorphic Cr films can be grown on Co and can be
constrained coherently into the hcp structure in thin layers
(tc<<5 A). In contrast, the Cr layer prefers to be bulk like
when its thickness is greater than 5 A. The intensity of
bumps a, and @, in the Cr K-edge XANES spectra remains
nearly constant. The Co K-edge XANES spectra of the
Co/Cr multilayers shown in Fig. 2 contain relatively well-
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FIG. 3. Fourier transform amplitudes of the EXAFS &’y data at
the Cr K edge for Co/Cr multilayers. (a) Co foil, (b) CoCr alloy, {c)
rCr=2A9 (d) l‘Cr=3 A! (e) ICr=5 A’ (f) l!‘Cr=-’r}‘,\$ (g) ICr=9A'
and (h) Cr foil. Final fit of theory to the NN and NNN bond lengths
(open circles). The inset represents the Cr K-edge EXAFS oscilla-
tion &%y data. In fitting a model compound to the experimental
EXAFS, the coordination number of NN Co was fixed at 12 for
ter<5 A with a hep structure, while the coordination numbers of
NN Cr and NNN Cr were fixed at 8 and 6, respectively, for ¢,
>5 A with a bee structure.

resolved two-peak features b, and &, , which resemble those
of the Co foil. The first derivatives of the Co K-edge XANES
spectra of the Co/Cr multilayers, CoCr alloy, and Co and Cr
foils are also shown in the inset of Fig. 2.

Figures 3 and 4 show the Cr and Co K-edge FTs of the
k*x data for the Co/Cr multilayers, CoCr alloy, and Cr and
Co foils, The first peaks in the FT spectra shown in Fig. 3
appear to have roughly the same location, though they have
different heights and full widths at the half maximum. How-
ever, the peaks at a distance larger than ~3 A appear to
differ significantly and can be attributed to differences in the
average environment in farther away shells between the two
tee>5 A and 1,5 A cases. The features in the FT spectra
of the Co/Cr multilayers with a thick Cr layer (¢c,>5 A)
have a single peak near 4.5 A, They resemble closely that of
the Cr foil with a bec structure.!! On the other hand, the local
atomic structures of thin Cr layers (f¢<5 A) in the Co/Cr
multilayers and CoCr alloy are quite similar to that of the Co
foil with a hcp structure. In the region between 6.8 and 7.3 A
in the FT spectra shown in Figs. 3(a) and 3(c)-3(e), the
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FIG. 4. Fourier transform amplitudes of the EXAFS &3y data at
the Co K edge for CofCr muliilayers. (a) Co foil, {b) CoCr alloy, (¢)
te=2 A, (d) 1o,=3 A, (&) 1e,=5A, (D 1e=TA, (2 1=9A,
and (h) Cr foil. Final fit of theory to the NN bond lengths (open
circles). The inset represents the Co K-edge EXAFS oscillation k°y
data, The coordination number of Co was fixed at 12 in fitting a
model compound to the experimental EXAFS because of a very
small contribution from Cr atoms.

spectra have a common feature marked by shaded peaks.
Other spectra do not have this feature. Since the spectra of
Figs. 3{a) and 3(c)-3(e) belong to the Co foil and Co/Cr
multilayers with thin Cr layers (¢35 A), respectively, our
FT spectra show that the thin Cr layers (7o<5 A) are more
likely to have the same hcp structure of the Co foil. This
agrees with XANES results and further confirms that the
epitaxially grown fo~5 A Cr layers in the Co/Cr multilay-
ers are constrained to be Co metal like as reported by earlier
RHEED studies.”® The similarity between the XANES spec-
tra of the reference CoCr alloy and Co metal suggests that
the CoCr alloy has a hep structure, in agreement with our
x-ray-diffraction measurement. The FT spectra shown in Fig.
3 have the characteristic of splitting two-neighbor shells in
the region between 3.8 and 5.0 A for <5 A. The splitting
two-neighbor shells are also found in the FT spectra of the
Co K edge for the Co/Cr multilayers, CoCr alloy, and Co foil
as shown in Fig. 4. In Fig. 4 the splitting two-neighbor shells
are nearly at the same position for the Co/Cr multilayers,
CoCr alloy, and Co foil, but the heights are obviously larger
for thinner Cr layers than for thicker Cr layers in the Co/Cr
multilayers, This property can be primarily attributed to the
decrease of the structural order due to NNN bond-length dis-
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tortion in the Co layer caused by the thick bee Cr layer.

A best-fit procedure is applied to the first main peaks in
the Cr K-edge EXAFS FT spectra to obtain NN and NNN
bond lengths using the one- and two-shell models for
<54 and t5>5 A. respectively. The Cr atoms are found
bonded with 12 NN Co atoms at 2.50=0.01 A, which is a
characteristic of the hcp structure, for 7¢,<<5 A. For 1¢,
>5 A, the Cr atoms are bonded with 8 NN Cr atoms at
2.49+0.01 A and 6 NNN Cr atoms at 2.78+0.02 A for 7¢,
=7 A and at 2.84+0.02 A for 1,=9 A indicative of a bce
structure. The 2.84 A NNN bond length is close to that of the
bulk Cr metal of 2.88 A. For ro,=S5 A the Cr layer contains
~3 atomic layers of Cr. The central Cr layer is sandwiched
between two Cr side layers, so that the nearest neighbors of
the atoms in this layer are all Cr atoms. On the other hand,
the side-layer Cr atoms have some bcc-type Cr nearest
neighbors and some hcp-type Co nearest neighbors. The real
sample may even contain both hep and bee phases. Thus, in
this case, the EXAFS data were fitted with a combination of
1/3 hep and 2/3 bee coordinations. The NN and NNN bond
lengths obtained are 2.50+0.01 and 2.84+0.02 A, respec-
tively. They are consistent with those determined for other
Cr-layer thicknesses. The single-shell model is fitted for the
first main peak of the Co K-edge FT spectra for all CofCr
multilayers. The Co atoms are found bonded with 12 NN Co
atoms at 2.49-2.50 A indicative of a hcp structure.

Transition metals with a fcc structure have a closed or
nearty closed outermost d shell, while those with a hep struc-
ture have a few singly occupied 4 orbitals.'® Both fcc and
hep structures are the densest structure, in which each atom
has 12 NN atoms and the coupling between atoms are domi-
nated by metallic bonding through itinerant electrons, which
are not directional. In contrast, the transition metals with a
bee structure have from 3 to 6 d electrons in the outermost d
shell. Since the 5 d orbitals are directional, the contribution
of d orbitals to the coupling between two neighboring atoms
is also directional, which renders the bce structure with a
smaller coordination number of & becomes more favorable
than the fcc/hep structure. When the Cr layers are one and

two atoms thick and have the hep (1100) structure of the Co
layer, the Cr atoms are coordinated, respectively, with 10
and 8 or 6 Co atoms, which couple with the Cr atoms
through itinerant electrons and stabilize the hcp structure.
For a three-atom-thick Cr layer, the Cr atoms are coordinated
with more Cr atoms than Co atoms; the additional directional
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Cr-Cr couplings through d orbitals render the bee structure to
become more favorable. Based on the above argument, the
observed ultrathin (three-atomic-layer) critical thickness of
the bee Cr layer seems to suggest that the interdiffusion of
Co and Cr atoms at the interface is less likely or at least is
limited to very few layers. The physical reason is that inter-
diffusion reduces the number of Cr atoms surrounding a
given Cr atom and tends to destabilize the bee structure, so
that a thicker Cr layer is required to be stabilized in the bcc
structure. Based on structural characterization, Huang et al’
found that though bee and hep structures have different

atomic arrangements, Co(1100) and Cr{211) planes match
extremely well in symmetry and lattice parameters, The unit |

cell of Co(1T00), 4.07 A X2.51 A, maiches perfectly that of

Cr(211), 4.07 Ax2.50 A. The one-atom-thick hcp Cr(1100)
layer is expected to have a similar excellent match and have
negligible strain energy. For the two-atom-thick hcp

Cr(1100) layer, the strain energy is assoctated with the dis-
tortion of the NN bond angles from those of the bec Cr(211)
structure, For semiconductors the NN bonding is covalent
and dircctional and the bond-angle distortion gives rise to
significant strain energy.!” In contrast, for transition metals
the strain energy associated with the bond-angle distortion is
given rise by directional d-orbital couplings, which is not as
significant as the nondirectional metallic bonding through
itinerant electrons. Thus the strain energy in the two-atom-

thick hep Cr(1700) layer is of second order. During the
deposition of the third Cr layer, this strain energy can be
easily overcome by the energy transferred from the adsorp-
tion energy of the approaching gas-phase Cr atoms. Thus a
three-atom-thick bcee Cr(211) layer can be easily formed.

In summary, our Cr and Co K-edge XANES measure-
ments for the epitaxial Co (40 AYCr (tep) (1e,=2, 3, 5. 7,
and 9 A) multilayers show an abrupt transition of the Cr
layer from hep structure to bee structure at ~5 A. Our results
offer an upper limit for the ability of the Co/Cr interface to
stabilize the hcp structure in the thin Cr layer. The hep-to-
bee transition around fe~5 A is further confirmed by the
EXAFS measurements performed at the Cr and Co K edge.
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Abstract

This study measures X-ray absorption spectra of crystalline (c)-Si-C-N thin film at
the C and Si K-edge using the sample drain current mode, and at the N K-edge using
the fluorescent mode. A resonance peak resembling the C ls core exciton in
CVD-diamond/Si is observed. And a broad feature occurring in the energy range
between ~290 and 300 eV can be assigned to the antibonding C 2p-Si 3sp hybridized
states and the C 2p-N 2sp hybridized states as well. Analysis of the N K-edge near edge
absorption spectra reveals a similar feature in ¢-Si-C-N and «-Si,N,, suggesting that
nitrogen atoms generally have similar local environment in these two materials.
Moreover, results obtained from Si K-edge absorption spectra for ¢-Si-C-N
demonstrate a proportional combination of local Si-N and Si-C bonds, associated with
the local tetrahedral C-Si-N, as well as the long-range ordered atomic structure around

Si atoms.

Keywords: x-ray absorption near-edge structure (XANES); extended x-ray absorption
fine structure (EXAFS), thin film; core exciton; hybridized states;

first-principles calculations
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1. INTRODUCTION

It is well known, silicon carbide (Si-C) and silicon nitride (Si-N) are highly
promising for wide applications in mechanics, optics, and electronics.' Carbon nitride
(C-N), another binary compound, has recently also received extensive attention owing
to its potential applications in new hard materials.” The importance of Si-C and Si-N as
well as the hypothetical C-N binary systems suggested that the ternary Si-C-N system
may be similarly importance. waever, detailed analyses of the local electronic and
atomic structures of this ternary system have seldom been performed. Recently,
Gheorghiu et al’ and Ténégal et al® have reported Si K-edge extended X-ray
absorption fine structure (EXAFS) studies of nanometric Si-C-N powders. However,
they obtained different atomic structures, Gheorghiu ez al. suggested the existence of a
local C-Si-N; arrangement around Si atoms, which is in contrast to the Si atoms
randomly linked together through C-N network proposed by Ténégal et al.. Trying to
clarify this discrepancy, we have performed an analysi; of C, N, and Si K-edge x-ray

absorption spectra for the ¢-Si-C-N thin film.

2. EXPERIMENT

The C, N, and Si X-edge x-ray absorption spectra of the ¢-Si-C-N thin film with
that of chemical-vapor-deposition (CVD)-grown diamond on Si subst;ate, a-Si,N,
powders, and thin film 3-SiC and ¢-Si(100) as references were measured using the
high-energy spherical grating monochromator (HSGM) and InSb(111) double crystal

monochromator (DCM) beamlines, with an electron-beam energy of 1.5 GeV and a

W



maximum stored current of 200 mA at the Synchrotron Radiation Research Center
(SRRC), Hsinchu, Taiwan. The spectra for C and Si K-edge were measured using the
sample drain current mode. The fluorescence measurements for N K-edge spectra were
taken with a high-sensitivity seven-element Ge detector at room temperature. The
¢-Si-C-N sample was grown by microwave plasma-enhanced chemical vapor deposition
process on a crystalline Si(100) substrate. Details of the preparation procedure for

similar compounds can be found elsewhere.’

3. RESULTS AND DISCUSSION

Figure 1 illustrates the C K-edge x-ray absorption near edge. structure (XANES)
spectra of 8-SiC, ¢-Si-C-N, and CVD-grown diamond on Si substrate (abbreviated
hereafter Diamond/Si) for comparison. According to this figure, the spectra of
Diamond/Si clearly display a sharp feature closely resembling that reported in earlier
works.® The spike of the C 1s core exciton resonancé at ~289.2 eV and a relatively
broad sp® bonded carbon of o* features occur between 290 and 302 eV. The relatively
small peak at ~285 eV of Diamond/Si obviously appears due to nondiamond-like sp*
bonded carbon of 7* ‘states.” On the other hand, the C 1s core exciton resonance of
B-SiC displays a relatively broader feature than that of the Diamond/Si. We attribute
the main broader feature of the near-edge region in B-SiC to dipole-allowed transitions
of photoelectrons froﬁl C ls states to unoccupied 2p states, which have been
hybridized significantly with the Si 3sp states according to the calculated density of

states for B-SiC.* Meanwhile, we infer, as for the case of Diamond/Si, that the N



relatively broad resonance peak of the c-Si-C-N can also be attributed to the C 1s core
excitonic state. Furthermore, based on results of the first-principles calculations using
the pseudofunction method,” the pre-edge m*-like peak and the broad feature occurring
in the energy ;ange between ~290 and 300 eV on the C K-edge spectra of ¢-Si-C-N,
can also be assigned to the antibonding C 2p-Si 3sp hybridized states and the C 2p-N
2sp hybridized states as well.

Figure 2 displays the photon-flux-normalized N K-edge XANES spectra of the
¢-Si-C-N film and a-Si,N, powders. This figure shows a splitting double-peak features
near 406.0 and 403.8 eV in the -Si;N, spectrum. Based on the calculated density of
states for N 2p symmetry,”® the double-peak at N K-edge spectra of d—Si,N; can be
attributed to antibonding N 2p-Si 3p and N 2p-Si 3s hybridized states. In addition, our
experimental results indicate a nearly identical spectra between c-Si-C-i\I and a-Si;N,,
implying that nitrogen atoms clearly have similar loczil environment in both ¢-Si-C-N
and o-Si,N,. Consequently, the white line features at the N K-edge spectra of the
¢-S8i-C-N can be assigﬁed primarily to the antibonding N 2p-Si 3sp hybridized states

and the N 2p-C 2sp hybridized states ’

Figure 3 displays the photon-flux-normalized Si K-edge XANES spectra for’

¢-8i(100), ¢-Si-C-N, a-Si,N,, and B-SiC. In the case of ¢-Si(100), the Si K-edge
XANES spectrum reflects transition from the Si 1s core level to unoccupied Si
3p-derived states. This figure also displays characteristic double-peak features (labeled
as two vertical dashed lines) above the edge and its approximate 1.0 eV energy

separation. Figure 3 also clearly exhibits that the threshold in the Si K-edge XANES of



¢-Si-C-N film shifts toward higher binding energies, and the general lineshape of the
spectra distinctly differs from that of ¢-Si(100). This observation reveals that the
chemical states of the absorbing silicon atoms within ¢-Si-C-N are obviously altered in
comparison with that of ¢-Si(100), and no segregation of silicon atoms or silicon atoms
occurs for the local Si-Si bonds in the ¢-Si-C-N. Furthermore, as seen in Fig. 3, the Si
K-edge XANES spectra for ¢-Si-C-N and a-Si;N, are shown quite simifar, both consist
of main peak (labeled A) and accompanied a shoulder (labeled B). However, the
¢-Si-C-N spectrum has a more prominent peak B and peaks A and B appear to be well
resolved. We suggest that the prominent peak B in ¢-Si-C-N could be due to the
existence of local Si-C bonds aroun;i silicon atoms so that the energy position of peak
B is quite close to that of the maximum peak of B-SiC, which is supported by the result
of C K-edge XANES that indicates the occurrence of local C-Si bonds in ¢-Si-C-N and
our theoreticai calculations’. In order to precisely determine the local environment
around silicon atoms and to verify the conclusions &eriving from the C, N, and Si
K-edge XANES spectra for the ¢-Si-C-N as discussed above; the Si K-edge EXAFS
spectra were measured from ¢-Si-C-N. using the sample drain current mode at room
temperature.” We found that the Si atoms are bounded with 3 Si-N and Si-C bonds.
Thus, the local atomic strLlcture of c-8i-C-N, én average, is quite similar to that of the
tetrahedral C-Si-N, arrangement and its crystal structure is likely o-Si;,N, phase, which

further confirms the conclusions deriving from the C, N, and Si K-edge XANES

spectra for the ¢-Si-C-N.
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Figure Captions
Fig. 1 Normalized C K-edge absorption spectra of B-SiC, ¢-8i-C-N, and Diamond/Si.
Fig. 2 Normalized N K-edge absorption spectra of ¢-Si-C-N and a-Si;N,.

Fig. 3 Normalized Si K-edge absorption spectra of ¢-Si(100), ¢-Si-C-N, a-Si,N,, and B-SiC.
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