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a b s t r a c t
This study systematically investigates the interface structure of three body-centered-cubic (BCC) metallic
(Fe, V and Nb) ﬁlms grown on MgO(100) substrates through experiments and simulations. Orientation
relationships of their interfaces with the different lattice mismatches exhibit cube-on-cube conﬁgurations. The misﬁt dislocations at these three interfaces exhibit different characteristics. High resolution
TEM (HRTEM), combined with ﬁrst principle calculations, demonstrates the O-atop match type between
metal atoms and MgO substrates for the ﬁrst time. The fundamental mechanism in determining the interface conﬁguration is discussed in terms of the work of separation and delocalization of atomic charge
density.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Heterophase interfaces are widely studied due to their ability of enhancing the radiation tolerance of materials [1–8]. Owing
to high density heterophase interfaces, materials with multiple
phases or precipitates in radiation environments usually exhibit
evenly distributed voids or He bubbles with small size (sometimes
even undetectable) and thereby alleviate radiation hardening and
swelling [9–13]. Thus, tailoring the density of interfaces is becoming one of the most effective ways to enhance radiation tolerance
and success has been achieved in many nanomaterials.
Nevertheless, the atomic structure of interfaces has been
increasingly concerned as it affects the sink strength of the
interfaces signiﬁcantly. Extensive studies suggest the width of
defect-denuded zone (DDZ), which is commonly used to characterize the sink ability of interface, is closely correlated to the
interface structure [14]. Nucleation, migration and clustering of
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interfacial vacancies and interstitials are strongly dependent on the
structure and conﬁguration of interfaces [15,16]. For instance, high
angle grain boundaries with low vacancy formation energies can
act as powerful vacancy sinks, while other grain boundaries (e.g.
3 boundaries) where vacancy formation energies are comparable
to those in the neighboring crystalline material are less effective
[17,18].
BCC metals are promising candidates for future nuclear applications as they show much better swelling resistance than
the face-centered-cubic (FCC) counterparts. Ferritic-martensitic
steels (F/M steel), nano-ferritic alloys (NFA), and in particular,
oxide-dispersion-strengthened (ODS) steels have attracted global
interests for the development of next generation nuclear materials.
It has been reported that the BCC iron/oxide heterophase interfaces
within ODS alloys are expected to acquire increased sink ability if
appropriate interface structure can be obtained. Hence systematic
knowledge on the formation mechanisms of the BCC metal/oxide
interface is required for the design of radiation resistant alloys such
as ODS steels. Related works have shown that irradiation induced
defects in the BCC alloy/oxide systems are very mobile and annihilate in an effective manner [19–26].
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Fig. 1. XRD -2 patterns of Fe, V and Nb ﬁlms deposited on MgO(100) substrates by e-beam evaporation. The preferential planes of Fe, V and Nb ﬁlms on MgO(100) plane
are Fe(100), V(100) and Nb(100), respectively.

Our previous work has shown that the work of separation,
together with substrate orientation and lattice mismatch, determines the orientation relationships between BCC metal ﬁlms
and MgO substrates, and the work of separation is the dominant factor [27]. Others have reported that BCC metals, such
as Nb [27], Fe [28,29], V [30], Ta [31], and Cr [32], grow on
MgO(100) substrate with a typical orientation relationship of
metal(100)[011]//MgO(100)[001], that is, the metal(100) plane
is rotated by 45◦ around the metal[100] axis. In addition, the
match type(O-atop or Mg-atop) of metal/MgO interface might
also affect the chemical stability of the interface. Simulations
have suggested that the metal/MgO interface follows the Oatop match type [33–35] although direct experimental evidences
are rarely reported. In this study, three typical BCC metals are
deposited on single crystal MgO(100) substrates with negative lattice mismatched (Fe/MgO), coherent (V/MgO), and positive lattice
mismatched (Nb/MgO) interfaces. We identify the interface atomic
structure and ﬁnd direct experimental evidence of O-atop match
type which is consistent with ﬁrst principle calculations. Possible
interface formation mechanisms are discussed.
2. Experiments
Fe, V and Nb ﬁlms were deposited on MgO(100) substrates
by electron beam evaporation with the substrate temperature of
500 ◦ C, 700 ◦ C and 950 ◦ C, respectively. Single crystal MgO substrates were etched in 85% o-phosphoric acid (H3 PO4 ) for 45 s
followed by rinsing in the deionized water. After that, they were
loaded into a vacuum chamber immediately to minimize surface
roughening and hydroxide formation. The substrates were exposed
by electron cyclotron resonance microwave plasma operated at
200W and 2 × 10−4 Pa O2 for 30 min to remove adventitious carbon
contamination on the surface [36,37].
Van der Merwe suggested that when the ﬁlm thickness is larger
than the critical thickness given by Mathews’ equation, the lattice
mismatch is accommodated by forming interface misﬁt dislocations [22–24]. Moreover, it is reported that as the ﬁlm thickness
increases, higher crystalline quality of the ﬁlm is achieved resulting from the decrease of auto-doped defect concentration in ﬁlms
[38,39]. All ﬁlm thicknesses were about 180 nm to guarantee the
formation of misﬁt dislocation network in interface and high crystalline quality. The ﬁlm thickness was measured in TEM by tilting
the sample to follow MgO[001] zone axis.
XRD experiments were performed using a PYNalitic X-Pert3 Xray powder diffractometer with CuK␣1 = 0.15406 nm. The rocking
curve experiments were performed by Philips X’PERT-MRD X-ray
diffractometer using the same wavelength at room temperature.
The cross-sectional TEM specimens were prepared by grinding and
low energy (3.5 keV) Ar ion milling. A FEI Tecnai F30 transmission
electron microscope working at 300 kV with a ﬁeld-emission gun

was used to observe the microstructures of the as-deposited ﬁlms.
Images were recorded by a Gatan UltraScan model 994 CCD camera
with the image size of 2048 × 2048 pixels.
3. Results
Fig. 1(a–c) show XRD –2 patterns of Nb, V and Fe ﬁlms on
MgO(100) substrates, respectively. Strong reﬂections of metal(200)
are observed, indicating the Nb, V and Fe ﬁlms are strongly texture
with (100) planes in parallel with MgO(100) plane. The crystalline
quality of Fe, V and Nb ﬁlms was investigated by the full width
at half maximum (FWHM) of rocking curves, which are primarily used to determine the mean spread (range) in orientation of
the different out-of-plane crystalline domains of a perfect crystal
with mis-orientation. Table 1 shows the values of FWHM of Fe(200),
V(200) and Nb(200) rocking curves. It is found that the FWHM values of Fe, V and Nb ﬁlms are FWHMFe = 0.378◦ , FWHMV = 0.243◦ ,
and FWHMNb = 0.438◦ , respectively, indicating that the V ﬁlm has
the highest crystalline quality, while the Nb ﬁlm has the lowest one.
Fig. 2 shows the TEM micrographs of metal(100)/MgO(100)
interface. Fig. 2a is the bright-ﬁeld TEM micrograph of
Fe(100)/MgO(100) taken at MgO[001] zone axis. Inset is the
corresponding selected area electron diffraction (SAD) pattern
and shows Fe[011]//MgO[001] and Fe(100)//MgO(100). This orientation relationship is consistent with the XRD results. Fig. 2b is
the HRTEM micrograph of Fe(100)/MgO(100) interface structure.
Fe(100) plane is rotated 45◦ around the Fe[100] axis and the
interface roughness is smaller than 3 nm. The misﬁt dislocations
which are formed due to the lattice mismatch between Fe(011)
and MgO(020) plane were labeled by the red “⊥” in Fig. 2b and the
average dislocation spacing is measured as ∼4.9 nm. The Burgers
vector of the misﬁt dislocation was determined as b = Fe[011]
shown in inset of Fig. 2b.
Fig. 2c and e show the interface structure of V and Nb ﬁlms
on MgO(100) substrates. The preferential orientation relationships
investigated by both XRD and SAD pattern are the same as that
of Fe/MgO(100). Also, it is noted that the V[100] and Nb[100] are
parallel to the MgO[100]. Fig. 2d is the HRTEM micrograph of
V/MgO(100) interface which is observed along MgO[001] direction, showing that the interface of V/MgO is coherent. However,
some dislocations are observed in the MgO substrate, labeled by red
“” or “⊥”. Fig. 3f shows the HRTEM micrograph of Nb/MgO(100)
interface. The misﬁt dislocations are labeled by “”, with the BurgTable 1
The FWHM values of rocking curves for Fe(200), V(200) and Nb(200) planes.

Lattice mismatch ı
FWHM

Fe(200)

V(200)

Nb(200)

−6.1%
0.378◦

1.5%
0.243◦

10.3%
0.438◦
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Fig. 2. Bright-ﬁeld TEM micrographs of (a) Fe(100)/MgO(100), (c) V(100)/MgO(100), and (e) Nb(100)/MgO(100), insets are the corresponding selected area diffraction (SAD)
patterns respectively. (b), (d) and (f) are the corresponding HRTEM micrograph observed along the MgO[001] zone axis, and the inset in (b) is the enlarged ﬁltered image
showing the Burgers vector of a misﬁt dislocation. (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)

ers vector b = 1/2Nb[011] and the average dislocation spacing is
measured as ∼1.9 nm.

MgO substrate was investigated here. Lattice mismatch (ı) can be
expressed by Eq. (1) [40,41]:
ı = 2(df − ds )/(df + ds )

4. Discussion
4.1. Interface structure in Fe/MgO, V/MgO and Nb/MgO
The Fe, V and Nb ﬁlms were grown on the MgO(100) substrate
by electron beam evaporation with the substrate temperature of
500 ◦ C, 700 ◦ C and 950 ◦ C, respectively. Fe, V and Nb all have bcc
structure with lattice parameter: aFe = 0.2806 nm, aV = 0.3027 nm,
aNb = 0.3307 nm, while MgO has a fcc structure with lattice parameter aMgO = 0.4217 nm.The lattice mismatch between Fe ﬁlm and

(1)

where ds and df are the lattice spacing of the substrate and the thin
ﬁlm, respectively. If one assumes the interface misﬁt dislocation is
fully accommodated by the relaxation of the in-plane lattice mismatch, the average interface dislocation spacing can be given by
[19]:
L =

b
ı

(2)

where b is the magnitude of the Burgers vector of misﬁt dislocation
parallel to the interface, as shown in Fig. 2b. The Burgers vector of
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Fig. 3. (a) HRTEM micrograph of Fe(100)/MgO(100) viewed along the MgO[011] axis; (b) The corresponding selected area diffraction (SAD) pattern; (a1), (a2) and (a3) shows
the intensity of the HRTEM spots along the line a1, a2 and a3 in Fig. 3a, and the average atom spacing is calculated as 0.2596 nm, 0.4263 nm and 0.1975 nm, respectively. (c)
Enlarged image of the region labeled by the green box in Fig. 3a. (d) Enlarged image of the region labeled by the red box in Fig. 3a. (e) and (f) are the O-atop and Mg-atop
match type calculated by ﬁrst principle calculations, respectively. (For interpretation of the references to colour in this ﬁgure legend and text, the reader is referred to the
web version of this article.)
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Table 2
The lattice mismatch and dislocation spacing of Fe/MgO, V/MgO and Nb/MgO interfaces. as and af are the lattice parameter of substrate and metal ﬁlms, where subscript s and
f represent substrate and ﬁlm, respectively. ı is the lattice mismatch from the direction along MgO[010] axis. Dislocation spacing is the average distance of misﬁt dislocations
measured by HRTEM.

Fe
V
Nb
*

af
(nm)

as
(nm)

df(011)
(nm)

ds(020)
(nm)

ı

Burgers vector

dislocation spacing

0.2806
0.3027
0.3307

0.4217
0.4217
0.4217

0.1984
0.2140
0.2338

0.2109
0.2109
0.2109

−6.1%
1.5%
10.3%

Fe [011]

4.9 nm

*

*

Nb [011]

1.9 nm

: no misﬁt dislocation observed due to coherent interface.

the misﬁt dislocation was determined as b = 1/2Fe[011] by drawing circuit around the dislocation. Corresponding lattice mismatch
is ı = 2(dFe(011) − dMgO(020) )/(dFe(011) +dMgO(020) ) = −6.1%. Thus the
calculated average dislocation spacing of misﬁt dislocations is L=
b/ı = 3.3 nm. In comparison, the value measured from the HRTEM
image is ∼4.9 nm. Previous study shows that the semi-coherent
interface releases strain by forming misﬁt dislocations and the
interface is characterized by coherent regions separated by periodically spaced misﬁt dislocations [32,40,41]. This difference could
be due to the co-existence of residual stress at the coherent regions
and misﬁt dislocations [4,27,42].
The interface coherencies of V(100)/MgO(100) interface and
Nb(100)/MgO(100) are also studied. The lattice mismatch of
V/MgO(100) between V(011) and MgO(020) is ı = 2(dV (011) −
dMgO(020) )/(dV (011) +dMgO(020) ) = 1.5%. It is well known that the
interface is likely to form the coherent structure when the lattice mismatch is smaller than 5.0%. For the lattice mismatch of
1.5% in V/MgO(100), the coherent interface has been observed
under HRTEM [33,34] and no misﬁt dislocation along the interface
is found as they are well matched. However, some edge dislocations are observed in the bulk MgO substrate, and this may be due
to the motivation of misﬁt dislocations [34]. The calculated spacing between misﬁt dislocations of Nb/MgO(100) interface is L=
b/ı = 2.4 nm, based on the lattice mismatch of ı = 2(dNb(011) −
dMgO(020) )/(dNb(011) +dMgO(020) ) = 10.3% calculated by using E.q. (1).
This calculated value of dislocation spacing is larger than the
measured value ∼1.9 nm and it may be due to the fact that the
distribution of misﬁt dislocations is non-uniform and the observed
regions has a higher density of misﬁt dislocations.
On the other hand, the location of edge misﬁt dislocations are
investigated by HRTEM in Fe/MgO(100) and Nb/MgO(100) systems.
The misﬁt dislocations are located at Fe side on the interface of
Fe ﬁlm grown on MgO(100) substrate, while the misﬁt dislocations are located at MgO side on the Nb/MgO(100) interface, that is,
the Fe/MgO interface shows the positive misﬁt dislocations while
the Nb/MgO interfaces show negative misﬁt dislocations. This corresponds with the negative lattice mismatch and positive lattice
mismatch. It is well known that the misﬁt dislocations should be
located at the side with smaller interplanar spacing. The interplanar spacing of Fe(011) planes is dFe[011] = 0.1984 nm, while the
MgO(020) is dMgO(020) = 0.2109 nm, thus the misﬁt dislocations of
Fe/MgO(100) interface are located at the Fe ﬁlm side, showing positive misﬁt dislocations. While for Nb/MgO interface, the interplanar
spacing of Nb(011) planes is dNb(011) = 0.2338 nm, which is large
than dMgO(020) = 0.2109 nm, thus the misﬁt dislocations are located
at the MgO side. The differences are listed in Table 2.
4.2. Crystalline quality of Fe, V and Nb ﬁlms
The crystalline quality of Fe, V and Nb ﬁlms is investigated
by the FWHM values of Fe(200), V(200) and Nb(200) rocking
curves and the results are listed in Table 1. The FWHM values
of Fe, V and Nb ﬁlms are FWHMFe = 0.378◦ , FWHMV = 0.243◦ , and
FWHMNb = 0.438◦ , respectively, indicating that the V ﬁlm has the

best crystalline quality, while the Nb ﬁlm has the worst one. Also,
the lattice mismatch of these three interfaces is listed as Table 1,
and it is found that the order of the magnitude of lattice mismatch is ıNb/MgO > ıFe/MgO > ıV/MgO . Our previous study shows the
degree of Nb crystalline perfection in Nb(110)/Al2 O3 (1120) system
is higher than that in Nb(110)/MgO(111) and the reason is due to
its smaller lattice mismatch in Nb (110)/Al2 O3 (1120), which may
lead to smaller residual strain around interface. In the current case,
the observation shows that V/MgO interface has the smallest lattice
mismatch, and thus has the smallest amount of residual strain. As
a result, the V/MgO interface has the highest crystalline perfection
in these three ﬁlms.
4.3. Orientation relationships between BCC metal ﬁlm and MgO
substrate
XRD results (Fig. 1) show that all these three ﬁlms exhibit
the same preferential out of plane on MgO(100) substrate,
i.e., metal(100)//MgO(100). Combined with the SAD pattern
(Fig. 2a,c,e), it is found that all these three metals follows the
same orientation relationships, that is, metal(100)//MgO(100),
metal[011]//MgO[001] and metal[011]//MgO[010]. The ﬁrst principle calculation through the coherent models was used to
understand the fundamental mechanisms for forming the interface conﬁguration. The coherent periodic slab model [40,43] in
current calculation represents an interface as a sandwich of semiinﬁnite crystal layers. This sandwich model is constituted by MgO,
metal and vacuum layer. For a given sandwich model, the thickness of vacuum layer was set to be 15 Å. MgO substrate was kept
in the strain-free state while the lattice constant of metal ﬁlm was
changed to construct the coherent interfaces. In addition, two types
of coherent interface conﬁgurations were considered, where metal
atoms sit on the top of either O or Mg atoms, denoted as O-atop
and Mg-atop, respectively.
The built sandwich model was then relaxed by using the Atomistix ToolKit (ATK) software package in order to optimize the crystal
structure and calculate the electronic properties of the interface
between metal (Fe, V and Nb) and MgO [44]. Spin-polarized local
density approximation (LSDA) with the Perdew–Zunger parameterization was used as the exchange and correlation function
[45,46]. Single zeta plus polarization (SZP) basis set was selected
for the electron wave function. A cutoff energy of 75 Hartree and a
Monkhorst–Pack k-mesh of 7 × 7 × 1 were used for all calculations.
Lattice parameters and atomic coordinates were fully relaxed until
the maximum force on each atom was less than 0.05 eV Å−1 . The
similar building process of the interface structure models can be
found elsewhere [27].
Work of separation (Wsep ) is the fundamental factor to characterize the bonding strength of the metal/oxide interface, which is
deﬁned as the reversible work needed to separate the interface into
two free surfaces and is usually written as [47]
Wsep = (EMgO + Emetal -Etotal )/S

(3)

where Emetal is the energy of single metal (Fe, V or Nb) slab and
is obtained by maintaining the parallel strains of metal(Fe, V or
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Table 3
Structure parameters and calculation results of coherent Fe/MgO(100), V/MgO(100) and Nb/MgO(100) models. Detailed information of the six models are given as follows:
orientation relationships (ORs), interface mismatch (ı ), lattice mismatch along two directions (ıl ,ım ), interface distance (x, given in Å), work of separation (Wsep , given in
eV Å−2 ).

Fe/MgO

V/MgO

Nb/MgO



Model

ı

(εl , εm )

Match type

x

Wsep

Fe(100)//MgO(100)
Fe[011]//MgO[001]
Fe[011]//MgO[010]
Fe(110])//MgO(100)
Fe[001]//MgO[011]
Fe[331]//MgO[011]
Fe(111)//MgO(100)
Fe[312]//MgO[031]
Fe[121]//MgO[012]

6.5%

(6.7%, 6.7%)

O-atop
Mg-atop

2.1
2.1

0.18
0.13

4.2%

(−2.1%, 6.7%)

O-atop
Mg-atop

2.6
2.6

0.08
0.07

6.2%

(−9.8%, 2.6%)

O-atop
Mg-atop

2.1
2.6

0.12
0.05

0.3%

(−0.3%, −0.3%)

O-atop
Mg-atop

2.1
3.3

0.21
0.03

2.9%

(0.3%, 6.5%)

O-atop
Mg-atop

2.7
2.7

0.07
0.07

10%

(0.3%, 1.7%)

O-atop
Mg-atop

2.4
2.4

0.07
0.07

9.8%

(9.8%, 9.8%)

O-atop
Mg-atop

2.3
2.8

0.17
0.02

4.3%

(1.0%, 7.6%)

O-atop
Mg-atop

2.5
2.4

0.13
0.09

2.9%

(4.0%, 6.7%)

O-atop
Mg-atop

2.5
3.4

0.08
0.04

V(100)//MgO(100)
V[011]//MgO[001]
V[011]//MgO[010]
V(110)//MgO(100)
V[110]//MgO[011]
V[001]//MgO[011]
V(111)//MgO(100)
V[112]//MgO[018]
V[110]//MgO[010]
Nb(100)//MgO(100)
Nb[011]//MgO[010]
Nb[011]//MgO[001]
Nb(110)//MgO(100)
Nb[001]//MgO[011]
Nb[110]//MgO[011]
Nb(111)//MgO(100)
Nb[110]//MgO[001]
Nb[112]//MgO[010]

Nb) slab, EMgO is the energy of single MgO slab, Etotal is the total
energy of the whole interface, S is the area of interface. Two preset
cutoff values of interface mismatch (ı ) and lattice strain (εl ) are
used to reduce the number of interface conﬁguration models. The
lattice strain is the strain of metal ﬁlm along a given direction, e.g.,


εl = (a − a)/a, where a and a are the lattice constants after and
before deformation along l direction. The interface mismatch (ı  )
refers to the strain required to make two unit cells form coherent
structure, and is deﬁned as
ı = 1 − (2)/(SA + SB )

(4)

where  represents the overlap area of unit cell with the match cell
area of SA in the ﬁlm and the match area of SB in the substrate [40]. It
should be noted that the ı is commonly used to describe two plane
mismatch of heterointerface, different from the lattice mismatch
ı in one direction. All the calculated results are listed in Table 3.
It is found that metal(100)//MgO(100), metal[011]//MgO[001] and
metal[011]//MgO[010] have the largest work of separation. Therefore, work of separation can be used as the criterion to predict the
interface orientation relationships of Fe/MgO, V/MgO and Nb/MgO
interfaces.
4.4. O-atop or Mg-atop model?
In order to further understand the interface crystallography, the
ﬁrst principle calculation was used to investigate the preferential
orientations and interface chemistry. Previous experimental studies of BCC metal ﬁlms deposited on MgO reported that BCC metal
atoms usually sit on the top of either O or Mg atoms [27,34], thus
there could be two different simulation match types between metal
atoms and MgO substrate, i.e., O-atop type and Mg-atop type. It
is essential to clarify the match type of BCC metal ﬁlms and MgO
substrate to further understand the interface chemistry. The bonding mechanism of the metal/oxide interfaces are widely studied
by the ﬁrst principle calculations and most of these studies support the view that the metal ﬁlm atoms are sit on the O atoms

of MgO substrate, i.e., O-atop type [34,35]. However, to our best
knowledge, very few experimental studies verify the simulation
results based on bonding mechanism of the metal/oxide interfaces. In order to verify the O-atop match type experimentally,
the HRTEM micrograph of Fe/MgO(100) interface viewed along the
MgO[011] zone axis shown in Fig. 3. The Fig. 3a and b show the
bright HRTEM micrograph and corresponding SAD pattern viewed
along the MgO[011] zone, showing the orientation relationships
between Fe thin ﬁlm and single MgO substrate. Fig. 3(a1),(a2) and
(a3) shows the intensity of the HRTEM spots along the line a1, a2
and a3 in Fig. 3a, and the average atom spacing is calculated as
0.2596 nm, 0.4263 nm and 0.1975 nm, respectively. Also,we note
that the angle between the line a1 and line a3 is about 10◦ , just
as Fig. 3a shows. Fig. 3c and d show the enlarged images of the
region labeled by the green and red box in Fig. 3a, respectively.
Fig. 3e and f show the simulated atomic conﬁgurations of O-atop
model and Mg-atop model observed along the MgO[011] direction.
Comparison of the HRTEM micrograph (Fig. 3c) and the simulated
MgO lattice structure (Fig. 3e) shows that the average atom spacing
along a1, a2 and a3 line are 0.2596 nm, 0.4263 nm and 0.1975 nm,
which is similar to the simulated value 0.2582 nm, 0.4217 nm and
0.1974 nm, respectively. The angle between the line a1 and line a3
is about 10◦ , which is similar to the simulated 9.8◦ , just as Fig. 3e
shows. We thus deduce that the high light spots can be thought to
be the Mg atoms or the O atoms. Considering the scattering factor
of atom to electrons, the O atoms are too weak to scatter electrons
and form dark spots in the HRTEM paragraph. Thus the dark spots
in Fig. 3c are the Mg lattice-sites (labeled by green dots), while the
high light spots can be thought to be the O lattice-sites. Then, the
atomic structure of Fe/MgO interface is characterized in Fig. 3d. The
Mg lattice-sites are labeled by green spots at the MgO side of the
Fe/MgO interface while the orange spots are Fe atoms. In this way, it
is deﬁned that Fe atoms are located just a half distance between two
Mg lattice sites, which is the O atom site. The O-atop type model is
found to be the actual match type of metal/MgO interface.
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Fig. 4. Electron density difference maps of Fe(100)/MgO(100), V(100)/MgO(100) and Nb(100)/MgO(100) interface, with the indication of atoms that are near to the interface.
The isosurface value for the violet color (electrons accumulation) is −0.002 electrons/Å3 , and for the blue color (electrons depletion) is 0.002 electrons/Å3 . Fe, V, Nb, O, Mg
atoms are indicated by different colors: Fe (orange), V (gray), Nb (dark green), O (red), Mg (green). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

4.5. Difference in electron density
First principle calculations of Fe/MgO, V/MgO and Nb/MgO
interfaces (Table 3) show that the calculated interface conﬁguration
with the biggest work of separation is consistent with experimental observations. To further understand the work of separation,
it is essential to investigate the interface chemistry, and therefore the bonding information for BCC/MgO(100) interfaces. The
bonding information can be visualized by delocalization of atomic
charge density. The electron density difference () maps exhibit
the strength of bond between BCC metal atoms and O atoms of
MgO substrate, and the results are shown in Fig. 4, where  =
A/B - (A + B ), A/B is the self-consistent electron density of whole
relaxed metal/substrate interface structure, A and B are the electron densities of isolated metal and substrate slabs having the same
atomic positions in the interface structure.
For all these three systems, ﬁlm metal atoms (Fe, V and Nb)
lose electrons, and O atoms gain electrons, as the blue and violet color shown. This means that electrons are transferred from
Fe, V and Nb ﬁlms to substrate along the interface and redistributed. The transfer mainly happens between the six Fe layers,
ﬁve V layers and three Nb layers that are close to the interface. Furthermore, the transfer of electrons in V(100)/MgO(100) is stronger
than that in Fe(100)/MgO(100) and Nb(100)/MgO(100), which indicates that ionic bonds in V/MgO interface are stronger than that
in Fe/MgO and Nb/MgO systems. The transfer of electrons can be
understood by electronegativity and bond length. Electronegativity
is a chemical property that describes the tendency of an atom or a
functional group to attract electrons (or electron density) towards
itself [48]. The most commonly used method of the electronegativity calculation is originally proposed by Linus Pauling and the
scale of electronegativity of Fe, V, Nb and O is 1.83, 1.63, 1.60 and
3.44, respectively [49]. The interface distance of Fe/MgO, V/MgO
and Nb/MgO is 2.1 Å, 2.1 Å and 2.3 Å, respectively, which can be
used to describe the bond strength of interface. This study shows
that V/MgO interface exhibits stronger transfer of electrons than
Fe/MgO interface and it should be due to the larger electronegativity difference of V/MgO than Fe/MgO interface. Also, the reason
why the electron redistribution of V/MgO interface is stronger than
Nb/MgO interface is due to the smaller interface distance in V/MgO

interface. On the other hand, it is found that the O-atop type models of all Fe/MgO, V/MgO and Nb/MgO interface exhibit stronger
bond strength than Mg-atop models, which also indicates that Oatop model is the actual way of combination between BCC metal
atom and MgO substrate. As a conclusion, the strength of ion bonds
between ﬁlm metal atoms and substrate O ions is found to be
the fundamental factor to determine the interface conﬁgurations
between BCC metal ﬁlms and MgO substrates.
5. Conclusion
Fe, V and Nb ﬁlms were deposited by e-beam evaporations
on MgO(100) substrates. Their interfaces exhibit cube-on-cube
conﬁguration despite that the lattice mismatch between metals
and substrate is negative, negligible and positive respectively. The
preferential orientations relationships are metal(100)//MgO(100),
metal[011]//MgO[001] and metal[011]//MgO[010]. The HRTEM
reveals the misﬁt dislocations are distributed along the metal/MgO
interfaces to accommodate the in-plane lattice mismatch between
metal ﬁlms and MgO substrates. Fe/MgO(100) interface shows the
positive edge dislocations with the Burgers vector b = 1/2Fe[011],
while the Nb/MgO interface shows the negative edge dislocations with the Burgers vector b = 1/2Nb[011]. The V/MgO interface
exhibits the coherent structure due to well-matched lattice. The Oatop model of metal atoms and MgO substrate is experimentally
veriﬁed by HRTEM. Combined with the ﬁrst principle calculations,
the strength of bonds along interface is found to be the fundamental factor to determine the interface conﬁgurations between BCC
metal thin ﬁlms and MgO substrates.
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