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Abstract
The chemical bonding in an epitaxial ZrB> film is investigated by Zr K-edge (1s) X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopies and compared to the ZrB, compound target from which the film was
synthesized as well as a bulk a-Zr reference. Quantitative analysis of X-ray Photoelectron
Spectroscopy spectra reveals at the surface: ~5% O in the epitaxial ZrB; film, ~19% O in the
ZrB; compound target and ~22% O in the bulk a-Zr reference after completed sputter cleaning.

For the ZrB, compound target, X-ray diffraction (XRD) shows weak but visible 111, 111, and
220 peaks from monoclinic ZrO; together with peaks from ZrB.> and where the intensity
distribution for the ZrB:> peaks show a randomly oriented target material. For the bulk a-Zr
reference no peaks from any crystalline oxide were visible in the diffractogram recorded from
the 0001-oriented metal. The Zr K-edge absorption from the two ZrB> samples demonstrate
more pronounced oscillations for the epitaxial ZrB; film than in the bulk ZrB: attributed to the
high atomic ordering within the columns of the film. The XANES exhibits no pre-peak due to
lack of p-d hybridization in ZrB., but with a chemical shift towards higher energy of 4 eV in
the film and 6 eV for the bulk compared to a-Zr (17.993 keV) from the charge-transfer from Zr
to B. The 2 eV larger shift in bulk ZrB> material suggests higher oxygen content than in the
epitaxial film, which is supported by XPS. In EXAFS, the modelled cell-edge in ZrB: is slightly
smaller in the thin film (a=3.165 A, ¢=3.520 A) in comparison to the bulk target material
(a=3.175 A, ¢=3.540 A) while in hexagonal closest-packed metal (a-phase, a=3.254 A, ¢c=5.147
A). The modelled coordination numbers show that the EXAFS spectra of the epitaxial ZrB>
film is highly anisotropic with strong in-plane contribution, while the bulk target material is
more isotropic. The Zr-B distance in the film of 2.539 A is in agreement with the calculated
value from XRD data of 2.542 A. This is slightly shorter compared to that in the ZrB> compound
target 2.599 A, supporting the XANES results of a higher atomic order within the columns of
the film compared to bulk ZrBo..

Key words: Zirconium boride, thin films, bond distances, chemical bonding, X-ray
spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction
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1. Introduction

Transition metal borides with an AlB; type structure (Strukturbericht notation C32) are an
emerging class of thin film materials that are much less investigated compared to hard and
refractory carbides and nitrides. Among these borides, ZrB>, demonstrates properties favorable
for metal cutting, aerospace or electronic applications. This is due to the materials property
envelope including high melting point (3245 °C), high hardness (23 GPa), and good corrosion
resistance in combination with the highest electrical conductivity of borides with a C32
structure seen from a value of 1.0 x 107 Sm! [1]. Hence, the crystal structure is the key to the
properties exhibited by ZrB.. The unit cell of ZrB; with Zr atoms at the basis (0,0,0) and boron
atoms positioned in the trigonal prismatic interstitials at (Y5, %3, '2) and (%, %, '2). From
translating the unit cell of ZrB., the symmetry in the boride becomes evident, where the B atoms
form honeycombed, graphite-like sheets that are interleaved between hexagonal close packed
Zr layers. Charge-transfer occurs from Zr to B to stabilize the B-B sheet, which results in an
anisotropic electronic structure and chemical bonding. This is different from the hard and
refractory transition metal carbides and nitrides with their NaCl type structure (Strukturbericht
notation B1) that are isotropic materials and in contrast to borides, the C or N atoms are
separated in the crystal structure.

Unlike growth of hard and refractory carbide and nitride films there is no reactive sputtering
process for borides such as ZrB,. Consequently, sputtering of ZrB; films are conducted from
ZrB, compound targets or from Zr-B composite targets. Recently, we advanced sputtering of
ZrB> films by demonstrating epitaxial growth on Si(111) [2], 4H-SiC(0001) [2,3], and
AlO3(0001) substrates [4], using a substrate temperature of 900 °C. On investigated substrate
materials, the ZrB: films grow as epitaxial columns a few to some tens of nm wide parallel to
the substrate and extend all the way to the film-vacuum interface orthogonal to the substrate.
The deposition of ZrB; films is typically troubled by growth of amorphous films and fine-
grained films with composition that deviates from stoichiometry as well as growth of films with
a high level of contaminants than foremost oxygen, see e.g. [5-12]. In order to advance the
synthesis and control properties of this interesting boride, the chemical bonding needs deeper
understanding. Comparison between epitaxial films and bulk polycrystalline samples has been
lacking in literature.

X-ray absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS) are ideal techniques for determining the electronic structure properties of
ZrB> including thin films. Both techniques have the advantage of being element specific, with
signals like fingerprints, in terms of coordination chemistry around the Zr atoms. For ZrB»,
mainly bulk materials have been studied and with one study on thin films. Chu et al. [13]
reported on EXAFS on polycrystalline ZrB, samples synthesized from Zr and B powders by
floating zone method. The temperature-dependence showed little difference between the in-
plane and out-of-plane vibrations of the Zr-Zr bonds [14]. On the other hand, Bosenberg et al.
[15] investigated the chemical states of ZrB: and Zr powders by both XANES and EXAFS. The
Zr edge energy of the ZrB, was found to be 10 eV above that of the Zr foil reference. For e-
beam co-evaporated ZrB; thin films, EXAFS and XANES have been applied to investigate the
atomic distances and the local chemical bonding structure [16]. The oxygen content in these
films resulted in the formation of crystalline tetragonal ZrO>, which yielded longer atomic bond
distances as determined by EXAFS while XANES showed high-energy shifted unoccupied Zr
4d electronic states.

In this work, we investigate the properties of a ~1100 nm thick epitaxial ZrB; film deposited
on Al03(0001) substrate by magnetron sputtering (DCMS), using a combination of Zr K-edge
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(1s) XANES and EXAFS spectroscopies. The local chemical bonding structure and atomic
distances in the epitaxial film is compared to these properties determined for the ZrB»
compound target from which the film was deposited from as well as to a bulk a-Zr reference.
The XANES and EXAFS measurements are supported by X-ray Photoelectron Spectroscopy
(XPS) for composition and chemical bonding structure and X-ray diffraction (XRD) for
structural properties and atomic distances.

2. Experimental Details

2.1 Thin film deposition and fundamental characterization

The investigated epitaxial ZrB: film was deposited on a Al,03(0001) substrate by DCMS from
a ZrB> compound target 99.5% purity from Kurt J. Lesker Company, Clairton, PA, USA using
a laboratory scale ultrahigh-vacuum deposition system. The film was grown to a thickness
of ~1100 nm at a substrate temperature of 900 °C with a sputtering power of 400W on the three-
inch circular sputtering source and in an argon plasma (99.9997%) held at a 0.53 Pa. For further
details of the process conditions, the reader is referred to ref. [2] and for the properties of the
films to ref. [4]. The investigated o-Zr bulk reference was a commercial zirconium target with
a purity of 99.9% from Kurt J. Lesker Company, Clairton, PA, USA. The thickness of the target
materials was 3175 pum (1/8 inch).

Analysis by XPS was conducted in a Kratos AXIS UltraDLD, Manchester, U.K. system
with monochromatic Al-K . (1486.6 e¢V) radiation to determine the composition and chemical

bonding structure of the epitaxial ZrB: film, the ZrB> compound target, and the bulk a0 -Zr
reference. The samples were analyzed both in the as-deposited state and after sputter-cleaning
with 4 keV Ar" ions incident at an angle of 70° with respect to the surface normal, to remove
adsorbed contaminants following air exposure. The sputtered area was 3x3 mm? and the
analyzed area was 0.3x0.7 mm?. The epitaxial film was analyzed after sputter-cleaning for 60,
120, and 180 s, while the target and the reference were analyzed after 120, 240, 360, 480, 600,
and 720 s sputter-cleaning. The binding energy scale was calibrated against the Fermi level cut-
off using the procedure described in detail elsewhere [17]. In this way, the uncertainties
associated with using the C /s peak of adventitious carbon for calibration of the binding energy
scale [18] are avoided. Quantification of the elements in the samples was performed using Casa
XPS software (version 2.3.16), based upon peak areas from narrow energy range scans and
elemental sensitivity factors supplied by Kratos Analytical Ltd. [19]. The quantification
accuracy of XPS is typically around + 5 %. The structural properties of the films were assessed
by X-ray diffraction (XRD) performing 6/26 scans in a Philips PW 1820 Bragg-Brentano
diffractometer using Cu K @ radiation at settings of 40 kV and 40 mA. XRD pole figures were
recorded in a PANalytical EMPYREAN diffractometer at 45 kV and 40 mA to determine the
epitaxial growth relationships of the ZrB: film to the Al203(0001) substrate.

2.2 XANES and EXAFS measurements

The XANES and EXAFS spectra were measured at the undulator beamline 1811 on the MAX
I ring of the MAX 1V Laboratory, Lund University, Sweden [20]. The energy resolution at the
Zr Is edge of the beamline monochromator was 0.5 eV. The X-ray absorption spectra were
recorded in reflection mode by detecting the fluorescence yield [21], using a passivated
implanted planar silicon (PIPS) detector from 150 eV below to 1200 eV above the Zr Is
absorption edge energy (Eo=17.993 keV) with 0.5 eV energy steps. To minimize self-absorption
effects in the sample and Bragg scattering from the substrate, the incidence angle on the sample
was normal to the sample surface and varied in 0.25° steps in a maximum range of +£3° using a
stepper motor. For the thick and concentrated bulk reference samples, the extracted values of
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the coordination numbers represent a lower limit due to self-absorption effects, while their bond
lengths are not affected. Out-of-plane measurements were not included in this study as in the
grazing incidence geometry, there major self-absorption effects can be observed resulting in
reduced amplitudes and significantly lower signal-to-noise ratio.

Based on the fitting results, the Zr-B, and Zr-Zr scattering paths obtained from the Effective
Scattering Amplitudes (FEFF) [22,23] were included in the EXAFS fitting procedure using the
Visual Processing in EXAFS Researches (VIPER) software package [24]. The threshold energy
E,, is defined through the point of inflection of the absorption edge. In the fitting procedure, E,
is used as an adjustable parameter that partly compensate for errors in the phase shifts. The edge
reference energy Ep was set to the pre-peak of each Zr /s X-ray absorption spectrum as
determined from the first peak of the derivative of each spectrum relative to the pure hexagonal
Zr reference sample Epwas set to 17.99273 keV (a-Zr, x=0).

The k*-weighted y EXAFS oscillations were extracted from the raw absorption data after
removing known monochromator-induced glitches and peaks originating from substrate
diffraction, subsequent atomic background subtraction, and averaging of 15 absorption spectra.
The bond distances (R), number of neighbors (N), Debye-Waller factors (o7, representing the
amount of disorder) and the reduced y? as the squared area of the residual, were determined by
fitting the back-Fourier-transform signal between k=3-12 A originally obtained from the
forward Fourier-transform within R=2-3.5 A of the first coordination shell using a Hanning
window function [22,23] and a global electron reduction factor of S¢>=0.8. The disorder and
high-frequency thermal vibration of the atoms was accounted for by a Debye-Waller term that
is proportional to the difference of the mean square atomic displacements.

3. Results and Discussion
Prior to analysis by EXAFS and XANES,
we determined the chemical bonding
structure, composition, and structural
properties of the three samples
investigated. From the peaks of high
intensities in the high-resolution O Is
spectra (in the left side of Figure 1) and
peaks attributed to Zr-O bonding in the
high-resolution Zr 3d XPS spectra (in the
right side of Figure 1 and spectra at the
bottom), it is evident that all samples
exhibit a surface oxide prior to sputter-
cleaning. In addition, the Zr 3d spectra
waouk /N show the evidence for B-O bonds present
R L in the epitaxial ZrB; film and in the ZrB»
M g Energy (v 0T compound target seen from broad peaks
Figure 1: (Color online) Left panels: O Is XPS spectra before ~ Of low intensities at positioned at binding
sputtering (b.s.) and after sputtering of the ZrB, epitaxial film energies at around 193 eV as visible in

(top), the ZrB, compound target (middle), and the a-Zr bulk : : T
reference (bottom). Right panels: Zr 3d and B Is XPS spectra each respective spectrum. This blndlng

from the ZrB, epitaxial film (top), the ZrB, compound target ~ €NErgy is in agreement with the value
(middle), and the a-Zr bulk reference (bottom) with spectraprior ~ 193.3 eV that was determined for B>Os in

to sputter-cleaning at the bottom and after completed sputter- [25] as well as our observation for ZrB,
cleaning at the top. The vertical dashed lines are guides for the

eye. films deposited on 4H-SiC(0001) [3].
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Furthermore, the peak at 193 eV is shifted by 5 eV eV towards higher binding energy with
respect to the Zr-B signal present at ~188 eV, which is consistent with the higher
electronegativity of O compared to B.

Sputter-cleaning reduces the intensity of the O /s peaks, particularly for the epitaxial ZrB; film.
However, O Is peaks are still visible for all samples even after the last sputter-cleaning step has
been completed, with the highest intensity in the a-Zr bulk reference followed by the ZrB:
compound target, and the epitaxial ZrB> film.

The Zr 3d spectra possess Zr-O peaks in both reference materials, while no such peaks are
visible in the epitaxial ZrB: film, see spectra at the top in the right side of Figure 1. As listed in
Table I, the binding energies (BE) of the Zr 3ds.2, 3ds/> and B Is core-level peaks in the epitaxial
ZrBo film are: 178.9 eV, 181.3 eV and 187.9 eV, respectively. These BEs are in agreement with
those determined for epitaxial ZrB; films deposited on 4H-SiC(0001) in [3] with values of 179.0
eV, 181.3 eV and 188.0 eV, respectively. Furthermore, the binding energies are consistent with
reported values for single-crystal bulk ZrB»: 178.9 eV, 181.3 eV and 187.9 eV by Aizawa et al.
[26] and 179.0 eV, 181.4 eV and 188.0 eV by Singh et al. [27]. For the ZrB> compound target
the Zr 3d and B /s main peaks are located at 178.9 eV, 181.3 eV and 187.9 eV, respectively,
i.e. at the same BE as for the epitaxial film, and in agreement with the literature. The bulk o -
Zr reference sample has the Zr 3ds, and Zr 3d;,, peaks at 178.9 eV and 181.3 eV. These values
are close to those determined for sputtered a-Zr films with 178.8 eV and 181.2 eV [28] and the
study by Nyholm and Martensson on bulk Zr with 178.79 eV and 181.21 eV [29]. From the
binding energies of the Zr 3ds, and Zr 3d;,» peaks in the bulk a-Zr reference sample and the
two ZrB; samples, we note a small to negligible shift to higher binding energy of 0-0.1 eV for
Zr-B bonds compared to Zr-Zr bond. Thus, XPS suggests a limited change transfer from Zr to
B in ZrBo. This observation is supported by results from XPS valence band measurements,
suggesting the bonding in ZrB> to be a combination of the graphitic bonding model in the planar
B network and the hep-metal bonding model for Zr [30].

Quantitative analysis following completed sputter cleaning as presented in Table II shows an
oxygen content in the a-Zr bulk reference of ~22 at.% with a slightly lower content of ~19 at.%
in the ZrB> compound target, and with the lowest oxygen content in the epitaxial ZrB; film of
~5 at.%. The C concentration follows a similar trend as the O content, and varies from more
than 13 at.% in the a-Zr bulk reference, to ~8 at.% in the ZrB> compound target, and ~2 at.%
in the epitaxial ZrB; film. It is clear from Table I that the investigated samples contain O and
C contaminants with higher amounts in the reference target material compared to the epitaxial
ZrB> film. This is caused by the polycrystalline character of the target which facilitates oxygen
diffusion along grain boundaries upon prolonged air exposure. Such phenomena are very
limited in the case of epitaxial film resulting in much lower O content, which is predominantly
caused by the artefacts during Ar+ sputter-cleaning of surface native oxide.

Preferential sputtering and forward implantation are just two examples of phenomena that cause
an enrichment of lighter elements such as O and C. In addition, re-deposition of sputtered
contaminants on the Ar'-etched surfaces during the time necessary to acquire the XPS spectra
prevents complete surface cleaning [17]. Higher C and O content on the surfaces of Zr and ZrB»
targets likely results from the high surface roughness which may prevent proper cleaning with
the Ar" ion beam. One evidence supporting this interpretation is observed in the Zr 3d spectra,
that contain Zr-O peaks even after the last sputter-cleaning step. This is in contrast to the Zr 3d
spectrum of the epitaxial film, where the Zr-O peaks completely disappear after surface
cleaning. The remaining O /s intensity in the latter case is due to re-deposited oxygen-
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containing species, but there is no evidence for Zr-oxide. For ZrB; films, time-of-flight energy
elastic recoil detection analysis yields much lower O content than XPS, with ~1 at.% and even
lower C content of ~0.4 at.% in the bulk of the investigated films [31]. It is therefore likely that
XPS given the artefacts described above exaggerates the O and C content in all investigated
samples, but the fact remains that the lowest content of contaminants is encountered in the

epitaxial ZrB; and that this will affect the electronic structure and bonding distances determined
by XANES and EXAFS.

Lt b b b b Figure 2 shows XRD patterns from the

XRD — Epitaxial ZrB, film epitaxial ZrB> film (diffractogram at the

— 7B d target
S| & — azibukreference top), the ZrB: compound target
8 S (diffractogram in the middle) as well as
@ & for the a-Zr bulk reference
N N

(diffractogram at the bottom). As can be
seen, the film demonstrates 0000 peaks
(€=1, 2, 3, and 4) of high intensities from
the ZrB» phase [32] and where the 0001
and 0002 peaks exhibit higher intensities
than the 0006 and 00012 peaks from the
AlO3(0001) substrate and with no
visible peaks from other phases such as

rB,(0003)
ALL0,(00012)

N

N
£AI203(0006)
FZ
= 2rB,(0004)

an oxide. There is a weak ZrBz 1010 peak
(not visible given the applied square root
scale) showing a minority orientation in
the film [4]. Furthermore from XRD pole
figure measurements, the epitaxial
e relationships between the film and the
20 40 60 80 100 120 140 substrate were determined to be in the
Angle (26) out-of-plane direction ZrB»(0001) ||

Figure 2: X-ray diffraction from the ZrB; epitaxial film (top), the A1203(000 1) and Wlth_ two 1n-p13ne
ZrB; compound target (middle), and the o-Zr bulk reference. The  relationships  ZrB2[1010]|A1203[1010]

difractograms epresentpeak postons and imtensies o rers, A ZrBa[1120]|ALOs[1010] [4]. The
[31] and [33], respectively. Note the square root intensity scale ~ diffraction pattern from the ZrB;
applied in the diffractograms. compound target displays all prominent
ZrB» peaks listed in the JCPDS card for

the investigated 20 region and where the intensity distribution among the ZrB; peaks support a

randomly oriented target material [32]. In addition, the diffractogram shows three weak, but

visible peaks at the 20 angles 28.42, 31.53, and 50.24 degrees. These are the 111, 111, and 220
peaks in monoclinic ZrO; (m-ZrO) [33]. The formation of an oxide is supported from XPS
revealing an O content of close to 19% in the ZrB> compound target after prolonged sputter-
cleaning. This reflects the high affinity of Zr to O resulting in the oxidation of ZrB>. The
oxidation behavior of ZrB> has been the subject for extensive research seen from the materials
properties as an ultra-high temperature ceramic, see e.g. [1] and references therein. A further
fact is that the applied ZrB; target is a from ZrB> powder sintered body that is likely to contain
pores in which contaminants as O and C can be dissolved during manufacturing and later to be
released during thin film synthesis, see [1] and discussion on densification and sintering
techniques for ZrB». From this, we note that a material containing minority phases as well as
high amounts of O and C will demonstrate different properties compared to a phase-pure
material with a low level of contaminants when investigated by XANES and EXAFS and in

Intensity (sqrt)
Lot bt by v b b b b b b |
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our specific case it may affect the macroscopic properties of films deposited from such a
material.

The diffractogram from the a-Zr bulk reference at the bottom of Figure 2 exhibits peaks from
hexagonal closest packed o-Zr
Zr 1s [34]. The unit cell of a-Zr is of
XANES Mg type structure
(Strukturbericht notation A3)

and with atoms in (0,0,0) and (%4,
%, ). A closer inspection
reveals that the intensity
— Epitaxial ZrB, film distribution for the peaks in the
---- ZrB, compound target diffractogram differs from that
"""" %;é';?;g‘réﬁiirence of a randomly oriented material
[34]. For our reference, the

0002-peak that is positioned at a
20 angle of 34.84 degrees
displays the highest intensity
value, which shows that the
metal is 0001-oriented and not
randomly oriented. Differently,

bhey

Intensity (arb. units)

'
[T T T T [T [ [T O T [T T T T orrT

17.95 18.00 18.05 18.10 from the ZrB> compound target

Photon Energy (keV) there are no crystalline minority
phases in the reference sample
despite an even higher O

Figure 3: (Color online) Zr /s XANES spectra of the epitaxial ZrB, film,

the ZrB, compound target and a-Zr bulk reference as well as ZrO, spectrum
from A. Nozaki et al. [40]. The first derivative is shown at the bottom. content.

From the peak positions in the diffractograms in Figure 2, we determined the lattice parameters
in the ZrB> compound target and the o-Zr bulk reference to a=3.167 A and ¢=3.531 A and
a=3.233 A and ¢=5.149 A, respectively (see Table III). The lattice parameters for the epitaxial
ZrB> film were determined from reciprocal space maps (RSM) to a=3.169 A and ¢=3.528 A,
[4] and Table III. The measured values are close to the literature values with a=3.1687 A and
c=3.5300 A for ZrB5 [32] and a=3.232 A and ¢=5.147 A for a-Zr [34] that are also listed in
Table III.

Figure 3 shows Zr K XANES recorded from the epitaxial ZrB; film, the ZrB> compound target,
and the a-Zr bulk reference. The bottom part of Fig. 3 shows the first derivative of the
absorption spectra presented above. The energy positions and the shapes of the main absorption
peaks and the pre-edge XANES shoulders depend on the chemical state of the absorbing atom
[35]. For the two ZrB> samples, the position of the absorption edge-step has moved to higher
energy due to charge-transfer from the Zr to the B atoms. The high energy shift determined
from the first derivative of the absorption edge (marked by the arrows) in comparison to pure
a-Zr 17.994 keV (ref: 17.99273 keV) is 4 eV for the film and 6 eV for bulk. The energy shift
is most pronounced for the bulk ZrB; target reference, which is related to a higher oxygen
content as supported by Stewart e al. [16] for annealed e-beam co-evaporated thin films. We
further note that an even larger shift of 10 eV was observed by Bdsenberg et al. in their
investigated ZrB, powder [15].

The main absorption peak of a-Zr is due to pure Zr Is — 4p dipole transitions forming a two-
peak structure (indicated by arrows). The pre-edge shoulder (pre-peak) in the a-Zr spectrum is
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due to transitions into hybridized p-d states in elemental Zr, consistent with previous results
[36,37]. The pre-peak is a signature of tetrahedral distortion of the coordination symmetry
TR P T AP T PO YOV YR POt POV TP YT IOV FOPTO around the absorbing Zr atoms in the
hexagonal a-Zr structure that allows p-d
mixing into the Zr Is — 4p dipole
ZrB, film transitions [38,39]. For the epitaxial
ZrB; film and the ZrB, compound
target, there is no hybridization between
p and d-states and therefore the pre-peak
is absent [40]. As observed, the
amplitude of the oscillations starting at
18 keV are more pronounced in the ZrB;
film than in both bulk materials. The
generally sharper features in the
epitaxial ZrB; film compared to both the
ZrB> compound target and the bulk a-
a-Zr bulk Zr reference is due to the high atomic
ordering within the columns in the film,

yielding well-defined directional bonds.
Note that in XANES, local short-order
unoccupied electronic  structure is
measured while XRD is a long-order
Figure 4: (Color online) EXAFS structure factor data S(Q) of the probe. Therefore, it is important to use

epitaxial ZrB; film at the top, the ZrB, compound target in the  single-phase samples preferably with

middle, and a-Zr bulk reference at the bottom. The horizontal high ordering to determine the local

arrow at the top shows the k~window for the most pronounced . .
oscillations. chemical bonding structure.

ZrB, bulk
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Comparing our recorded XANES spectra to those of Bosenberg ef al. [15] and Stewart et al.
[16], we find the same spectral features and peak shapes. Metallic Zr exhibit a main double-
peak while ZrB> has a rather deep minimum as indicated by the arrows in Figure 4. The
impurities in the bulk samples give rise to broader peaks in the spectra with lower intensities.
Contrary to a-Zr, the main peak of the ZrO» reference spectrum from A. Nozaki ef al. [41] has
a broad and more intense single-peak shape that occur at higher energy and does not appear in
the spectrum of the epitaxial ZrB; film. This shows that our film is of higher purity compared
to ZrB: materials investigated in previous studies [15,16].

Figure 4 displays EXAFS structure factor oscillations of the epitaxial ZrB: film, the ZrB»
compound target from which the film was synthesized, and the a-Zr bulk reference, obtained
from raw data that has not been phase shifted. The structure factors y are plotted as a function
of the wave vector k, that were k*-weighted to highlight the higher k-region, where k =

-1
y2m(E-Ey) is the wave vector of the excited electron in the X-ray absorption process.
The oscillations were obtained after absorption edge determination, E, energy calibration by
the first derivative, background subtraction and normalization to a spline function. The
frequency of the oscillations and intensity of the EXAFS signal are directly related to the bond
length (R) and the number of nearest neighbors (), respectively. A higher frequency of the
oscillations implies larger R while a larger amplitude implies increased N. For the investigated
samples, the main sharp oscillations occur in the 3-12 A"! k-space region, where the applied k-
window 1is indicated by the horizontal arrow at the top of Fig. 4. Note the similarities and
differences in the positions and the envelopes of the oscillations between the epitaxial ZrB; film
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and both bulk materials. The difference is most pronounced between the film and the o-Zr
reference sample. In Figure 4, the main oscillation at 8.2 A!is due to Zr-Zr in-plane scattering
and corresponds to the distance for the a-axis in the hexagonal crystal structure. It is similar in
shape for all spectra, but where the peak becomes slightly shifted to higher k-values, in
particular, for the thin film sample. This indicates shorter Zr-Zr bonds, which is to be expected
when comparing the a-axes in respective crystal structure with ZrB»: a=3.1687 A [32] and Zr:
a=3.232 A [34] as well as Table III. The feature at 5.6-6.0 A! and the shoulder at 8.6 A" for
the B-containing samples are associated with superimposed oscillations from Zr-B scattering.
In the k-space region, the peak with the lowest k-value occurs at ~3.8 A! for the ZrB> compound
target while it is shifted to ~4.0 A" for the epitaxial ZrB, film. This is an indication that the Zr-
B bond is shorter in the epitaxial film than in the compound target. As observed in the a-Zr
bulk reference sample, there is a superimposed shoulder originating from oscillations with low
intensity originating from Zr-Zr scattering in this k-region. To analyze the detailed local
structure and bond distances in the films, modeling of the raw EXAFS data was performed as
shown below.

Figure 5 shows the magnitude of the

RDF . radial distribution functions (RDFs)
meene obtained from the raw data in Fig. 4,

Epitaxial B 2 °“t'°f'zpr':":omer using Fourier transformation of the A°-
ZrB, / B, -Zr5 double scatterér weighted y(k) by the standard EXAFS
film ¥ procedure [42]. The quantitative analysis
) ' was made as described in section 2.2.
Zr, out-of-plane Table IV shows the results of the

2B, EXAFS fitting using the FEFF scattering

paths of ZrB», a-Zr and ZrO; as model
systems. Note that the EXAFS data of

the bulk ZrB> and a-Zr samples cannot

/Zr3 corner
compound
target Jine i
o et <t "_.“ oh

IX(R)I (A%

-ZrO . A
e be  fitted  without  considering
1\ superimposed ZrO; in the modelling as
) Zrin-plane .
A in the case of Stewart et al. [16] where
Zr out-of-plane tetragonal ZrO, was applied. In our

a-Zr bulk study, the XRD pattern recorded from
reference . .

A the ZrB, compound target in Fig. 2,

e m-ZrO, shows m-ZrQ;. Thus, we use m-ZrO- in

6\ L I B \é\ LA B I \4"\ LA I B \é\ L I B B \é Our modelling although EXAFS Cannot

R(A) distinguish between different ZrO»

Iyt . Th nd lengths (R) ar
Figure 5: Radial distribution functions of the epitaxial ZrB film Poiytypes e bond le gihs ( ) N

at the top, ZrB, compound target in the middle, and a-Zr bulk compared to those Obtahlned from the
reference at the bottom. Note that the peaks correspond toraw data  lattice parameters determined from XRD

from Fig. 5 that have not been phase shifted (~0.4 A). in Table IIL. Firstly, we compare the
atomic distances of the a-Zr bulk
reference with the B-containing samples.

For a-Zr [34], the main peak is dominated by the Zr-Zr paths at 3.160 A (half diagonal, same
notations as in Fig. 5) and 3.254 A (cell edge), both with six nearest neighbors in the first
coordination shell, which is close to our values obtained from 6/20 XRD of the a-Zr bulk
reference with 3.180 A and 3.233 A, respectively [37] [43] and Table III. Our XRD data is in
excellent agreement with the bond lengths (3.179 A and 3.232 A) calculated from the JCPDS
card [34]. Here, the bond lengths from XRD and literature values are determined for specific



Thin Solid Films 649C, 89-96 (2018)

lattice parameters in Table III. The Zr-Zr scattering path of the c-axis is observed as a weak
feature at 5.147 A to compare with 5.149 A from our XRD measurements.

Comparing the two ZrB> samples, we find the cell-edge Zr-Zr distances of the in- and out-of-
plane contributions (peaks Zri and Zr in Fig. 5) at lower distances in the epitaxial ZrB; film
(3.165 A and 3.520 A) than the Zr-Zr bond distances in the ZrB, target (3.175, 3.540 A). Note
that we compare the cell edges (a and c-axis) since the half-diagonal is replaced by Zr-B bonds
in the ZrB; structure. The calculated bond length from literature lattice parameters is 3.169 A
[32] that is close to the epitaxial film, as listed in Table IV. The RSM recorded from the epitaxial
ZrB> film shows 3.169 A and 0/26 from the target yields 3.167 A. The Zrs corner scatterer has
a slightly shorter distance but significantly lower intensity in the epitaxial film than the ZrB»
compound target due to the films orientation along the c-axis.

Secondly, the Zr-B distance (peak B; in Fig. 5), is somewhat shorter (2.539 A) in the epitaxial
ZrB> thin film than in the bulk sample (2.599 A). The Zr-B bond distance is larger in bulk than
in the thin film sample due to additional superimposed Zr-O bonds, which is consistent with
the observations in XANES, XPS, and XRD. The Zr-B value (2.539 A) is in better agreement
with the calculated bond distance from the lattice parameters of the bulk literature value (Zr-
B=2.542 A) [32] than the ZrB, compound target listed in Table III. Furthermore, the Zr-B bond
length in the ZrB, film is shorter than that obtained by Stewart et al. [16], with (2.546 A) and
Chu et al. [13] [14] (2.55 A) as well as the calculated bond length of stoichiometric ZrB, by
Lee et al. [44] (2.81 A). A longer Zr-B bond is likely due to additional impurities and non-
directional bonds.

From our results, it is evident that the epitaxial ZrB: film exhibits superior electronic structure
properties in terms of chemical bonding alignment, crystal quality and level of contaminants
when compared to the ZrB> compound target from which it was synthesized. The combined
XANES and EXAFS studies reveal several interesting observations. For the XANES spectra,
the inclusion of boron has a large effect on the unoccupied electronic structure and spectral
shape of the main absorption peak. However, when oxygen is present, there is a broadening and
smearing of the spectral features as adventitious oxides often are X-ray amorphous. Moreover,
the EXAFS analysis show that the bond distances are also affected by oxygen by expanding the
Zr-Zr bonds. The Zr-B bonding is longer in the bulk material than in the thin film, which is
attributed to less ideal bond lengths where the contamination affects the chemical surrounding.
Furthermore, due to the in-plane polarization of the X-rays, the epitaxial ZrB, film has a
significantly higher coordination number contribution in the basal-plane than along the c-axis
in the EXAFS spectra. The strong polarization dependence is a consequence of the 0001-
orientation of the film to the A1>O3(0001) substrate [4]. It can be anticipated that future single-
crystal ZrB; films will display even stronger polarization dependence. As a comparison, for
the weakly 0001-oriented a-Zr bulk reference material, the polarization dependence appears to
be more isotropic as the peak originating from the c-axis is very weak in EXAFS.

Another observation is the fact that EXAFS shows a larger difference in atomic distances than
XRD between the film and bulk materials. The discrepancy between the EXAFS and XRD
measurements are attributed to the characteristic of element-specific short-range order probe
for the intrinsic coordination structure (bond distance, coordination number and disorder) in
EXAFS while, XRD probes long range order, where the lattice constants define the dimensions
of the unit cells. This put demands on the samples as our study shows that materials must have
uniform structure and low level of contaminants that are important when investigating the
electronic structure and bonding distances with XANES and EXAFS. Epitaxial films are
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therefore promising for property determination of borides with C32 structure and future
exploration also of other material classes.

Conclusions

From a combination of analysis with XPS, XRD, XANES, and EXAFS, we investigate the local
chemical bonding structure and structural properties with atomic distances in an epitaxial ZrB»
film and compare these properties to those of the ZrB> compound target from which the film
was synthesized as well as a bulk o-Zr reference. XPS shows that the film surface region
contains the lowest amount of contaminants O and C with ~5 at.% and ~2 at.%, respectively.
XRD reveals m-ZrO: as an minority phase in the ZrB> compound target, while no crystalline
minority phases are detected in the bulk a-Zr reference despite ~22 at.% O and ~13 at.% C as
determined by XPS. The XANES data from the ZrB> film exhibits stronger oscillations and no
oxygen contribution, indicating high sample quality. From EXAFS, the shortest Zr-Zr bond
distances were found in the ZrB; thin film (3.165) while somewhat larger distances were found
in bulk ZrB> (3.175 A) and a-Zr (3.254 A). The Zr-B distance in ZrB; is also shorter in the thin
film, 2.539 A and 2.599 A, respectively and the EXAFS data of the bulk ZrB, sample cannot
be fitted without taking into account superimposed ZrO: in the modelling. These bond
differences are thus due to oxygen in the compound bulk target. Therefore, epitaxial films serve
as the better reference material.

7. Acknowledgements

We would like to thank the staff at MAX-IV Laboratory for experimental support. MM
acknowledges financial support from the Swedish Energy Research (no. 43606-1), the Swedish
Foundation for Strategic Research (SSF) (no. RMA11-0029) through the synergy grant
FUNCASE and the Carl Trygger Foundation (CTS16:303, CTS14:310). LT acknowledges the
Swedish Research Council (VR) through the contract 621-2010 3921. GG thanks the Knut and
Alice Wallenberg Foundation Scholar Grant KAW2016.0358, the VINN Excellence Center
Functional Nanoscale Materials (FunMat-2) Grant 2016-05156, and the Aforsk Foundation
Grant 16-359. LH and HH acknowledge financial support from the Swedish Government
Strategic Research Area in Materials Science on Functional Materials at Link6ping University
(Faculty Grant SFO-Mat-LiU No. 2009-00971).

REFERENCES

[1] W. Fahrenholtz, G. E. Hilmas, I. G. Talmy and J. A. Zaykoski, Refractory diborides of
zirconium and hafnium, J. Am Ceram Soc. 90 (2007) 1347-1364.

[2] L. Tengdelius, J. Birch, J. Lu, L. Hultman, U. Forsberg, E. Janzén and H. Hogberg,
Magnetron sputtering of epitaxial ZrB> thin films on 4H-SiC(0001) and Si(111), Physica
Status Solidi A 211 (2014) 636-640.

[3] L. Tengdelius, G. Greczynski, M. Chubarov and H. Hogberg, Stoichiometric, epitaxial
ZrB> thin films with low oxygen-content deposited by magnetron sputtering from a
compound target: Effects of deposition temperature and sputtering power, J. Crystal
Growth 430 (2015) 55-62.

[4] L. Tengdelius, E. Broitman, L. J., F. Eriksson, J. Birch, T. Nyberg, L. Hultman and
H. Hogberg, Hard and elastic epitaxial ZrB> thin films on Al2O3(0001) substrates

11



[3]

[6]

[7]

[8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

Thin Solid Films 649C, 89-96 (2018)

deposited by magnetron sputtering from a ZrB> compound target, Acta Materialia, 111,
(2016) 166-172.

T. N. Oder, P. Martin, A. V. Adedeji, T. Isaacs-Smith and J. R. Williams, "Improved
Schottky Contacts on n-Type 4H-SiC Using ZrB, Deposited at High Temperatures,"

J Electron Mater. 36 (2007) 805-811.

R. Khanna, K. Ramani, V. Cracium, R. Singh, S. J. Pearton, F. Ren and I. I.
Kravchenko, ZrB; Schottky diode contacts on n-GaN, Appl. Surf. Sci. 253 (2006) 2315—
2319.

U. K. Chakrabarti, H. Barz, W. C. Dautremont-Smith, J. W. Lee and T. Y. Kometani,
Deposition of zirconium boride thin films by direct current triode sputtering, J. Vac. Sci.
Technol. A 5 (1987) 196-201.

G.-D. Sim, Y. Seok Choi, D. Lee, K. Hwan Oh and J. J. Vlassak, High tensile strength
of sputter-deposited ZrB, ceramic thin films measured up to 1016 K, Acta Mater., 113,
(2016) 32-40.

X. Zou, Oxidation behavior of RF sputter deposited diboride thin films, Master's thesis,
San Jose State University, 1995.

M. B. Takeyama, A. Noya, Y. Nakadai, S. Kambara, M. Hatanaka, Y. Hayasaka,

E. Aoyagi, H. Machida and K. Masu, Low temperature deposited Zr—B film applicable
to extremely thin barrier for copper interconnect, Appl. Surf. Sci. 256 (2009) 1222-
1226.

J. R. Shappirio and J. J. Finnegan, Synthesis and properties of some refractory transition
metal diboride thin films, Thin Solid Films 107 (1983) 81-87.

P. I. Ignatenko, D. N. Terpii and A. A. Goncharov, Phase composition of films
deposited by ZrB> RF magnetron sputtering, Inorg. Materials, 39 (2003) 464-468.

W. S. Chu, Z. Y. Wu, A. Bianconi, N. L. Saini, A. Marcelli and W. H. Liu, Lattice
vibrational property in the transition-metal diboride ZrB,, Spectrochimica Acta Part A,
70, (2008) 466-470.

W. S. Chu, S. Zhang, M. J. Yu, L. R. Zheng, T. D. Hu, H. F. Zhao, A. Marcelli,

A. Bianconi, N. L. Saini, W. H. Liu and Z. Y. Wu, Correlation between local vibrations
and metal mass in AlB»-type transition-metal diborides, Synch. Rad., 16, (2009) 30-37.
U. Bosenberg, U. Vainio, P. K. Pranzas, J. M. Bellosta von Colbe, G. Goerigk, E.
Welter, M. Dornheim, A. Schreyer and R. Bormann, On the chemical state and
distribution of Zr- and V-based additives in reactive hydride composites, Nanotechn. 20
(2009) 204003.

D. M. Stewart, R. W. Meulenberg and R. J. Lad, Nanostructure and bonding of
zirconium diboride thin films studied by X-ray spectroscopy, Thin Solid Films 596
(2015) 155-159.

G. Greczynski, D. Primetzhofer, J. Lu and L. Hultman, Core-level spectra and binding
energies of transition metal nitrides by non-destructive x-ray photoelectron spectroscopy
through capping layers, Appl. Surf. Sci. 396 (2017) 347-358.

G. Greczynski and L. Hultman, C /s Peak of Adventitious Carbon Aligns to the
Vacuum Level: Dire Consequences for Material's Bonding Assignment by
Photoelectron Spectroscopy, Chem. Phys. Chem. 18 (2017) 1507-1512.

Kratos Analytical Ltd Library filename: casaXPS KratosAxis-F1s.lib.

S. Carlson, M. Clausén, L. Gridneva, B. Sommarin and C. Svensson, XAFS
experiments at beamline 1811, MAX-lab synchrotron source, Sweden, J. Synchr. Rad.,
13 (2006) 359-364.

M. Magnuson, S. M. Butorin, J.-H. Guo, A. Agui, J. Nordgren, H. Ogasawara,

A. Kotani, T. Takahashi and S. Kunii, Electronic-structure investigation of CeBs by
means of soft-x-ray scattering, Phys. Rev. B 63 (2001) 075101.

12



[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]
[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

Thin Solid Films 649C, 89-96 (2018)

J. J. Rehr, J. J. Kas, F. D. Vila, M. P. Prange and K. Jorissen, Parameter-free
calculations of X-ray spectra with FEFF9, Phys. Chem. Chem. Phys. 12 (2010) 5503-
5513.

J. J. Rehr, J. J. Kas, M. P. Prange, A. P. Sorini, Y. Takimoto and F. D. Vila, Ab initio
theory and calculations of X-ray spectra, Comptes Rendus Physique, 10, (2009) 548-
559.

K. V. Klementev, Extraction of the fine structure from x-ray absorption spectra, J. Phys.
D: Appl. Phys. 34 (2001) 209-217.

J. F. Moulder, W. F. Stickle, P. E. Sobol, K. D. Bomben, Handbook of X-ray
Photoelectron Spectroscopy, Perkin-Elmer Corporation, Eden Prairie, USA, 1992.

T. Aizawa, S. Suehara, S. Hishita, S. Otani and M. Arai, Surface core-level shift and
electronic structure on transition-metal diboride (0001) surfaces, Phys. Rev. B, 71
(2005) 165405.

R. Singh, M. Trenary and Y. Paderno, Analysis of a Zirconium Diboride Single Crystal,
ZrB; (0001), by XPS, Surface Science Spectra 7 (2000) 310-315.

H. Hogberg, L. Tengdelius, M. Samuelsson, F. Eriksson, E. Broitman, J. Lu, J. Jensen
and L. Hultman, "Reactive sputtering of 6-ZrH> thin films by high power impulse
magnetron sputtering and direct current magnetron sputtering, J. Vac. Sci. Technol. A,
32 (2014) 041510.

R. Nyholm and N. Mértensson, Core level binding energies for the elements Zr-Te
(Z=40-52), J. Phys. C: Solid St. Phys., 13 (1980) L279-284.

H. Thara, M. Hirabayashi and H. Nakagawa, Band structure and x-ray photoelectron
spectrum of ZrB», Phys. Rev. B, 16, (1977) 726-730.

L. Tengdelius, M. Samuelsson, J. Jensen, J. Lu, L. Hultman, U. Forsberg, E. Janzén and
H. Hogberg, Direct current magnetron sputtered ZrB> thin films on 4H-SiC(0001) and
Si(100), Thin Solid Films, 550 (2014) 285-290.

JCPDS- International Centre for Diffraction Data, Zirconium diboride (ZrB,) PDF
Number: 00-034-0423.

JCPDS- International Centre for Diffraction Data, Monoclinic Zirconium Oxide (ZrO»):
ID 83-0944.

JCPDS - International Centre for Diffraction Data. Zirconium metal, Ref ID 00-005-
0665.

W. Olovsson, B. Alling and M. Magnuson, Structure and Bonding in Amorphous
Cr1xCx Nanocomposite Thin Films: X-ray Absorption Spectra and First-Principles
Calculations, J. Phys. Chem. C. 120 (2016) 12890-12899.

M. Eshed, S. Pol, A. Gedanken and M. Balasubramanian, Zirconium nanoparticles
prepared by the reduction of zirconium oxide using the RAPET method, Beilstein

J. Nanotechnol. 2 (2011) 198-203.

M. Magnuson, F. Eriksson, L. Hultman and H. Hogberg, Structure and bonding of ZrHx
thin films investigated by X-ray spectroscopy, J. Phys. Chem. C 121 (2017) 25750-
25758.

T. Yamamoto, Assignment of pre-edge peaks in K-edge x-ray absorption spectra of 3d
transition metal compounds: electric dipole or quadrupole?, X-Ray Spectrom. 37 (2008)
572-584.

V. O. Kostroun, R. W. Fairchild, C. A. Kukkonen and J. W. Wilkins, Systematic
structure in the K-edge photoabsorption spectra of the 4d transition metals, Phys. Rev. B
13 (1976) 3268-3271.

X. Zhang, X. Luo, J. Han, J. Li and W. Han, Electronic structure, elasticity and hardness
of diborides of zirconium and hafnium: First principles calculations, Comput. Mater.
Sci. 44 (2008) 411-421.

13



Thin Solid Films 649C, 89-96 (2018)

[41] A. Nozaki, Y. Tanihara, Y. Kuwahara, T. Ohmichi, K. Mori, T. Nagase, H. Y. Yasuda,
C. Calers, C. Louis and H. Yamashita, Skeletal Au prepared from Au—Zr amorphous
alloys with controlled atomic compositions and arrangement for active oxidation of
benzyl alcohol, J. Mater. Chem. A 4 (2016) 8458-8465.

[42] J.J. Rehr and R. C. Albers, Theoretical approaches to X-ray absorption fine structure,
Rev. Mod. Phys. 72 (2000) 621-654.

[43] M. Magnuson, S. Schmidt, L. Hultman and H. Hogberg, Electronic Properties and
Bonding in ZrHx Thin Films Investigated by Valence-Band X-ray Photoelectron
Spectroscopy, Phys. Rev. B 96 (2017) 195103.

[44] D. Lee, J. J. Vlassak and K. Zhao, First-Principles Theoretical Studies and
Nanocalorimetry Experiments on Solid-State Alloying of Zr-B, Nano Lett. 15 (2015)
6553-6558.

TABLE I: Binding energies of the 3ds», 3ds2 and B /s core-level peaks. *This study.

Sample 3ds/2 3ds2 B 1s
Epitaxial ZrB; film* 178.9 181.3 187.9
Epitaxial ZrB: film [3] 179.0 181.3 188.0
Single crystal bulk ZrB,[26] 178.9 181.3 187.9
Bulk ZrB; by Singh [27] 179.0 181.4 188.0
ZrB, compound target* 178.9 181.3 187.9
o-Zr bulk reference* 178.9 181.3 -
o-Zr films [28] 178.8 181.2 -
Nyholm and Martensson [29] 178.79 181.21 -
TABLE II: Quantitative analysis by XPS after sputter-cleaning.
Sample B (at.%) Zr (at%) O (at.%) C (at.%)
Epitaxial ZrB; film 61.2+3.0 32.1+1.6 4.7+0.2 2.0+0.1
ZrB, compound 41.3+2.0 32.2+1.6 18.6+1.0 7.9+0.4
target
a-Zr bulk - 64.6+3.2 22.1+1.0 13.4+0.7
reference

TABLE III: Lattice parameters of the investigated samples determined from XRD and from the JCPDS cards for

ZrB2 [31] and for a-Zr [33].

Sample a (A) c (A)
ZrB; [31] 3.169 3.530
Epitaxial ZrB: film [12] 3.169 3.528
ZrB, compound target 3.167 3.531
a-Zr [33] 3.232 5.147
o-Zr bulk reference 3.233 5.149

14




Thin Solid Films 649C, 89-96 (2018)

TABLE IV: Structural parameters for the epitaxial ZrB: film and ZrB2 compound target in comparison to pure o-
Zr bulk reference obtained from fitting of calculated radial distribution functions in the first coordination shell. ¥
is the coordination number, R is the bond length (in A) for the Zr-B and Zr-Zr, scattering paths respectively, G is
the corresponding Debye-Waller factor, representing the amount of atomic displacement and disorder, reduced y?
as the squared area of the residual. Bond lengths from lattice parameters in XRD are given in parenthesis.

System | Shell R(A) N o(A2) AEo(eV) | Statistics
ZrB2 Zr-B (N=12) | 2.539:0.005 | 6.204:0.01 | 0.00200.001 | 1.08+0.01 | ,055 _
film (2.542) o=
Zr-Zr (N=6) | 3.165+0.005 | 6.000+0.01 | 0.0021+0.001 | 0.58+0.01 | 25.73
a (3.169) _ _
ZrZr (N=2) | 3.520£0.005 | 0.5000.01 | 0.0022£0.001 | 1.08:0.01 | =28, P=12
c (3.528) v=N-P=16
Zr-Zr (N=12) | 4.743+0.005 | 3.828+0.01 | 0.0026+0.001 | 1.08+0.01
(4.743)
Zr-B-Zr 4.949+0.005 | 48.00+0.01 | 0.0049+0.001 | 1.08+0.01
(N=48) (5.083)
ZrB2 Zr-B (N=12) | 2.599:0.005 | 10.00:0.01 [ 0.0045:0.001 | 0.10:0.01 | ,055 _g5 g
target (2.542) #
Zr-Zr (N=6) | 3.175+0.005 | 6.000+0.01 | 0.0046+0.001 | 0.11+0.01 | N=28, P=4
a (3.167) v=N-P=24
Zr-Zr (N=2) | 3.540£0.005 | 2.000+0.01 | 0.0048+0.001 | 0.10+0.01
c (3.531)
Zr-Zr (N=12) | 4.757+0.005 | 12.00+0.01 | 0.0049+0.001 | 0.11+0.01
(4.743)
Zr-B-Zr 4.800+0.005 | 47.00+0.01 | 0.0049+0.001 | 0.11+0.01
(N=48) (5.084)
Zr-O (N=1) | 2.387+0.005 | 0.817+0.01 | 0.0020+0.001 | 0.11+0.01
Zr-Zr (N=2) | 3.500£0.005 | 0.200+0.01 | 0.0047+0.001 | 0.11x0.01
o-Zr Zr-Zr (N=6) | 3.160+0.005 | 6.00 0.0035:0.001 | 0.67+0.01 | ,095
(3.180) T
Zr-Zr (N=6) | 3.254+0.005 | 6.00 0.0040+0.001 | 0.67x0.01 | 14.06
a (3.233) N=12, P=4
Zr-Zr (N=6) | 4.496+0.005 | 6.00 0.0089+0.001 | 0.67+0.01 | V=N-P=8
Zr-Zr (N=6) | 5.147+0.005 | 2.00 0.00910.001 | 0.67+0.01
c (5.149)
Zr-O (N=1) | 2.260+0.005 | 0.40 0.0034+0.001 | 0.67+0.01
Zr-Zr (N=2) | 3.300+0.005 | 0.80 0.0041+0.001 | 0.67+0.01
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