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An YNi2B2C thin film grown on a MgO(001) substrate by pulsed laser deposition has been investigated
by transmission electron microscopy (TEM) and high-resolution electron microscopy (HREM). Plan-
view TEM analyses show that the film consists of isolated rectangular YNi2B2C grains distributed within
a second phase. This phase was identified as monoclinic Y2Ni15B6 with lattice parametersa ) 1.42 nm,
b ) 1.07 nm,c ) 0.96 nm, andâ ) 95°. Within the YNi2B2C grains, a hexagonal Y0.915Ni4.12B phase
with lattice parametersa ) 1.49 nm andc ) 0.69 nm is intergrown with a cubic Y2O3 phase with lattice
parametera ) 1.06 nm. The orientation relationships between YNi2B2C, Y2O3, and Y0.915Ni4.12B are
analyzed, and the mechanisms of phase formation are discussed.

1. Introduction

Quaternary rare earth transition metal borocarbides RT2B2C
(R ) rare earth, T) transition metal) have aroused great
interest due to the interplay of magnetic ordering and
superconductivity within the materials. (For a review, see,
for example, ref 1) The tetragonal compound YNi2B2C (space
group No. 139,I4/mmm, a ) 0.353 nm,c ) 1.054 nm),
possessing no magnetic order, exhibits a fairly highTc value
of around 15 K. A study of the Y-based compound is
therefore a prerequisite for the understanding of its magnetic
counterparts, since it is free from the complications intro-
duced by the presence of magnetic ordering, and ideal for
investigating the origin of superconductivity in the boro-
carbides.2 With high-quality samples available in bulk
polycrystalline form and as single crystals, considerable
research on these compounds has been reported. On the other
hand, high-quality thin films are useful both for the study
of particular physical properties and for the exploration of
potential applications.3 YNi2B2C thin films have been
prepared by several groups, using both sputtering4,5 and

pulsed laser deposition.3,6 Most of the investigations into
YNi2B2C thin films have focused on film preparation and
characterization; however, microstructural investigations by
transmission electron microscopy (TEM) are still limited.
In a previous work,7 TEM and high-resolution electron
microscopy (HREM) investigations of an YNi2B2C thin film
on a Y2O3-buffered MgO(001) substrate were reported,
showing the orientation relationships between the Y2O3

buffer layer, MgO substrate, and YNi2B2C film. Moreover,
a hexagonal precipitate, Y0.915Ni4.12B, was found at the
interface between YNi2B2C and Y2O3. Reibold et al.8 showed
that an interlayer consisting of Y2O3, Ni3B, and YNi4B exists
in the cross-sectional sample of YNi2B2C deposited on MgO.
Recently, the present authors9 reported on plan-view TEM
investigations of YNi2B2C deposited on MgO(001). It was
shown that the YNi2B2C film consisted of isolated rectangular
grains distributed within a monoclinic Y2Ni15B6 phase. It is
the aim of this work to present new results obtained by plan-
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view TEM and HREM of YNi2B2C deposited on MgO(001).
The study provides an improved understanding of the growth
processes of YNi2B2C thin films.

2. Experimental Section

An YNi2B2C thin film was prepared by pulsed laser deposition
in an ultrahigh vacuum (base pressure<10-9 mbar) chamber from
a stoichiometric polycrystalline YNi2B2C target synthesized by arc
melting. The target was ablated using a KrF excimer laser
(wavelength 248 nm) while the temperature of the MgO(001)
substrate was maintained at 950°C. The incident energy density
on the target was∼5 J cm-2 at a laser pulse repetition rate of
30 Hz. As a result of the extraordinarily high deposition temperature,
the sample peeled cleanly off of the substrate upon removal from
the deposition chamber. A plan-view TEM specimen was prepared
from the peeled-off film by Ar ion milling. TEM bright field
imaging, selected area electron diffraction (SAED), and energy-
dispersive X-ray (EDX) analyses were performed using a Philips
CM200 electron microscope equipped with a LaB6 electron source
and operated at an acceleration voltage of 200 kV. The HREM
images were taken in a Philips CM200 FEGST-Lorentz electron
microscope equipped with a field emission gun, also operated at
200 kV.

3. Results and Discussion

Figure 1a is a bright field TEM image showing a
distribution of isolated rectangular YNi2B2C grains of
different sizes. A preferred orientation of the grains is
evident, with the straight faces of the grains lying at around
45° to the edges of the image. Figure 1b is the SAED pattern
of one grain showing it along the [001] zone axis. SAED
indicates that thea-axes of the YNi2B2C unit cell are aligned
parallel to the faces of the grains. Figure 1c shows the HREM
image of an YNi2B2C grain. The inset is the fast Fourier
transform (FFT) of this image, which is consistent with the
SAED pattern of Figure 1b.

The EDX spectrum of the intergranular phase (Figure 2a)
indicates a Ni-rich compound comprising the elements Ni,
Y, and B, with an Y:Ni ratio close to 1:8. The sample was
tilted through a wide range of angles to obtain SAED patterns
suitable for determination of its crystal lattice. From these
patterns (Figure 3a-c), it is deduced that the phase has a
monoclinic lattice with lattice parametersa ) 1.42 nm,
b ) 1.07 nm,c ) 0.96 nm, andâ ) 95°. Kuz’ma et al.10

reported that the Y-Ni-B system can form a number of
ternary borides, including a monoclinic (space group No.
14, P21/c) Y2Ni15B6 phase with lattice parameters
a ) 1.4224 nm,b ) 1.0679 nm,c ) 0.9577 nm, and
â ) 94.37°. A corresponding monoclinic phase, Ho2Ni15B6,
has also been reported in the Ho-Ni-B system,11 having
lattice parametersa ) 1.4223 nm,b ) 1.0672 nm,c )
0.9582 nm, andâ ) 94.2°. Therefore, on the basis of its
crystal lattice, lattice parameters, and chemical composition,
it is concluded that this phase is Y2Ni15B6, as has been
reported previously.9 Figure 3d shows the HREM image of
an Y2Ni15B6 grain; the inset is the FFT of this image, which
is in agreement with the SAED pattern of Figure 3b. Figure
3e is the HREM image of the interface region between
YNi2B2C and Y2Ni15B6. The interface shown is parallel to
(100) of YNi2B2C. The FFTs of parts of the image corre-
sponding to YNi2B2C, Y2Ni15B6, and the interface region of
YNi2B2C and Y2Ni15B6 are shown in Figure 3f-h. Figure
3h indicates that no unique orientation relationship exists
between Y2Ni15B6 and YNi2B2C.

Figure 4a is a bright field TEM image showing some
precipitates formed within the YNi2B2C grains. With higher
magnification, Figure 4b, it is seen that two precipitates
(B, C) coexist within the same YNi2B2C grain (A). Electron
diffraction reveals that the YNi2B2C grain shown has the
same SAED pattern as that of Figure 1b. Figure 4c is the
SAED pattern of the precipitate marked C, indicating that it
is Y2O3 (space group No. 206,Ia3) with lattice parametera
) 1.06 nm. Figure 4d is the superposition of the SAED
patterns of YNi2B2C (grain A) and Y2O3 (grain C) revealing
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Y. B. SoV. Phys.sCrystallogr. (SPHCA)1989, 34, 602.

Figure 1. (a) Bright field plan-view TEM image showing the rectangular
grain distribution of the YNi2B2C film. (b) SAED pattern and (c) HREM
image with FFT inset of an YNi2B2C grain along the [001] zone axis.

Figure 2. EDX spectra of (a) Y2Ni15B6 and (b) Y0.915Ni4.12B phases. Cu
peaks originate from the TEM specimen support grid.
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the orientation relationship YNi2B2C(100)[001]||Y2O3(100)-
[001]. Figure 5a shows the HREM image of the interface
region between YNi2B2C and Y2O3. The interface is not
clearly defined. The FFTs of parts of the image correspond-
ing to YNi2B2C, Y2O3, and the interface region of YNi2B2C
and Y2O3 are shown in Figure 5b-d. The crystallographic
orientations of YNi2B2C and Y2O3 deduced from Figure 5d
are in good agreement with those obtained from the SAED
patterns shown in Figure 4d.

Figure 6a is the SAED pattern of the precipitate marked
B, which is incompatible with the patterns of compounds
such as YNi4B, YNi2B2C, and the above Y2Ni15B6. The EDX
spectrum of this phase (Figure 2b) again indicates a Ni-rich
compound comprising the elements Ni, Y, and B, this time
with an Y:Ni ratio close to 1:4, lower than that in Figure 2a.
To determine its crystal lattice, the sample was tilted and a
series of diffraction patterns were recorded (Figure 6b,c).
Indexing shows that this phase has a hexagonal crystal
structure with lattice parametersa ) 1.49 nm andc )
0.69 nm. YNi4B is one compound in the Y-Ni-B system
having a hexagonal structure (space group No. 191,
P6/mmm), with a much shortera lattice parameter,a )
0.4977(4) nm andc ) 0.6942(5) nm.12 Kuz’ma et al.13

reported that the Y-Ni-B system can form a number of
ternary borides, including a hexagonal “YNi4B” phase with
lattice parametersa ) 1.489(5) nm andc ) 0.691(2) nm, in
agreement with our observation. They considered this YNi4B
to be a superstructure of the other. However, no detailed
information on the atomic coordinates is available. Belger
et al.14 reported the full structural characterization of the
phase Y0.915Ni4.12B, having similar lattice parameters, also
considering this to be a superstructure of YNi4B. Therefore,
on the basis of its crystal lattice, lattice parameters, and
chemical composition, it is concluded that this phase is
Y0.915Ni4.12B. Figure 6d shows the HREM image of the
Y0.915Ni4.12B grain. The inset is the FFT of this image, which
is consistent with the SAED pattern of Figure 6a. Parts e
and f of Figure 6 are the SAED patterns of Y0.915Ni4.12B
(grain B) with Y2O3 (grain C) and YNi2B2C (grain A),

(12) Niihara, K.; Katayama, Y.; Yajima, S.Chem. Lett.1973, 6, 613.
(13) Kuz’ma, Y. B.; Khaburskaya, M. P.Inorg. Mater. 1975, 11, 1625.
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Alloys Compd.1999, 26, 283.

Figure 3. SAED patterns of Y2Ni15B6 along the (a) [100], (b) [201], and
(c) [110] zone axes. (d) HREM image with FFT inset of [201]-oriented
Y2Ni15B6. (e) HREM image of the interface region between YNi2B2C and
Y2Ni15B6. FFTs of (f) [001]-oriented YNi2B2C, (g) Y2Ni15B6, and (h) the
interface of YNi2B2C and Y2Ni15B6.

Figure 4. (a) Bright field plan-view TEM image showing precipitate
formation inside rectangular YNi2B2C grains. (b) High-magnification view
of one YNi2B2C grain containing two types of precipitates. (c) SAED pattern
of Y2O3 (grain C) along the [001] zone axis. (d) SAED patterns of Y2O3

(grain C) with YNi2B2C (grain A).

Figure 5. (a) HREM image of the interface region between YNi2B2C and
Y2O3. FFTs of (b) [001]-oriented YNi2B2C, (c)-[001] oriented Y2O3, and
(d) the interface between YNi2B2C and Y2O3.
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yielding the orientation relationships Y0.915Ni4.12B (101h0)-
[1h21h0]||Y2O3(100)[001] and Y0.915Ni4.12B (101h0)[1h21h0]||
YNi2B2C(100)[001].

It is interesting to note that such a boride, Y0.915Ni4.12B,
has been observed7 bordering at the interface between
YNi2B2C and Y2O3 in a cross-sectional sample of YNi2B2C
deposited on a Y2O3-buffered MgO substrate. However, no
specific orientation relationships of Y0.915Ni4.12B with the
YNi2B2C film and Y2O3 buffer layer were found.

Figures 7a and 8a show the HREM images of the interface
regions between Y0.915Ni4.12B and Y2O3 and YNi2B2C.
The interface orientations are not clearly defined. The FFTs
of parts of the images corresponding to Y0.915Ni4.12B,
YNi2B2C, Y2O3, and the interface regions are shown in
Figures 7b-d and 8b-d. The crystallographic orientations
of Y0.915Ni4.12B with respect to Y2O3 and YNi2B2C observed
from the FFTs in Figures 7d and 8d are again in good
agreement with those obtained from the SAED patterns of
Figure 6e,f.

The preceding observations show that rectangular YNi2B2C
grains exist distributed in a Y2Ni15B6 matrix, and that the
precipitates Y0.915Ni4.12B and Y2O3 coexist within the YNi2B2C
grains. Since the film deposition takes place in ultrahigh
vacuum, it is proposed that the oxygen for Y2O3 formation

is released from the MgO substrate. The free energy for the
formation of Y2O3 (-1815 kJ/mol) is smaller than that
of B2O3 (-1193 kJ/mol), CO2 (-384 kJ/mol), and NiO
(-212 kJ/mol),15 so the formation of Y2O3 is thermodynami-
cally most favorable. Due to the formation of Y2O3, the
resultant Y deficiency leads to the precipitation of low-Y-
content precipitates such as Y0.915Ni4.12B and Y2Ni15B6.
Reibold et al.8 observed an unidentified phase during HREM
studies on a cross-sectional sample of YNi2B2C grown on
MgO(001), besides Y2O3 mixed with Ni3B and YNi4B.
Comparing the results (Figure 3) of the present work with
the FFTs of the HREM images of the unknown phase shown
in Figure 8 of ref 8, it is possible to consistently identify
this phase as Y2Ni15B6.

In the case of YNi2B2C(100)[001]||Y2O3(100)[001],
the c-axis lattice mismatch isδ ) (cYNi2B2C - cY2O3)/
cY2O3 ≈ -0.6%. In the case of Y0.915Ni4.12B(101h0)[1h21h0]||
Y2O3(100)[001], it may be supposed that two unit cells of
Y0.915Ni4.12B are superimposed on three unit cells of Y2O3.
The corresponding lattice mismatch isδ ) (2aY0.915Ni4.12B -
3cY2O3)/3cY2O3 ≈ -6%. For Y0.915Ni4.12B(101h0)[1h21h0]||
YNi2B2C(100)[001], supposing two unit cells of Y0.915Ni4.12B
are superimposed on three unit cells of YNi2B2C, the
corresponding lattice mismatch isδ ) (2aY0.915Ni4.12B -
3cYNi2B2C)/3cYNi2B2C ≈ -6%. In all three cases the lattice
mismatch is quite low, indicating low internal stresses in
YNi2B2C, Y2O3, and Y0.915Ni4.12B. This may explain why
Y2O3 and Y0.915Ni4.12B precipitates form together in an
YNi2B2C grain. Ways to eliminate these precipitates should
be further investigated.

4. Conclusions

Plan-view TEM and HREM observations of an YNi2B2C
thin film deposited on a MgO(001) substrate have revealed
three impurity phases: Y2O3, Y2Ni15B6, and Y0.915Ni4.12B.
The monoclinic Y2Ni15B6 phase is distributed between
rectangular YNi2B2C grains. The hexagonal Y0.915Ni4.12B
phase coexists with a cubic Y2O3 phase within the rectangular
YNi2B2C grains. The orientation relationships of YNi2B2C
with Y2O3 and Y0.915Ni4.12B and of Y0.915Ni4.12B with Y2O3

are YNi2B2C(100)[001]||Y2O3(100)[001], YNi2B2C(100)[001]||

(15) Dean, J. A.Lange’s Handbook of Chemistry; McGraw-Hill Book
Co.: New York, 1985.

Figure 6. SAED patterns of the Y0.915Ni4.12B precipitate (grain B) along
the (a) [1h21h0], (b) [11h00], and (c) [02h23] zone axes. (d) HREM image with
FFT inset of [1h21h0]-oriented Y0.915Ni4.12B. SAED patterns of the
Y0.915Ni4.12B precipitate with (e) Y2O3 and (f) YNi2B2C.

Figure 7. (a) HREM image of the interface region between Y2O3 and Y0.915-
Ni4.12B. FFTs of (b) [001]-oriented Y2O3, (c) [1h21h0]-oriented
Y0.915Ni4.12B, and (d) the interface between Y2O3 and Y0.915Ni4.12B.
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Y0.915Ni4.12B(101h0)[1h21h0], and Y0.915Ni4.12B(101h0)[1h21h0]||Y2O3-
(100)[001]. These orientation relationships yield a small
lattice mismatch. The impurity phases formed result from
deviations from stoichiometry which are due to Y2O3

formation, leading to a depletion of Y. As the continuous
Y2O3 layer usually found at the MgO interface has not been
observed in the film, it may be concluded that the film has
peeled off above this layer.
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Figure 8. (a) HREM image of the interface region between YNi2B2C and Y0.915Ni4.12B. FFTs of (b) [001]-oriented YNi2B2C, (c) [1h21h0]-oriented
Y0.915Ni4.12B, and (d) the interface between YNi2B2C and Y0.915Ni4.12B.
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