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Abstract
This study systematically investigates the interface structure of Nb ﬁlms grown on MgO substrates with diﬀerent orientations ((1 0 0)
and (1 1 1)) by experiments and simulations. X-ray diﬀraction, transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) were used to characterize the structure of Nb ﬁlms and the structure of interfaces between Nb ﬁlms and MgO substrates.
The results show that thin ﬁlms exhibit diﬀerent preferred planes on diﬀerent orientations of MgO substrates. First-principles calculations were used to understand the interface conﬁguration through a coherent interface model. The combination of experiments and simulations shows that the work of separation, together with substrate orientation and lattice mismatch, determines the interface structure
between ﬁlms and substrates.
Ó 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Studies on interfaces in composite materials have
attracted much attention in modern materials science since
these materials have practical applications in many ﬁelds,
such as coatings, sensors, photovoltaic devices, microelectronics devices, superconductors and catalysts [1–6].
Recently, new applications of interfaces concerning the
enhancement of radiation tolerance of materials by
manipulating interfaces, which act as powerful sinks for
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point defects and assist the recombination process between
interstitials and vacancies, have been reported [7–14]. The
interfaces in thin ﬁlm materials play key roles in controlling
their epitaxial quality, mechanical, physical, chemical,
structural and functional properties [15–17]. As one of
the major types of interfaces, metal/oxide interfaces exhibit
speciﬁc properties, including magnetic, catalytic and tribological properties, and have been widely studied both in
experiments and in simulations [1,18]. A fundamental
understanding of interface structure at the atomic scale is
considered to be necessary for the further development of
ﬁlm properties. Atomic observations of many metal/oxide
interfaces, such as Au/MgO, Ag/CdO, Nb/Al2O3, Cu/
Al2O3, Pt/NiO and Cu/NiO, have been reported [1,19–
22]. As a major component of a number of metal/oxide
interfaces, single crystal MgO is widely used as a substrate

1359-6454/$36.00 Ó 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.actamat.2013.11.031

E.G. Fu et al. / Acta Materialia 64 (2014) 100–112

material because it has a simple sodium chloride structure
and clean MgO surfaces are easy to obtain. Epitaxial
growth of metals on single crystal MgO has frequently been
reported. Lu and Cosandey studied the interface structure
in metal/MgO(1 0 0) interfaces by electron microscopy
[23,24]. They concluded that Cu/MgO and Pd/MgO(1 0 0)
interfaces are partially coherent and the contrast variation
in high-resolution transmission electron microscopy
(HRTEM) images is due to interfacial dislocations. They
deﬁned the dislocation structure of (0 0 1) and (1 1 1) interfaces based on coincidence-site lattice (CSL) and displacement shift complete (DSC) lattice models [23–26].
Trampert et al. reported HRTEM studies of the Ag/MgO
interface made by molecular beam epitaxy (MBE) growth
and revealed the interface structure by experiments and
simulations [27]. The Ag/MgO(1 0 0) couple exhibits a preferential orientation of the Ag(1 0 0) plane parallel to the
(1 0 0) surface of the MgO substrate. HRTEM shows a
square network of edge-type dislocations with [1 0 0] line
directions and Burgers vectors of the type b = 1/
2Ag[1 0 0] [27]. Comparative theoretical studies of Ag/
MgO(1 0 0) and Ag/MgO(1 1 0) interfaces concluded that
chemical bond formation is not important for either Ag/
MgO(1 0 0) or Ag/MgO(1 1 0) perfect interfaces, and the
physical adhesion associated with polarization and charge
redistribution are the dominant eﬀects [28]. Chen et al.
studied the interfaces of Cu/MgO(1 1 1) and Pd/
MgO(1 1 1) by HRTEM and concluded that their interfaces
have a cube-on-cube orientation relationship. A periodic
localized interfacial dislocation contrast in both Cu/
MgO(1 1 1) and Pd/MgO(1 1 1) interfaces was observed
along the MgO[1 1 0] direction [29].
While the interface structures of metal/MgO thin ﬁlm
couples have been extensively studied, most of the studies
have focused on face-centered cubic (fcc)/MgO interfaces,
with few studies being performed on the interfaces of
body-centered cubic (bcc)/MgO. Ikuhara et al. studied
the atomic structure of MgO/V/MgO multilayer ﬁlms
grown by MBE, and they reported on the orientation relationship and interfacial dislocations between bcc V and
MgO(1 0 0) in multilayer ﬁlms [30]. Another study focused
on the atomic and electronic structure of V/MgO interfaces
with the V ﬁlm thickness of 5 nm [31]. The comparison
between the experimental and theoretical details by molecular orbital calculation found the presence of a hybridized
orbital of V3d with Mg3p [31]. However, the detailed
atomic structure of the interface and the fundamental
mechanisms for forming orientation relationships of the
interface in bcc/MgO thin ﬁlms have not been widely studied and are not well understood. Furthermore, to the best
of our knowledge, very few studies on the atomic interface
structure of bcc metals on single crystal MgO(1 1 1) have
been reported. In the present paper, the interface structures
of Nb ﬁlms grown on MgO(1 0 0) and MgO(1 1 1) substrates are systematically investigated by the combination
of experiments and simulations. The studies reveal funda-
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mental mechanisms that control the orientation relationships of interfaces in both thin ﬁlms.
2. Experimental
Nb thin ﬁlms were deposited on single crystal
MgO(1 0 0) and MgO(1 1 1) substrates by means of electron-beam evaporation. The substrate temperature was
set at 950 °C, and the deposition rate was 5 Å s1. The
thickness of Nb thin ﬁlms was 180 nm. The purity of the
Nb evaporation target was 99.999%. The pure single crystal
MgO(1 0 0) and MgO(1 1 1) substrates have dimension of
10 mm  10 mm  0.5 mm. The misorientation of (1 0 0)
in MgO(100) substrate and (1 1 1) in MgO(111) substrate
is less than 0.5°. The surface of substrates was polished
by chemical mechanical polishing (CMP) technology with
minimum sub-surface damage and possessed a surface
roughness less than 1 nm. The substrates were immediately
loaded into a vacuum chamber for thin ﬁlm deposition to
avoid surface roughening and hydroxide formation after
they were removed from a clean plastic bag packed under
1000 class clean room conditions.
X-ray diﬀraction (XRD) analysis was used to characterize the Nb thin ﬁlm structure and the orientation relationship between the ﬁlm and the substrate. TEM experiments
were performed on an FEI Tecnai F30 transmission electron microscope operated at 300 kV with a ﬁeld-emission
gun, and images were recorded by a Gatan SC1000 ORIUS
CCD camera with image size of 2048  2048 pixels. To
identify interface structure at atomic resolution, HRTEM
was carried out on cross-sectional TEM (XTEM) specimens in the same microscope. The point-to-point resolution of this microscope is 0.17 nm. Electron diﬀraction
was used to identify the orientation relationships between
Nb ﬁlms and MgO substrates. HRTEM images were processed by using the image processing software of Gatan
Digital Micrograph with fast Fourier transform (FFT)
algorithm. Specimens with MgO(1 0 0) substrates were cut
along the MgO(0 1 0) plane or MgO(0 0 1) plane and specimens with MgO(1 1 1) substrates were cut along the
MgO(1 1 0) or MgO(1 1 2) plane, which are all perpendicular to the interfaces, respectively, in order to observe interface structure easily at in-zone conditions in TEM. Samples
were glued face to face with M-610 bond at room temperature. XTEM specimens were prepared by using a dimple
grinder on a MultiPrep System followed by low energy
ion milling with Ar ions at low angle on a Gatan PIPS System to reach electron transparent.
3. Results
3.1. General features of interface structure
Nb has a bcc structure with a lattice parameter of
0.3307 nm and MgO has a sodium chloride structure with
a lattice parameter of 0.4217 nm. The binary phase
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diagram of Nb and Mg indicates that they are completely
immiscible over the full range of synthesis temperatures
[32,33]. No ternary phase diagram exists for Nb, Mg and
O. This implies that no interphase and no intermixing of
Nb, Mg and O across the interface occur and thus the
interfaces between Nb ﬁlms and MgO substrates should
be chemically abrupt at dimensions of several atomic layers, even for synthesis at the elevated temperature of
950 °C.
Fig. 1 shows XRD h–2h patterns of Nb ﬁlms on
MgO(1 0 0) (black line) and MgO(1 1 1) (gray line) substrates, respectively. Both ﬁlms exhibit strong textures
without any second phases. For Nb ﬁlm on the
MgO(1 0 0) substrate, only the strong reﬂection of
Nb(1 0 0) is observed from the ﬁlm, indicating that the ﬁlm
is strongly textured with the Nb(1 0 0) plane parallel to the
MgO(1 0 0) plane. Diﬀraction peaks from other Nb orientations are absent. For Nb ﬁlm on the MgO(1 1 1) substrate,
only the diﬀraction peak of Nb(1 1 0) is present, together
with diﬀraction peaks of MgO(1 1 1) and MgO(2 2 2) from
the MgO(1 1 1) substrate. No extra diﬀraction peaks from
other Nb orientations are observed. This conﬁrms that
the Nb ﬁlm has a strong texture of the Nb(1 1 0) plane parallel to the MgO(1 1 1) substrate plane.
Fig. 2a shows a bright-ﬁeld XTEM micrograph from Nb
ﬁlm on the MgO(1 0 0) substrate taken under an in-zone
condition with the zone axis of MgO[0 0 1]. The diﬀerence
in atomic number between Nb and MgO allows discriminating between the ﬁlm and the substrate due to contrast
diﬀerences in the lattice image. The atomic number of Nb
is higher than the average atomic number of MgO, so the
dark contrast in the image is identiﬁed as Nb. The Nb thin
ﬁlm thickness measured from the TEM image is 180 nm,
which is consistent with experimental expectation. The ﬁgure reveals that the Nb ﬁlm exhibits a single-crystal-like
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Fig. 1. XRD h–2h patterns of Nb ﬁlm on MgO(1 0 0) (in black) and Nb
ﬁlm on MgO(1 1 1) (in gray) ﬁlms deposited by e-beam evaporation.
Results indicated that both ﬁlms have strong textures without any second
phases.

structure without grain boundaries. No porosities or cavities are observed in the thin ﬁlm. The interface between
Nb ﬁlm and the MgO substrate is straight and clear without intermixing. The corresponding selected area diﬀraction (SAD) pattern is shown in Fig. 2b. The specimen
was tilted prior to recording the SAD pattern so that the
electron beam was parallel to the zone axis of MgO[0 0 1]
in single crystal MgO(1 0 0). Meanwhile, the SAD pattern
shows that the zone axis of Nb[011] is parallel to
MgO[0 0 1], and the Nb(1 0 0) is parallel to MgO(1 0 0),
e.g. Nb[0 1 1]//MgO[0 0 1] and Nb(1 0 0)//MgO(1 0 0), a
well-deﬁned orientation relationship between Nb ﬁlm and
the MgO(1 0 0) substrate. This orientation relationship is
consistent with the XRD observation, e.g. Nb(1 0 0)//
MgO(1 0 0). In the following, Nb ﬁlm on single crystal
MgO(1 0 0) will be written as Nb(1 0 0)/MgO(1 0 0)
For single crystal MgO(1 0 0), two major low-index
directions perpendicular to each other are the [0 1 0] and
[0 0 1] directions within the MgO(1 0 0) plane. The SAD pattern shows that Nb(1 0 0) is parallel to MgO(1 0 0) and
Nb[011] is parallel to MgO[0 0 1]. This indicates that the
Nb(1 0 0) plane is rotated by 45° around the Nb[1 0 0] axis
to minimize the lattice mismatch between these two dissimilar materials during growth.
For single crystal MgO(1 1 1), two major low-index
directions perpendicular to each other within the
MgO(1 1 1) plane are MgO[1 1 0] and MgO[[1 1 
2]. As a
result, the observations of interface structure in TEM
images from diﬀerent in-zone directions of MgO[1 1 
2]
and MgO[1 1 0] could be diﬀerent. Fig. 3a demonstrates
the bright-ﬁeld XTEM image of Nb thin ﬁlm on the
MgO(1 1 1) substrate observed along the in-zone direction
of MgO[1 1 2]. The ﬁlm thickness measured from the
TEM image is 180 nm, which is the same as for
Nb(1 0 0)/MgO(1 0 0). This implies no inﬂuence of substrate
orientation on the ﬁlm thickness during sample growth.
The image shows that the ﬁlm has a dense structure without grain boundaries. But more defect features such as dislocations are observed in the ﬁgure compared to Nb(1 0 0)/
MgO(1 0 0), indicating a lower crystalline quality for the
Nb ﬁlm on the MgO(1 1 1) substrate. A ﬂat interface without interdiﬀusion between thin ﬁlm and substrate is
revealed in the TEM image. The corresponding SAD pattern shown in Fig. 3b indicates the well-deﬁned orientation
relationship between Nb and MgO(1 1 1), which is
Nb(1 1 0)//MgO(1 1 1) and Nb[1 1 0]//MgO[1 1 2].
Fig. 3c illustrates the bright-ﬁeld XTEM image of Nb
ﬁlm on MgO(1 1 1) taken under in-zone conditions. The
in-zone axis is MgO[1 1 0], as revealed by the corresponding
SAD shown in Fig. 3d. The image exhibits similar features
to those observed from the in-zone axis of MgO[1 1 
2]. SAD
shows the same crystallographic plane orientation relationship of Nb(1 1 0)//MgO(1 1 1) (this ﬁlm will be written as
Nb(1 1 0)/MgO(1 1 1) in the following) as the observations
from the in-zone axis of MgO[1 1 2], also consistent with
XRD observations of Fig. 1 (gray line). The diﬀerence is
that the direction of Nb[0 0 1] is parallel to MgO[1 
1 0].
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Fig. 2. (a) Bright-ﬁeld XTEM micrograph of Nb(1 0 0)/MgO(1 0 0) (lattice mismatch between MgO(0 2 0) and Nb(0 1 1) is 10.3%). No columnar grain
structure was observed in the ﬁlm. (b) Corresponding selected area diﬀraction (SAD) pattern shows that the ﬁlms exhibit the single-crystal-like structure
and well-deﬁned orientation relationship of interface.

 (b) Corresponding selected area diﬀraction
Fig. 3. (a) Bright-ﬁeld XTEM micrograph of Nb(1 1 0)/MgO(1 1 1) observed along the zone of MgO[1 1 2].
(SAD) patterns. (c) Bright-ﬁeld XTEM micrograph of Nb(1 1 0)/MgO(1 1 1) observed along the zone of MgO[1 1 0]. (d) Corresponding selected area
diﬀraction (SAD) pattern. No columnar grain structure is observed in both ﬁlms. Both SAD patterns indicate that the ﬁlms exhibit the single-crystal-like
structure and well-deﬁned orientation relationship of interface.

Another diﬀerence is that the direction of Nb[1 
1 0], perpendicular to the interface, has a tilt angle of 20°, with the
direction of MgO[1 1 
1] across the interface. The horizontal
lines at 50 nm above the Nb/MgO interface plane in

Fig. 3a and c were observed. These horizontal lines are
composed of a higher density of the defects, which could
be induced by the abnormity during thin ﬁlm growth.
Although XRD and SAD patterns reveal that Nb ﬁlm
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and the MgO substrate have diﬀerent interface orientation
relationships, which depend on the orientation of the single
crystal substrate, the detailed atomic structure could not be
resolved by XRD and TEM. Therefore, HRTEM was
applied to characterize the atomic structure of the interface
between Nb ﬁlms and single crystal MgO substrates with
diﬀerent orientations.
3.2. Atomic structure of Nb(1 0 0)/MgO(1 0 0) interface
Understanding the atomic structure is essential and necessary to know how to tune and deploy the properties of
materials with interface structure. Although XRD and
TEM with SAD patterns reveal the orientation relationships of the interface between Nb ﬁlms and MgO substrates, it is impossible to resolve the atomic structure of
interfaces from these techniques. In order to fully understand the interface structure at atomic resolution, HRTEM
studies were carried out.
Fig. 4a shows a HRTEM micrograph of Nb(1 0 0)/
MgO(1 0 0) viewed along the MgO[0 0 1] zone axis, and also
along Nb[011], as they are parallel to each other. The ﬁgure
shows that the interface is atomically ﬂat and sharp without any second phase over a large area. The absence of a
second phase is attributed to full immiscibility between
Nb and Mg. The periodic strain contrast visible along the
interface is an indication of edge misﬁt dislocations. In
order to clearly observe misﬁt dislocations, the region in
Fig. 4a indicated by the box is enlarged and ﬁltered by

Fourier processing software through the diﬀraction spots
of Nb(1 0 0) and MgO(1 0 0), as shown in Fig. 4b. The magniﬁed ﬁgure shows that the interface is not absolutely
straight, which could be due to the surface steps on the surface of MgO(1 0 0). Surface steps have been reported previously and attributed to internal oxidation of the Cu/
MgO(1 0 0) interface [34]. The roughness of the interface
shown in Fig. 4a is less than 1 nm (three atomic layers).
The extra half atomic planes with periodic distribution,
parallel to each other and almost normal to the interface,
are clearly observed along the interface. This observation
shows that the misﬁt dislocations can be viewed edge-on.
Their cores are labeled > or ? in the ﬁgure. The dislocation
cores are located at the interface and sit on the planes of
Nb(0 1 1) and MgO(0 2 0) adjacent to the interface. Fig. 4c
shows a Burgers vector of the dislocations determined by
drawing a Burgers circuit around the misﬁt dislocation.
The Burgers vector of the dislocation was determined as
b = 1/2Nb[1 1 1]. Meanwhile, the tilting of the Nb ﬁlm with
respect to the substrate was observed in Fig. 4b. The tilting
could be due to the existence of the dislocation with a Burgers vector of 1/2[1 1 1], which is not parallel to the interface. We speculate that this kind of dislocation is a result
of the surface step on the surface of the MgO substrate.
Previous studies reported that the single crystal MgO has
the surface step [34]. Nb has a lattice parameter of
0.3307 nm and MgO has a lattice parameter of
0.4217 nm. If we assume that there is a surface step (one
atomic layer) on the MgO surface, one interplanar spacing

Fig. 4. (a) HRTEM micrograph of Nb(1 0 0)/MgO(1 0 0) observed along the zone of MgO[0 0 1]. (b) Enlarged image of the region labeled by the box in (a).
(c) The drawing of the Burgers vector determined as ½Nb[1 1 1] by circuits around dislocation. (d) The drawing of the Burgers vector determined as
½Nb[0 1 1] by circuits around dislocation.
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of Nb(2 0 0) atomic layer is smaller than the surface step
and two interplanar spacings of Nb(2 0 0) are bigger than
the surface step, so the mismatch between MgO(2 0 0) and
Nb(2 0 0) in the region of surface step could induce the dislocation with a Burgers vector of ½[1 1 
1]. As a result, the
tilting of Nb ﬁlm with respect to the substrate is created.
On the other hand, we also observed another situation.
Fig. 4d shows the drawing of the Burgers vector determined by plotting Burgers circuits around another dislocation. The Burgers vector of dislocation is determined as
½Nb[0 1 
1]. No tilting of Nb ﬁlm with respect to the substrate was observed. This could be due to the region where
MgO(1 0 0) doesn’t have surface step. Therefore, the dislocations along the interface between Nb ﬁlm and MgO(1 0 0)
substrates could have two types. The dislocation has a Burgers vector of ½[1 1 
1], not parallel to the interface, which
could be due to surface step on the surface of MgO(1 0 0).
The dislocation has a Burgers vector of ½[0 1 
1], parallel
to the interface, which could be due to no surface step on
the surface of MgO(1 0 0) and the value of the Burgers vector of ½[0 1 
1] is 0.2338 nm. The average dislocation spacing between dislocations with a Burgers vector of ½[0 1 1]
measured from the HRTEM image (not shown here) is
1.9 nm. If one assumes that the interface misﬁt dislocation
is fully accommodated by the relaxation of the in-plane lattice mismatch, the interface dislocation spacing can be
given by:
d ¼ b=d

ð1Þ

where b is the Burgers vector of the misﬁt dislocation and
has a direction parallel to the interface, and d, as lattice
mismatch between ﬁlm and substrate in this case, can be given by:
d ¼ 2ðd Nbð0 1 1Þ  d mgOð0 2 0Þ Þ=ðd Nbð0 1 1Þ þ d MgOð0 2 0Þ Þ
¼ 10:3%

ð2Þ

The calculated spacing between dislocations is
d ¼ 0:2338=10:3% ¼ 2:3 nm. This calculated value is larger
than the measured value of 1.9 nm. Previous studies
observed that the calculated dislocation spacing is 3–5%
lower than measured because residual stress still exists after
part of the mismatch strain is released by accommodating
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misﬁt dislocations [24]. In the current case, the observation
that the calculated dislocation spacing is larger than the
experimental one could be due to the fact that the distribution of misﬁt dislocations is non-uniform and the observed
region has a higher density of misﬁt dislocations. Another
possible reason is that the extra misﬁt dislocations could
accommodate the intrinsic stress created during growth in
the ﬁlm.
3.3. Atomic structure of Nb(1 1 0)/MgO(1 1 1) interface
For Nb(1 1 0)/MgO(1 1 1), the interface structure is much
more complicated than that in Nb(1 0 0)/MgO(1 0 0) as
there are two diﬀerent major low-index directions (e.g.
MgO[1 1 2] and MgO[1 1 0]) perpendicular to each other
within the MgO(1 1 1) plane. As a result, the observations
along these two directions exhibit diﬀerent features of
interface structure. In the ﬁlm of Nb(1 0 0)/MgO(1 0 0),
the observations along two directions perpendicular to
each other are the same. Fig. 5a shows the HRTEM micrograph of the Nb(1 1 0)/MgO(1 1 1) interface structure
viewed along MgO[1 1 2]. The image shows that the
interface is atomically ﬂat without diﬀusion. The interface
roughness is less than 1 nm (three atomic layers).
The SAD pattern in Fig. 3b shows Nb[0 0 2]//MgO[
2 2 0],
indicating
that
the
lattice
mismatch
is
d ¼ 2ðd Nbð2 0 0Þ  d MgOð2 2 0Þ Þ=ðd Nbð2 0 0Þ þ d MgOð2 2 0Þ Þ ¼ 10:1%.
The misﬁt dislocations should be viewed edge-on and
located along the interfaces like those observed along the
interface in the sample of Nb(1 0 0)/MgO(1 0 0). The d spacings of Nb(0 0 2) and MgO(2 2 0) are 0.165 nm and
0.149 nm, respectively. The microscope resolution is
0.17 nm, thus these d spacing values are beyond the limit
of this microscope resolution, so the structure of the dislocation cannot be directly resolved in this projection. However, since the interface structure and lattice mismatch for
the ﬁlm of Nb(1 1 0)/MgO(1 1 1) viewed along MgO[1 1 
2]
are very similar to those in Nb(1 0 0)/MgO(1 0 0) viewed
along MgO[0 0 1], we speculate that the misﬁt dislocations
will be located along interfaces periodically and sit on the
planes of Nb(0 0 2) and MgO(2 2 0). The extra half planes
will be in the plane of MgO(2 2 0) since the d spacing of

Fig. 5. (a) HRTEM micrograph of Nb(1 1 0)/MgO(1 1 1) observed along the zone of MgO[1 1 2]. (b) HRTEM image of Nb(1 1 0)/MgO(1 1 1) observed from
the zone-axis of MgO[1 
1 0].
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these planes is smaller than those of Nb(2 0 0). The projected Burgers vector will be b = 1/2MgO[
1 1 0]. So the calculated dislocation spacing is 1.5 nm, smaller than the one
in the ﬁlm of Nb(1 0 0)/MgO (1 0 0). Therefore, the density
of the misﬁt dislocations along the interface in the ﬁlm of
Nb(1 1 0)/MgO(1 1 1) will be higher.
On the other hand, the cross-sectional HRTEM image
of Nb(1 1 0)/MgO(1 1 1) observed from the MgO[1 1 0]
direction is shown in Fig. 5b. The image shows that the
interface between ﬁlm and substrate is sharp without intermixing and the interface roughness appears to be less than
1 nm. The misﬁt dislocations with the extra half planes perpendicular to the interface are observed on the Nb side.
Their cores are labeled > and ? in the ﬁgure. The misﬁt
dislocations exist due to the lattice mismatch between
Nb(1 
1 0) and MgO(1 1 
1) although they are not parallel
to each other. The SAD pattern in Fig. 3d shows that
Nb(1 
1 0) is perpendicular to the interface and the
MgO(1 1
1) plane has a 20° rotation to the Nb(1 
1 0). The
MgO(1 1 
1) planes are discontinued when they cross the
interface. No intermixing is observed by HRTEM. Due
to the existence of a 20° rotation between Nb(1 
1 0) and
MgO(1 1 
1), the distance between MgO(1 1 
1) along the
interface used for calculating lattice mismatch is determined in such a way that the d spacing of MgO(1 1 1) is
divided
by
cos20°,
e.g.d 20 ¼ d MgOð1 1 1Þ = cosð20Þ ¼
0:2591 nm. The lattice mismatch between Nb(1 
1 0) and
MgO(1 1 
1)
with
the
rotation
of
20°
is
d ¼ j2ðd Nbð1 1 0Þ  d 20Þ Þj=ðd Nbð1 1 0Þ þ d 20 Þ ¼ 10:2%. Thus the
average spacing between misﬁt dislocations is
d ¼ 0:2338=10:2% ¼ 2:3 nm, where 0.2338 nm is the value
of the projected Burgers vector in Nb ﬁlm. The measured
average spacing between dislocations is 3.5 nm, larger than
the calculated value. This could be due to the existence of
residual stress after part of the mismatch strain is released
by accommodating misﬁt dislocations [24].
Van der Merwe [35–37] suggested that a thin ﬁlm can
grow on a rigid substrate such that the lattice mismatch
between ﬁlm and substrate is accommodated by elastic
straining of the ﬁlm before reaching critical thickness of
hc and by the introduction of misﬁt dislocation after
exceeding the critical thickness. Critical thickness can be
given by Matthews’ equation below:
hc ¼

Gs b½lnðhc =bÞ þ 1
4pðGf þ Gs Þð1 þ lÞd

ð3Þ

where Gs and Gf are shear moduli, l is Poisson’s ratio for
the ﬁlm, d is the lattice mismatch and b is magnitude of the
Burgers vector of the misﬁt dislocation; the subscripts s and
f denote the substrate and the ﬁlm, respectively. The value
of critical thickness of Nb/MgO based on Matthews’ equation is around a few nm, which is much smaller than the
thickness of the Nb ﬁlm, so misﬁt dislocations are induced
to accommodate the lattice mismatch in all cases.
From the experimental results above, we clearly concluded that Nb(1 0 0) is the only plane preferred to grow

on the single crystal MgO(1 0 0), and Nb(1 1 0) is the only
plane preferred to grow on the single crystal MgO(1 1 1).
However, it is not clear why the system chooses the interface as Nb(1 0 0)/MgO(1 0 0) and Nb(1 1 0)/MgO(1 1 1). In
the following section, we attempt to understand these phenomena by means of ﬁrst-principles calculations. Our
sequent results show that, only when the system has the
interface conﬁguration of Nb(1 0 0)/MgO(1 0 0) and
Nb(1 1 0)/MgO(1 1 1), the corresponding interfaces have
the strongest interaction, which thus leads to a largest work
of separation in the system. This criterion may shed light
on the understanding of interfaces between diﬀerent
materials.
4. Discussions
4.1. Computational model and method to understand the
interface structure from the ﬁrst-principles calculations
In current ﬁrst-principles studies, two complementary
approaches are used for quantum mechanical modeling
of interface: a small cluster of atoms and a periodic slab
of crystal layers [38]. The cluster model is widely used to
accurately provide the adsorption energy and bounding
strength of adatoms or clusters deposited on oxide surfaces. The periodic slab model, which could be divided into
coherent and incoherent periodic models, represents an
interface as a sandwich of semi-inﬁnite crystal layers and
can take account of the metallic binding character; thus
this model is extensively used to calculate the metal/oxide
interfaces.
For the Nb/MgO system, our experiments show that the
real Nb/MgO interface is incoherent, conﬁrmed by a twodimensional network of misﬁt dislocations. However, it is
not plausible to use the incoherent interface models for
the Nb/MgO system in ﬁrst-principles calculations, because
the lattice mismatch between Nb and MgO is relatively
small, thus the corresponding Nb/MgO incoherent interface model must contain at least 1000 atoms, which are
beyond the upper limit of this method. Fortunately, some
researchers pointed out that properties of the incoherent
interface could be approximated by weighted averages of
properties of coherent interfaces that diﬀer in their parallel
translation [39,40]. Furthermore, Van der Merwe suggested
that a thin ﬁlm can grow coherently on a rigid substrate up
to a critical thickness of hc, after which it is energetically
favorable for misﬁt dislocations to accommodate the lattice
mismatch [35]. Even if the thickness of a thin ﬁlm is larger
than the critical thickness and interface misﬁt dislocations
accommodate the lattice mismatch, the thin ﬁlm initially
grows coherently on the substrate at beginning. Thus it is
still reasonable to use the coherent interface approximation
to study the inﬂuence of lattice mismatch on the interface
structure. The purpose of the simulation is to use the periodic slab model with the coherent interface approximation
to verify and understand the experimental results of
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interface structure and orientation relationships in the Nb
ﬁlms on MgO substrates.
For a given MgO plane, theoretically there could be an
inﬁnite number of Nb planes to match this MgO substrate.
Experimental experiences with interface fabrication methods indicate the existence of “special” orientations between
metal and oxide crystals. Often these special orientations
are such that low-indexed planes and directions of one
crystal lie parallel to low-indexed planes and directions in
another crystal [3,31,41]. Therefore we only choose three
lowest-indexed planes of Nb (Nb(1 0 0), Nb(1 1 0) and
Nb(1 1 1)) to match the single crystal MgO (MgO(1 0 0)
and MgO(1 1 1)) in current simulations, respectively.
The coherent Nb/MgO interface system is built by placing Nb layers on the top of MgO layers with slab geometry.
For example, Fig. 6a shows the periodic slab model for
Nb(1 0 0)/MgO(1 0 0) with a coherent interface. The process
to build this model is as follows.
Firstly, we ﬁnd out all the cells on a surface area (4  4
unit cell) for Nb(1 0 0) and MgO(1 0 0) and get all the possible cell match patterns for Nb(1 0 0)/MgO(1 0 0) with different cell shapes and orientations. Previous studies on bcc
metal ﬁlms deposited on MgO reported that bcc metal
atoms usually sit on the top of either O or Mg atoms
[31,41,42], so two types of coherent interface conﬁgurations
were considered in the present calculations, where Nb
atoms sit on the top of either O or Mg atoms, denoted as
O-atop and Mg-atop, respectively. Secondly, we need to
choose a match pattern between Nb and MgO at the
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interface for the following calculations. Early experimental
and theoretical works show that the lattice misﬁt between
thin ﬁlm and substrate plays an important role in determining the atomic structure of the interface. Smaller lattice
misﬁt leads to smaller misﬁt strain between the metal ﬁlm
and substrate [31,41,43]. The lattice misﬁt used here refers
to the strain required to make a ﬁlm coherent with a substrate, and is deﬁned as:
d0 ¼ 1  ð2XÞ=ðS 1 þ S 2 Þ

ð4Þ

where X represents the area of overlap of surface unit cells
with the match cell area of S 1 in the thin ﬁlm and the match
area of S 2 in the substrate [40]. It is noted that d0 indicates
the lattice misﬁt between to two planes, which diﬀers from
the lattice mismatch in one direction (d). We therefore
choose the match pattern in such a way that the lattice misﬁt is minimized to be the smallest. For example, in the
Nb(1 0 0)/MgO(1 0 0) interface model, when the rectangle
cell with the dimensions of 4.677  4.677 Å2 on the
Nb(1 0 0) plane matches the rectangle cell with the dimensions of 4.217  4.217 Å2 on the MgO(1 0 0) plane, the misﬁt is minimized to be the smallest (10%). The
corresponding orientation relationship between Nb and
MgO in this case is Nb[0 1 1]//MgO[0 0 1] in the l direction,
Nb[0 1 1]//MgO[0 1 0] in the m direction and Nb[1 0 0]//
MgO[1 0 0] in the n direction, as shown in Fig. 6a. Thirdly,
we need to determine the changes in lattice constants for
Nb due to the lattice misﬁt in the match pattern. We ﬁrst
stretch the length of the rectangle cell (in l and m directions

Fig. 6. Periodic slab model of three coherent Nb/MgO(1 0 0) interface models with the corresponding orientation relationships. (a) Nb(1 0 0)/MgO(1 0 0),
(b) Nb(1 1 0)/MgO(1 0 0), (c) Nb(1 1 1)/MgO(1 0 0). l, m, n are the lattice constants for diﬀerent orientations in the unit cell of stretched Nb.
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of Fig. 6a) on the Nb(1 0 0) plane to match the cell on the
MgO(1 0 0) plane with the dimensions of 4.217  4.217
Å2, i.e., the deformation strain in l and m directions
([0 1 1] and [0 
1 1], respectively) for the Nb ﬁlm is
e1 ¼ em ¼ ð4:217  4:667Þ=4:667 ¼ 10%. The shrinkage
along the l and m directions of the Nb ﬁlm leads to Nb lattice elongate along the n ([1 0 0]) direction. The lattice
deformation along the n direction (en) can be obtained by
ﬁxing e1 ¼ em ¼ 10% along the l and m directions and
minimizing the total energy of the Nb ﬁlm. For the present
Nb(1 0 0)/MgO(1 0 0) system, en = (3.740  3.307)/3.307 =
13%, in which 3.740 Å is the new lattice distance along
the n direction after minimization.
With all of the above information, we can build the periodic slab model for Nb(1 0 0)/MgO(1 0 0) with a coherent
interface, as shown in Fig. 6a, in which it includes three layers of Nb(1 0 0), four layers of MgO(1 0 0) and a 1.5 nm vacuum slab. The interface distance x, deﬁned as the nearest
distance between the thin ﬁlm atoms and substrate atoms,
is a function of total energy of the whole interface system,
and can be obtained by minimizing the total energy of the
whole interface system with other parameters ﬁxed. By
repeating the above processes, we also obtained the periodic
slab models for Nb(1 1 0)/MgO(1 0 0) (Fig. 6b), Nb(1 1 1)/
MgO(1 0 0) (Fig. 6c), Nb(1 0 0)/MgO(1 1 1) (Fig. 7a),
Nb(1 1 0)/MgO(1 1 1) (Fig. 7b) and Nb(1 1 1)/MgO(1 1 1)
(Fig. 7c), respectively. In order to reduce the free surface
eﬀect in energy calculation, the number of Nb and MgO layers used in real calculation is six and eight, respectively.

With the established models, we can determine the interface conﬁguration of the Nb/MgO system by analyzing the
work of separation and electronic structure information of
each model.
The work of separation is a fundamental quantity which
characterizes the strength of the metal/ oxide interface. The
work of separation Wsep is deﬁned as the reversible work
needed to separate the interface into two free surfaces. A
larger work of separation often corresponds to a stable
interface structure, and it can be written as [4]:
W sep ¼ ðENb þ EMgO  ENb=MgO Þ=S

ð5Þ

where Wsep is the work of separation and ENb is the energy of
a single Nb slab, which is obtained by maintaining the parallel strains of the Nb slab. EMgO is the energy of a single MgO
slab; ENb/MgO is the total energy of the whole interface. Wsep
can be calculated either with free surface relaxation or without, allowing the free surface to relax. Here we use the later
method, as Hashibon et al. [44] compared Wsep with diﬀerent
methods, and their results pointed out that the surface relaxation does not alter the hierarchy of the works of separation;
therefore in order to determine the most stable structure it
suﬃces to consider Wsep obtained without allowing the free
surface to relax [44].
The structure optimizations and electronic structure calculations are performed by using the Cambridge Sequential
Total Energy Package (CASTEP), which utilizes planewave pseudopotentials to perform ﬁrst-principles quantum
mechanics calculations [45]. The exchange-correlation

Fig. 7. Periodic slab model of three coherent Nb/MgO(1 1 1) interface models with the corresponding orientation relationships. (a) Nb(1 0 0)/MgO(1 1 1),
(b) Nb(1 1 0)/MgO(1 1 1), (c) Nb(1 1 1)/MgO(1 1 1). l, m, n are the lattice constants for diﬀerent orientations in the unit cell of stretched Nb.
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potential is calculated by means of the generalized gradient
approximation (GGA) using the Perdew–Wang 1991
(PW91) parameterization [46]. The plane wave basis set is
limited by the cutoﬀ energy of 340 eV, and the Brillouin
zone is sampled by 8  8  1 for most of the coherent interface models, which make the convergence tolerance energy
1.0  105 eV per atom, maximum force 0.03 eV Å1 and
maximum displacement 1.0  103 Å.
4.2. Understanding Nb(1 0 0) growth on single crystal
MgO(1 0 0)
The calculated results of interface distance, for diﬀerent
coherent interface conﬁgurations presented in Fig. 6, are
shown in Table 1. From this table we notice that, except
for the Nb(1 1 1)/MgO(1 0 0) model, the interface distance
of O-atop match type is smaller than that of the Mg-atop
one, and the work of separation of O-atop match type is
bigger than that of the Mg-atop match type. These results
indicate that the Mg-atop match type is not preferred for
the Nb(1 0 0)/MgO(1 0 0) system. To understand the reasons behind this phenomenon, we further calculate the difference in electron density for these two match types. Here
electron density diﬀerence is calculated as follows:
Dq ¼ qNb=MgO  ðqNb þ qMgO Þ

ð6Þ

where qNb=MgO is the electron density of the Nb/Mgo
interface structure and qNb and qMgO are the electron
densities of the Nb and MgO slabs having the same
atomic positions in the interface structure. The O-atop
and Mg-atop electron density diﬀerence results for
Nb(1 0 0)/MgO(1 0 0) are shown in Fig. 8a and b. For
the O-atop Nb(1 0 0)/MgO(1 0 0), there is a clear electron
transfer from Nb atom to O atom, and electrons accumulation between the interface, as shown in Fig. 8a.
The redistribution of electrons implies that the bonds
along O-atop Nb(1 0 0)/MgO(1 0 0) have both covalent
and ionic bond characteristics, similar to that occurring
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in the Ni/MgO or Cu/MgO interface structure [47]. In
contrast, few electrons are localized between the interface
for Mg-atop Nb(1 0 0)/MgO(1 0 0), as shown in Fig. 8b.
This means that the interaction along the interface plane
of O-atop match type is stronger than that in Mg-atop
match type. As a result, the interface distance of O-atop
is smaller than that in the Mg-atop match type, and the
interface structure with O-atop match type is more stable. It is noted that the exception for the Nb(1 1 1)/
MgO(1 0 0) model is due to the fact that both O-atop
and Mg-atop match types have the same interface structure, and thus the same interface distance and work of
separation.
For the three O-atop Nb/MgO(1 0 0) coherent interface models in Fig. 6, we note from Table 1 that the
Nb(1 0 0)/MgO(1 0 0) model (shown in Fig. 6a) has the
biggest work of separation, in contrast to the models
with Nb(1 1 0)/MgO(1 0 0) and Nb(1 1 1)/MgO(1 0 0)
(shown in Fig. 6b and c, respectively). This means that
the O-atop Nb(1 0 0)/MgO(1 0 0) coherent interface structure is the most stable one among all the potential candidates (with low work of separation) that we have
evaluated. It also indicates that Nb(1 0 0) is the only
plane preferred to grow on the single crystal
MgO(1 0 0). To further understand why Nb(1 0 0)/
MgO(1 0 0) is preferred, we calculated the bond populations of all the three O-atop Nb/MgO(1 0 0) coherent
interface models. Bond populations quantitatively
describe the overlap of electrons between two atoms
[48], therefore they provide chemical bond information
along the interface. From the calculated nearest Nb–O
bond populations for the O-atop match types (shown
in Table 1), we can see that the bond population for
Nb(1 0 0)/MgO(1 0 0) is 0.55e, which is larger than that
in the other two models. This indicates that the Nb–O
bond at the Nb(1 0 0)/MgO(1 0 0) interface is the strongest among the three models, and thus Nb(1 0 0)/
MgO(1 0 0) is preferred.

Table 1
Structure parameters, works of separation and bond populations of Nb/MgO(1 0 0) coherent interface models.
Models

d0

(e1, em, en)

Match type

x

Wsep

PNb–O

Nb(1 0 0)/MgO(1 0 0)
Nb[0 1 1]//MgO[0 0 1]
Nb[0 
1 1]//MgO[0 1 0]
Nb[1 0 0]//MgO[1 0 0]

0.10

(10%, 10%, 13%)

O-atop
Mg-atop

2.4
3.6

0.09
0.03

0.55

Nb(1 1 0)/MgO(1 0 0)
Nb[
1 1 0]//MgO[0 1 1]
Nb[0 0 1]//MgO[0 
1 1]
Nb[1 1 0]//MgO[1 0 0]

0.16

(28%, 10%, 6%)

O-atop
Mg-atop

2.6
3.6

0.05
0.01

0.13

Nb(1 1 1)/MgO(1 0 0)
Nb[1 1 
2]//MgO[0 1 0]
Nb[
1 1 0]//MgO[0 0 1]
Nb[1 1 1]//MgO[1 0 0]

0.07

(4%, 10%, 4%)

O-atop
Mg-atop

2.8
2.8

0.02
0.02

0.34

d0 is the interface misﬁt between un-stretched Nb and MgO ﬁlms; (el, em, en) is the deformation strain in l, m and n directions for Nb ﬁlm; match type Oatop and Mg-atop means the Nb atom is located just above the O and Mg atom; x is the interface distance, given in Å. Wsep is the work of separation,
given in eV Å2. PNb–O(e) is the bond population for the nearest Nb and O atoms.
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Fig. 8. Electron density diﬀerence maps for the coherent interface models along thte interfacial plane of Nb(1 0 0)/MgO(1 0 0) and Nb(1 1 0)/MgO(1 1 1);
the positions of the interfacial atoms on interfacial cross section are indicated. (a) and (b) correspond to Nb(1 0 0)/MgO(1 0 0) with O-atop and Mg-atop
match type; (c) and (d) correspond to Nb(1 1 0)/MgO(1 1 1) with O-atop and Mg-atop match type, respectively. The electron density diﬀerence are colored
from 0.1 to 0.1 in the unit of electrons Å3.

4.3. Understanding Nb(1 1 0) growth on single crystal
MgO(1 1 1)
Fig. 7 shows the periodic slab model of coherent interface conﬁgurations for Nb(1 0 0), Nb(1 1 0) and Nb(1 1 1)
on single crystal MgO(1 1 1) substrates, respectively. Table 2
shows the structure parameters, interface distance and
work of separation of these three Nb/MgO(1 1 1) coherent
interface models. The table indicates that the interface
structure of the O-atop match type is more stable than
the Mg-atop match type. This is due to the fact that the
interaction of Nb–O is stronger than Nb–Mg (shown in

Fig. 8c and d) along the interface, which is the same as that
observed for Nb(1 0 0)/MgO(1 0 0) coherent interface systems. For the O-atop Nb/MgO(1 1 1) coherent interface
models, we further notice that the Nb(1 1 0)/MgO(1 1 1)
model (Fig. 7b) with the orientation relationships of
Nb[0 0 1]//MgO[1 1 0], Nb[1 1 0]//MgO[1 1 2] and Nb[1 1 0]//
MgO[1 1 1], has the biggest work of separation among the
three models. This implies that the Nb(1 1 0)/MgO(1 1 1)
coherent interface structure is the most stable one among
the three potential candidates. The reason for this is also
that the nearest Nb–O bond for the O-atop Nb(1 0 0)/
MgO(1 1 1) is the strongest. This results from the bigger

Table 2
Structure parameters, works of separation and bond populations of Nb/MgO(1 1 1) coherent interface models.
Models

d0

(e1, em, en)

Match type

x

Wsep

PNb–O

Nb(1 0 0)/MgO(1 1 1)
Nb[0 
1 1]//MgO[1 1 
2]
Nb[0 1 1]//MgO[1 
1 0]
Nb[1 0 0]//MgO[1 1 1]
Nb(1 1 0)/MgO(1 1 1)
Nb[0 0 1]//MgO[1 
1 0]
Nb[1 
1 0]//MgO[1 1 
2]
Nb[1 1 0]//MgO[1 1 1]
Nb(1 1 1)/MgO(1 1 1)
Nb[
1 1 0]//MgO[1 1 
2]
Nb[1 1 
2]//MgO[
1 1 0]
Nb[1 1 1]//MgO[1 1 0]

0.15

(10%, 10%, 4%)

O-atop
Mg-atop

2.0
2.1

0.40
0.10

0.96

0.10

(10%, 10%, 1%)

O-atop
Mg-atop

1.9
2.8

0.53
0.10

1.00

0.10

(10%, 10%, 12%)

O-atop
Mg-atop

1.8
2.5

0.32
0.10

0.85

d0 is the interface misﬁt between unstretched Nb and MgO ﬁlms; (el, em, en) is the deformation strain in l, m and n directions for Nb ﬁlm; match type O-atop
and Mg-atop means the Nb atom is located just above the O and Mg atom; x is the interface distance, given in Å. Wsep is the work of separation, given in
eV Å2. PNb–O(e) is the bond populations for the nearest Nb and O atoms.
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nearest Nb–O bond populations for Nb(1 1 0)/MgO(1 1 1)
(1.00e) than that for Nb(1 0 0)/MgO(1 1 1) (0.96e) and
Nb(1 1 1)/MgO(1 1 1) (0.85e).
We also calculated the diﬀerence in electron density for
Nb(1 1 0)/MgO(1 1 1) interface with O-atop and Mg-atop
match type, as shown in Fig. 8c and d. Similar to that in
Nb(1 0 0)/MgO(1 0 0), we also ﬁnd a clear electron transfer
from Nb to oxygen atoms, whereas few electrons transfer
between Nb and Mg atoms. This means that the interaction
along the interface plane of O-atop Nb/MgO(1 1 1) is stronger than that in Mg-atop Nb/MgO(1 1 1). Comparing
Fig. 8a with Fig. 8c, we can see that there are more electrons transferring from Nb to O in the Nb(1 1 0)/
MgO(1 1 1) interface than that in the Nb(1 0 0)/MgO(1 0 0)
interface, which means that the strength of the Nb–O ionic
bond in the Nb(1 1 0)/MgO(1 1 1) interface is stronger than
that in the Nb(1 0 0)/MgO(1 0 0) interface. This is also consistent with the high bond population and huge work of
separation in the Nb/MgO(1 1 1) system (shown in Tables
1 and 2). The above phenomena may be closely related
to the local atomic conﬁguration along the interfacial plane
to the interface system [47]. For O-atop MgO(1 1 1), the
charge on the surface oxygen ion is not 2 units because
MgO(1 1 1) is a non-stoichiometric plane. The oxygen ion
can become 2 unit ions by charge transfer from Nb, providing a strong ionic bond along the Nb(1 1 0)/MgO(1 1 1)
interface plane. In contrast, on MgO(1 0 0) the charge on
the surface oxygen ion is already 2 units, since the
MgO(1 0 0) is a stoichiometric plane. Hence the Nb–O ionic
bond along Nb(1 0 0)/MgO(1 0 0) interface is weaker.
It is worth noting that we ﬁnd that a Nb/MgO interface
structure with the biggest work of separation does not
always correspond to a Nb/MgO interface structure with
the smallest misﬁt, as Nb(1 0 0)/MgO(1 0 0) and Nb(1 1 1)/
MgO(1 0 0) show in Table 1. Higher separation energy
means a more stable interface structure, and smaller misﬁt
corresponds to more stable Nb ﬁlms. However, the stability
of the real interface system is related to both the stability of
the Nb and MgO ﬁlms and the stability of the interface
structure. The present coherent interface models start from
the models with minimum misﬁt, and the results show that
the interface with the biggest work of separation is favored
in experiments. This may indicate that although both misﬁt
and work of separation are important for the interface
structure metal/oxide system, the work of separation is
the dominant factor that determines the orientation relationship between Nb thin ﬁlms and single crystal MgO
substrates.
5. Conclusion
Nb thin ﬁlms were successfully deposited on single crystal MgO(1 0 0) and MgO(1 1 1) by electron beam evaporation, respectively. Well-deﬁned orientation relationships
of interfaces on both ﬁlms have been conﬁrmed experimentally, e.g. Nb(1 0 0)//MgO(1 0 0) and Nb[011]//MgO[0 0 1]
for Nb ﬁlms on MgO(1 0 0), and Nb(1 1 0)//MgO(1 1 1)
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and Nb[0 0 1]//MgO[1 1 0] and Nb[1 1 0]//MgO[[1 1 
2] for
Nb ﬁlms on MgO(1 1 1). HRTEM revealed that the misﬁt
dislocations are distributed along the Nb/MgO interfaces
to accommodate the in-plane lattice mismatch between
Nb ﬁlm and MgO substrates. In Nb ﬁlm on a MgO(1 0 0)
substrate sample, we found two types of misﬁt dislocations.
The misﬁt dislocation has a Burgers vector of ½Nb[1 1 
1],
which could be due to the step on the surface of
MgO(1 0 0), and as a result, the tilting of Nb ﬁlm with
respect to the substrate was generated. The misﬁt dislocation has a Burgers vector of ½Nb[0 1 1] in the region where
the surface of MgO(1 0 0) maybe doesn’t have step, and no
tilting of Nb ﬁlms was created. First-principles calculations
from a periodic slab model with a coherent interface
approximation conﬁrmed the experimental observations
and showed that, only when the system has the interface
conﬁgurations of Nb(1 0 0)/MgO(1 0 0) and Nb(1 1 0)/
MgO(1 1 1), the corresponding interfaces have the strongest
interactions, and this leads to the largest work of separation in the system. The work of separation is found to be
the dominant factor that determines the orientation relationship between Nb thin ﬁlms and single crystal MgO
substrates.
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