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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Properties of slabs of Fe3O4, Ti and Au 
layers are investigated by DFT 
calculations. 

• These slabs are simulate the upper 
layers of core-shell magnetite 
nanoparticles. 

• Specific energies and wettability of 
Fe3O4–Ti–Au interfaces are calculated. 

• It is shown the intermediate thin Ti 
layer stabilizes this three-layer 
structure. 

• The Ti layer allows obtaining nano
particles covered with continuous Au 
coating.  
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A B S T R A C T   

Geometric, electronic and magnetic structure of planar slabs consisting of magnetite Fe3O4, titanium and gold 
layers are investigated by DFT-GGA calculations. It is assumed that these slabs can be used to simulate the upper 
layers of magnetite nanoparticles covered with an intermediate layer of titanium and a gold layer on the surface. 
Specific energies and spreading parameters (wettability) of the magnetite-gold, magnetite-titanium and titanium- 
gold interfaces are calculated. The specific energy and spreading parameter of the magnetite-gold interface is 
found to be negative, while these values of the magnetite-titanium (for thin Ti layer) and magnetite-titan-gold 
interfaces are significantly positive. This allows us to hope that the intermediate thin layer of titanium at the 
boundary between the surface of the magnetite nanoparticle and the gold layer stabilizes this three-layer 
structure and allows obtaining magnetite nanoparticles covered with continuous gold coating.   

1. Introduction 

At present, due to the progress in various fields of nanotechnology, 
interest in the production, research and use of nanoparticles with a core- 
shell structure has greatly increased. Such particles can be used in 

catalysis, production of magnetic fluids with improved properties [1], 
etc. Particular attention is paid to the prospect of their utilization in 
molecular biology and biomedicine, especially in magnetic particle 
hyperthermia applications. In this area of science fundamentally new 
revolutionary approaches to diagnosis and treatment have appeared. In 
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1990, the possibility of selecting special oligonucleotides (aptamers) 
with high affinity for given molecular targets has been demonstrated 
[2]. Nowadays, the possibility of using complexes based on aptamers 
and magnetic nanoparticles (NP), in particular, magnetite Fe3O4, for 
magnetic microsurgery have been extensively researched and now 
appear to be a very promising cancer treatment technology (magnet
ic-particle-based theranostics) [3]. In accordance with this technology, 
complexes of magnetic nanoparticles and aptamers attached to their 
surface, can be moved by adjusting an external magnetic gradient field 
to the area where cancer cells are present. In this region, the aptamer of 
the complex attach to the surface of cancer cells, fixing the position of 
the magnetic nanoparticles. Under the magnetic field varying it is 
possible to heat the nanoparticle (magnetic particle hyperthermia), and, 
consequently, the cancer cell, which leads to its death, see Refs. [4,5]. 

Preparation of magnetite NPs, which have good magnetization, in 
different conditions have been reported and their properties are well- 
studied [6–8]. Special attention have been paid to the surface struc
ture and morphology. Zhao et al. have synthesized Fe3O4 NPs under a 
systematic range of conditions using a polyol process, where the crystals 
obtained ranged shape from cubic, truncated octahedral to octahedral, 
depending on the pH of solution [7]. While different facets occur, 
depending on the preparation conditions, e.g. (100), (111), (110), (311), 
(331), and (511), the two most common facets are the (111) surfaces, 
which enclose the NP of octahedral morphology, and the (001) plane, 
added to shape the truncated octahedrons. 

One of the simplest ways to reduce the toxicity of the magnetic NPs is 
to create core-shell nanoparticles having a magnetic core and a biolog
ically inert shell [9,10]. A suitable and optimal material for the forma
tion of the shell is gold, which has good biocompatibility and stability 
[11]. Due to the formation of a strong sulfur–gold bonds having binding 
energy of 40 ​kcal/mol [12], it is easy to functionalize the surface of gold 
NP with sulfur-containing ligands, thiols and disulfides [13], while the 
technologies of immobilization of the gold surface with DNA aptamers 
have been developed. Many reviews have been devoted to this problem 
[14–18], but all the data presented do not give a clear picture of the 
continuous coverage of the Fe3O4 core with gold, but rather evidence 
that nanoparticles decorated with gold are obtained [19,20]. 

In [21] the growth of Au and Pt layers on Fe3O4(111) surface by UHV 
sputtering has been studied for various deposition temperatures and 
thicknesses. Although the X-ray and TEM analyses show the growth of 
gold on the Fe3O4(111) layer, an absence of solid gold layer was detected 
even at 750 ◦C and gold film thickness higher than 7 ​nm, which are the 
best conditions for gold layer growth (compared with the other condi
tions: growth temperatures 200 ◦C, 400 ◦C and thickness 3 ​nm). 

It proves the island rather than epitaxial growth mechanism of the 
gold film on magnetite. It prevents the formation of continuous gold film 
and confirm the negative value of a magnetite-gold spreading 
parameter. 

Because of the problems above, we suggest using an intermediate 
titanium layer to cover magnetite NP with a golden layer. 

From the known phase diagram, see Fig. 1 it can be seen that tita
nium and gold form a number of binary compounds with different 
concentrations of components. This allows us to hope that these metals 
upon contact will form a solid interface layer with a positive interface 
energy and the parameter of wettability (spreading parameter) S. 

A large number of works devoted to the properties and production of 
the magnetite-titanium dioxide core-shell nanoparticles [23–30]. The 
authors of [31] have described polished titanium (Ti) substrates deco
rated with dispersed gold NP (Au NP/Ti) of various sizes and densities, 
which effectively catalyze the hydrogen evolution reaction (HER) in 0.5 
MH2SO4. Composite golden NP/Ti structures were also obtained when 
anodized Ti foil with a pre-formed periodic structure of holes was used 
for creating electrochemical biosensors. The foil was covered with a 
continuous layer of gold first, and then, exposed to high temperature, 
after which, the gold nanoparticles appeared in the holes [32–34]. 

Verification of the thermodynamic stability of continuous gold 

coating of magnetite NPs is the main goal of this article. Since Fe3O4 
(111) plane is very common and it is the predominant natural cleavage 
plane, we have chosen to focus on this surface type in our study. 

2. Computational details 

In this work, calculations of the system geometry, electronic and 
magnetic properties of single Fe3O4, gold, titanium slabs as well as 
Fe3O4/Au and Fe3O4/Ti/Au composites were carried out within the 
density functional theory using the VASP 5.4 code [35,36]. The fully 
spin-polarized GGA-PBE (Perdew-Becke-Ernzerhof) approximation for 
exchange-correlation functional [37] and the projector augmented wave 
[38,39] method (PAW) were used for all calculations. Grimme correc
tion (D3) [40] of weak dispersion interactions was used in order to 
describe the interaction between slabs correctly. In order to account for 
the strong correlation effects which are usually significant in transition 
metal compounds, the simplified form of the LDA ​+ ​U correction 
proposed by Dudarev et al. [41] was implemented. The U ​= ​4.0 eV 
parameter for Fe atoms was adopted from earlier calculations of 
magnetite surfaces [42]. Because of correlation effects are important 
only for Fe atoms, LDA ​+ ​U corrections were applied only to these 
atoms. 

Full geometry optimization was performed until the forces acting on 
atoms became less than 0.05 ​eV/Å. The energy cut-off was specified as 
500 ​eV in all calculations. 

First, the unit cells of bulk Ti, Au and magnetite were optimized, and 
the translation vectors are found to be in a good agreement with 
experimental data. Then, Fe3O4 (111), Ti (0001) and Au (111) surfaces 
were constructed by cutting them along the corresponding crystallo
graphic planes. Termination by tetrahedral cites of Fe atoms was chosen 
for modeling of Fe3O4 (111) slab as an energetically favorable according 
to previous calculations [42–44]. Artificial interactions in periodic 
boundary conditions were avoided by setting the vacuum interval of 
10 ​Å in direction normal to the interface. The Monkhorst-Pack [45] 
k-point Brilloin sampling of the first Brillouin zone (1BZ) was used. The 
k-point grid of 1BZ contained 6 ​× ​6 ​× ​6 and 12 ​× ​12 ​× ​12 points for 
bulk magnetite and the both metals were used, respectively. 6 ​× ​6 ​× ​1 
k-grid was used for all slabs and interfaces. 

Fig. 2 and Fig. 3 show optimized geometry and spin density spatial 
distribution for Fe3O4/Au and Fe3O4/Ti/Au interfaces respectively. It 
can be seen that even with thin layers of both metals, their geometric 
structure practically does not change with respect to the bulk material. 
However, the positions of the surface oxygen atoms in magnetite are 
slightly shifted from their initial positions by ~ 0.55 ​ when interacting 
with Ti. 

Fig. 1. Ti–Au alloy phase diagram, see [22].  
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3. Energies and wettability of (Ti, Au) layers on magnetite 
surface 

First of all, the specific surface energies Esurf of single slabs (Fe3O4, Ti, 
Au)) were calculated as follows: 

Esurf =
Eslab − Ebulk⋅Nslab/Nbulk

2A
(1)  

where Ebulk and Eslab correspond to the total energy of bulk and slab 
examples, respectively. Nbulk and Nslab correspond to the number of 
atoms in these. A is the surface area of the slab. 

The surface energies of these slabs are given in Table 1. 
One can see for correct calculation of the surface energies, it is suf

ficient to use five layers of titanium or gold only. 
In order to investigate bonding of the interfacial region between two 

slabs (1,2) in the interface, the specific energy of interface Eint1,2 was 
calculated as total energy difference between the slabs and the hybrid 
system taking into account the fact that, when two slabs are connected, 
two surfaces disappear: 

A⋅Eint1,2 =
∑

i=1,2

(
Eslabi − A⋅Esurfi

)
− Ehybrid1,2 (2)  

where Ehybrid1,2 , Eslabi and Esurfi are the total energies of the composite, the 
slabs and specific surface energies, respectively. 

For the case of a three-layer structure the interface energy was 
calculated quite similarly, where a two-layer hybrid structure Ehybrid1,2 

was chosen as the first slab, to which a third slab was attached: 

A⋅Eint12,3 = Ehybrid1,2 + Eslab3 − A⋅(Esurf2 +Esurf3 ) − Ehybrid12,3 (3) 

To describe the possibility of the formation of a continuous metal 

layer (titanium, gold) on the surface of a magnetite, as well as on the 
surface of the magnetite-titanium composite, the spreading parameter S 
was calculated for all the surfaces. This parameter describe the system 
total energy change when big liquid metal (Ti, Au) drop spreads over the 
substrate surface (Fe3O4) with forming Fe3O4/Me interfaces. 

S1,2 =
Eslab1 + Ebulk2 ⋅Nslab2

/
Nbulk2 − Ehybrid1,2

A
(4) 

For complex Fe3O4/Ti/Au 3-layer structures notations 1, 2 and 3 
correspond to Fe3O4 (”bottom layer”), Ti (”intermediate layer”) and Au 
(”wetting layer”). Fe3O4/Ti now acts as a new complex substrate, so the 

Fig. 2. Example geometry and spin density spatial distribution for Fe3O4/Au 
interface (5 layers of Au). Yellow and blue areas correspond to spin-up and spin- 
down density, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Example geometry and spin density spatial distribution for Fe3O4/Ti/Au 
interface (2 layers of Ti, 5 layers of Au). Topmost oxygen atoms were displaced 
by ~ 0.55 ​Å from their initial positions during the optimization. Yellow and 
blue areas correspond to spin-up and spin-down density, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Dependence of different slab’s surface energies Esurf on the number of layers 
Nlayers.  

Slab Nlayers Esurf, J./m2 

Fe3O4 12 1.13 
Ti 2 2.50 
Ti 5 2.64 
Ti 9 2.61 
Au 1 1.00 
Au 3 1.41 
Au 5 1.40 
Au 9 1.43  
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spreading parameter takes into account Ti surface energy instead of that 
for Fe3O4. 

S2,3 =
Ehybrid1,2 + Ebulk3 ⋅Nslab3

/
Nbulk3 − Ehybrid12,3

A
(5) 

The specific energies of different interfaces as well as the spreading 
parameters S are given in Table 2. 

One can see that the specific energies of magnetite-gold interface 
Eint1,2 as well as the spreading parameter S are negative for all thicknesses 
of the golden layer. 

Positive values of the spreading parameter correspond to the total 
wetting while its negative value may be attributed to partial or even 
complete non-wetting. This suggests that the Au/Fe3O4 interface is un
profitable, in full agreement with the experimental data, see Introduc
tion. Contrary to that, once Ti is added, the specific interface energies of 
all magnetite-titanium and magnetite-titanium-gold structures are pos
itive. The spreading parameters S of these structures are positive also, 
except for magnetite-titanium structures with quite thick Ti layer. It 
means the gold will spread over the magnetite covered with a thin layer 
of titanium, and will not aggregate into drops. 

4. Electronic and magnetic properties of (Ti, Au) layers on 
magnetite surface 

To investigate (Ti, Au) layer influence on the electronic and magnetic 
properties of the magnetite slab, the electronic partial density of states 
(PDOS) of every layer in the complex Fe3O4(12 layers)/Ti(2 layers/Au(9 
layers) structure were calculated, see Fig. 4 and Fig. 5. In Fig. 4 the 
contributions from iron (red solid lines), oxygen (black solid lines), ti
tanium (blue dashed lines) and gold (green dotted lines) atoms are 
shown from bottom to up. Because of similar contributions of gold 
layers, the contributions of only three bottom Au layers are shown. One 
can see the contributions of titanium and gold layers prevail near the 
Fermi level. 

Values of total magnetization for all investigated structures are 
summarized in Table 2. First of all, the total magnetization of pristine 
12-layer magnetite slab unit cell turned out to be 19.9, in good agree
ment with previous results [46]. According to Table 2, the total 
magnetization doesn’t change much for all Fe3O4/Me structures, which 
can indirectly indicate that magnetic properties are preserved in the 
core-shell nanoparticles with a magnetite core. 

Composites spin density spatial distribution is shown in Fig. 2 and 
Fig. 3. It is clearly seen that iron atoms in different crystal positions have 
spin densities of opposite signs while Ti and Au layers are non-magnetic. 

Table 3 shows the magnetic moments of Fe atoms of different Fe3O4/ 
Me structures. These Fe atoms lie in the topmost tetrahedral and 
different octahedral(1,2) layers. One can see the tetrahedral Fe atoms 
have significantly lower magnetic moments of opposite sign than the 

Table 2 
Energy and structural characteristics of the interfaces. dFe− M reflects the shortest 
distance between topmost Fe atom and the metal atom from Ti or Au slab. dTi− Au 
corresponds to the average distance between atoms of topmost Ti layer and the 
corresponding Au layer in contact.  

Interface Eint, J/m2 S, J/m2 dFe− M, Å dTi− Au, Å magnetization 

Fe3O4/1Au − 0.92 − 0.70 2.72 – 18.50 
Fe3O4/3Au − 1.32 − 1.49 2.78 – 18.61 
Fe3O4/5Au − 1.40 − 1.54 2.77 – 18.41 
Fe3O4/9Au − 1.47 − 1.63 2.59 – 18.86 
Fe3O4/2Ti 1.23 0.13 2.73  17.62 
Fe3O4/2Ti/1Au 0.75 2.08 2.72 2.73 17.92 
Fe3O4/2Ti/3Au 0.88 1.82 2.73 2.74 18.00 
Fe3O4/2Ti/5Au 0.82 1.79 2.75 2.74 17.87 
Fe3O4/2Ti/9Au 0.80 1.74 2.73 2.73 17.91 
Fe3O4/5Ti 1.06 − 0.19 2.68 – 17.82 
Fe3O4/5Ti/5Au 0.61 1.71 2.68 2.72 17.99 
Fe3O4/9Ti 0.65 − 0.61 2.68 2.72 17.99  

Fig. 4. Partial DOS of every layer in Fe3O4/2Ti/9Au complex structure. Green, 
blue, red and black lines correspond to Au, Ti , Fe and oxygen atoms PDOS. 
Vertical black line corresponds to the Fermi level. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 5. PDOS for magnetite in Fe3O4, Fe3O4/5Au (a), Fe3O4/2Ti and Fe3O4/ 
2Ti/5Au (b) structures. Vertical black line corresponds to the Fermi level. 
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atoms in the octahedral positions. 

5. Conclusion 

By GGA-DFT calculations we have investigated the total energy, 
geometric and electronic structures of magnetite Fe3O4, gold and tita
nium thin planar slabs as well as their combinations. 

We propose that this slab model can be used to simulate the upper 
layers of magnetite nanoparticles covered with an intermediate layer of 
titanium and a gold layer on the surface. Based on the analysis of bulk 
and slab total energies of magnetite, titanium and gold isolated layers, as 
well as their two-layer and three-layer slabs, the specific energies of 
interfaces and spreading parameters at the magnetite-gold, magnetite- 
titanium and titanium-gold boundaries have been calculated. These 
values are important for understanding the possibility of formation of a 
thermodynamically stable epitaxial layer of one material on another. 

The specific energy of the magnetite-gold interface is found to be 
negative while these energies of the magnetite-titanium and and the 
magnetite-titan-gold interfaces are positive. 

Similarly, the spreading parameter of the magnetite-gold interface is 
negative, while those of the magnetite-titanium (except case of thick 
(5,9) Ti layers), and magnetite-titan-gold interfaces are significantly 
positive. 

Our finding allows us to hope that the intermediate layer of titanium 
between the magnetite nanoparticle and the gold layer may stabilize this 
three-layer structure. It indicates a way to obtain stable magnetite 
nanoparticles covered with solid gold. Inert magnetic core-shell nano
particles are very promising for applications in nanomedicine, particu
larly, in magnetic particle hyper-thermia 

Electronic and magnetic properties of Fe3O4, titanium and gold pe
riodical slabs have been investigated as well. Analyzing the partial 
density of electronic states (PDOS), we conclude that the magnetite- 
titanium-gold sandwich is conductive due to the gold layer, while no 
significant changes were found in the magnetic moments of iron atoms 
in a magnetite layer. 

Thus, our work suggests that it is possible to obtain magnetic 
nanoparticles of magnetite coated with a continuous layer of gold by 
using a buffer layer of titanium. 
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