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Abstract—The nature of the formation of a chemical bond at the magnetite—gold interface has been studied.
The geometric structure and the electronic and magnetic properties of plane layers consisting of magnetite
Fe;0,4 and gold have been investigated using the DFT-GGA calculation. It has been found that the specific
energy and the wetting parameter of the magnetite—gold interface are negative, which leads to the island
growth of small Au particles on the Fe;O, surface. The role of an intermediate thin titanium layer between
magnetite and gold has been discussed. The specific energy and wetting parameter of the magnetite—titanium
(for thin Ti layers) and magnetite—titanium—gold interfaces are positive. It has been suggested that an inter-
mediate thin titanium layer at the interface between the magnetite nanoparticle surface and the gold layer will
make it possible to obtain magnetite nanoparticles with a continuous gold coating.
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1. INTRODUCTION

In recent years, the possibility of using magnetic
nanoparticles in biomedicine for magnetic separation,
targeted drug delivery, magnetic hyperthermia, mag-
netomechanical therapy, improving the MRI contrast,
etc. has been intensively studied [1—8]. Meanwhile,
the use of magnetic nanoparticles is complicated by
their high aggregation and rapid biodegradation at the
interaction with biological systems; therefore, mag-
netic nanoparticles in their pure form are rarely used
in therapy. As a rule, they are encapsulated or placed
in bioinert matrices from various organic compounds
or polymers, including natural ones, in order to reduce
the possible toxic effect of the magnetic phase,
increase its physicochemical stability, and ensure
immobilization on the surface of such capsules or drug
matrices [9].

Much attention has recently been paid to the fabri-
cation of core—shell nanostructures, e.g., magnetic
iron oxides coated with a noble metal (gold, platinum,
silver, or palladium) shell [ 10—16]. The gold shell pro-
vides additional functionality, in particular, for local
heating of the metallic layer by external radiation. In
addition, such a shell reduces the toxic effect of mag-
netic nanoparticles on the body. Obtaining of the

core—shell nanoparticles was evidenced by schemes
[17], electron microscopy data indicating an increase
in the nanoparticle size in the course of a chemical
reaction [18—20], or X-ray diffraction data showing
the dominance of the crystalline gold peaks with
increasing thickness of the surface gold layer [21]. On
closer analysis, some authors concluded that there is
not a continuous coating of magnetite nanoparticles
with gold, but rather “decoration” of a coarser
nanoparticle with small islands [16, 22—24]. A similar
situation is observed during the synthesis of core—shell
nanoparticles with silver as a coating. In [23], we also
reported the decoration of magnetite nanoparticles
with silver during the synthesis of core—shell nanopar-
ticles. Examples of decorated structures are shown in
Figs. 1, 2.

In this study, we try to understand the reason for
the island growth of small gold nanoparticles on the
magnetite surface and clarify if this is related to the
fundamental features of the chemical bond formation
in such systems. Therefore, we investigate features of
the formation of a chemical bond between the magne-
tite and gold layers using the density functional theory
(DFT).
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Fig. 1. Decorated Fe;0,@Ag nanoparticles.

2. CALCULATION TECHNIQUE

Instead of curved surfaces of nanoparticles, we
investigated a planar structure consisting of thin Fe;0,
and Au layers (slabs). The calculation was made in the
spin-polarized version of the DTF in the generalized
gradient approximation of Perdew—Burke—Ernzerhof
(GGA-PBE) for the exchange correlation potential
[25, 26] within the VASP 5.4 package [27, 28]. The
interaction between slabs was described with allow-
ance for the Grimme correction [29]. To take into
account the correlation effects, we used the LDA + U
correction in the form proposed in [30] with a param-
eter of U= 4.0 eV for Fe atoms. The calculation of the
total energy of the structure with the geometry optimi-
zation was carried out until the residual forces acting
on the atoms became weaker than 0.05 eV/A. In all the
calculations, the energy cutoff parameter was 500 eV.

Since the effect of temperature on the lattice
parameters is minor and, under standard conditions
(T ~ 300 K), the interatomic distances change by no
more than 1% of the values at 7= 0, because the aver-
age linear expansion coefficients of solids are ~10~> K~!
in order of magnitude, we performed the quantum
chemical calculations at 7= 0.

First, we calculated the bulk structures of gold and
magnetite, for which the obtained lattice parameters
are in good agreement with the experimental data.
Then, the Fe;0,(111) and Au(111) surfaces were build
(Fig. 3), as in [31, 32], where the optimal parameters
of the magnetite surface were calculated. A vacuum
interval of 10 A between the slabs eliminated the arti-
ficial interaction due to the periodic boundary condi-
tions in the direction perpendicular to the interface.
According to the Monkhorst—Pack procedure [33],
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Fig. 2. Electron microscopy image and EDS distribution
of elements on the Fe;O0,@Ag nanoparticles. (For the
detailed characterization of the nanoparticles, see our
study [23].)

the first Brillouin zone was divided into sets of k points
6 X 6 X 6and 12 X 12 x 12 for the bulk materials and
6 X 6 x 1 for all the slabs and interfaces [34].

Specific surface energy E,,¢of an individual Fe;O,
and Au slab was calculated by the formula

Eg — Eouc NVgan/ N
Esurf — “slab buékA slab/ bulk , (1)

where Ey, and E,, are the total energy of the bulk
sample and the slab with number of atoms N, and
Nyap» respectively, and A is the slab surface area. The
magnetite layer thickness was specified to be 12 mono-
layers and the gold layer thickness ranged from 1 to 9
monolayers. The surface energies obtained at different
numbers of gold monolayers are given in Table 1. The
data obtained allow us to conclude that 5 monolayers
of gold are sufficient to reliably calculate specific sur-
face energy Eg

Knowing the energies of individual slabs, the total
energy of the magnetite—gold hybrid structure, and
the specific surface energy, we can find the specific
energy of the interface between layers 1 and 2 (£, )

AEintl,z = Z (Eslabi - AEsurfi) - Ehybridl,2' (2)

i=1,2



1532

=
; —— @ ‘,»'

X

—:@“

N

y

o

Fig. 3. (a) Magnetite and (b) gold layer structures used in
the calculation. Iron atoms are colored in green; oxygen
atoms, in red; and gold atoms, in orange. (See the colored

figure in the electronic Journal.)

Wetting parameter S, which reflects the total
energy variation during the distribution of a liquid gold
droplet over the magnetite substrate surface is deter-
mined by the formula

S — Eslabl + EbulkZNslabZ/NbulkZ - Ehybrid1,2 (3)
1,2 A s
where §) , is the parameter of wetting of substrate 1
(magnetite) with droplet 2 (gold).

Table 1. Surface energies of magnetite and gold slabs at dif-
ferent numbers of gold layers on magnetite

SOKOLOV et al.

3. RESULTS

The obtained interface energies and wetting
parameters for the magnetite—gold structure at differ-
ent numbers (from 1 to 9) of atomic layers of gold are
given in Table 2. It can be seen that these parameters
are negative at any gold thickness. Thus, the homoge-
neous Fe;O0,/Au interface is unstable, which explains
the island growth of small gold particles on the surface
of a coarse magnetite particle. It was shown in [35]
that, in the opposite case, during deposition of mag-
netite onto a coarse (200 nm) gold nanoparticle, small
magnetite islands are also formed. In addition, Table 2
shows that gold negligibly affects the magnetization of
Fe,O0,@Au particles.

To stabilize the Fe;O,/Au interface, we propose to
introduce an additional thin layer that can form a sta-
ble interface with both magnetite and gold. Such prop-
erties are typical, for example, of a titanium layer. The
interface energies and wetting parameters calculated
by formulas (1)—(3) for Fe;O,/Ti and Ti/Au turned
out to be positive. Figure 4 shows the change in the
geometry of the magnetite layer contacting with tita-
nium. Oxygen atoms hidden under the magnetite sur-
face (Fig. 3) emerge to the surface when an intermedi-
ate titanium layer is introduced (Fig. 4). This surface
reconstruction ensures the stability of the homoge-
neous Fe;0,/Ti interface.

During deposition of gold, the Fe;0,/Ti interface
acts as a new complex substrate; therefore, its param-
eter of wetting with Au is calculated using modified
formula (3)

S . = Ehybrid1,2 + Ebulk3Nslab3/Nbulk3 B Ehybrid1,2,3 (4)
23 — 5
’ A

where §, ; is the parameter of wetting of substrate 1
(magnetite) with already deposited layer 2 (titanium)
by droplet 3 (gold). The specific interface energy, wet-
ting parameter, shortest Fe—Ti and Ti—Au distances,
and magnetization per cell (4 formula units) of the
magnetite—titanium—gold structure with different
numbers of gold monolayers are given in Table 3. Our
calculations for 5 and 9 Ti monolayers yielded negative
wetting parameters of —0.19 and —0.61 J/m?, respec-

Table 2. Specific interface energy, wetting parameter, short-
est distance between Fe and Au atoms, and magnetization
per cell (4 formula units) of the magnetite—gold slab with

) different numbers of gold monolayers
Slab MNayers Eg, J/m —
Interface Eine1 2 S\ 2 dre_au, |Magnetization,
Fe;0, 12 1.13 Jm? | J/m? A Hp
Au 1 1.00 Fe;0,/1Au| —0.92 —0.70 2.72 18.50
Au 3 1.41 Fe;04/3Au| —1.32 —1.49 2.78 18.61
Au 5 1.40 Fe;0,/5Au| —1.40 —1.54 2.77 18.41
Au 9 1.43 Fe;04/9Au | —1.47 —1.63 2.59 18.86
PHYSICS OF THE SOLID STATE  Vol. 63 No. 9 2021
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Fig. 4. Modification of the magnetite surface upon introduction of an intermediate titanium layer. Iron atoms are colored in
green; oxygen atoms, in red; and titanium atoms, in grey. (See the colored figure in the electronic Journal.)

tively; therefore, we can state that the intermediate
titanium layer should really be of atomic thickness.

In addition, we examined the electronic and mag-
netic properties of all the investigated layered struc-
tures. The analysis of the partial densities of electronic
states allowed us to establish that the magnetite—tita-
nium—gold layers are conductive due to the gold layer;
no significant changes in the magnetic moments occur
on the iron atoms.

4. CONCLUSIONS

In this study, we investigated the nature of the for-
mation of a chemical bond at the magnetite—gold
interface and found that an intermediate titanium
layer can stabilize the structure of nanoparticles with a
magnetic core—gold shell structure. Using the
DFT-GGA calculations, the geometric structure and
the electronic and magnetic properties of the plane
layers consisting of magnetite Fe;O,, titanium, and
gold were investigated.

The total and specific surface energies of the iso-
lated magnetite, titanium, and gold plates, as well as

the bi- and trilayers formed via their surface contact,
the specific energies of interfaces and wetting parame-
ters were calculated for the magnetite—gold, magne-
tite—titanium, and titanium—gold interfaces. It was
established that the specific energy and wetting
parameter of the magnetite—gold interface are nega-
tive, while these values for the magnetite—titanium
(for thin Ti layers) and magnetite—titanium—gold
interface are positive. This allows us to believe that the
intermediate thin titanium layer at the interface
between the magnetite nanoparticle surface and the
gold layer stabilizes this trilayer and will make it possi-
ble to obtain magnetite nanoparticles with a continu-
ous gold coating.

The electronic and magnetic properties of all the
investigated layered structures were studied. Analyzing
the partial density of electronic states, we found that
the magnetite—titanium—gold layers are conductive
due to the gold layer; no significant changes in the
magnetic moments on iron atoms occur. In general,
the calculation showed that the titanium buffer layer
stabilizes the magnetite—titanium—gold plates, which

Table 3. Specific interface energy, wetting parameter, shortest Fe—Ti and Ti—Au distances, and magnetization of the mag-
netite—titanium—gold slab with different numbers of gold monolayers

Interface E,y, J/m? S, J/m? dpe_1ir A dri_aw A Magnetization, [y
Fe;0,4/2 Ti 1.23 0.13 2.73 17.62
Fe;0,4/2 Ti/1Au 0.75 2.08 2.72 2.73 17.92
Fe;04/2 Ti/3Au 0.88 1.82 2.73 2.74 18.00
Fe;0,/2 Ti/5Au 0.82 1.79 2.75 2.74 17.87
Fe;0,4/2 Ti/9Au 0.80 1.74 2.73 2.73 17.91
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should facilitate the synthesis of gold-coated magnetic
magnetite nanoparticles.

Based on the reported investigations, we can give a
qualitative recipe for which layer and when can be
used to solve the problem of wettability. In this case,
gold does not form an oxide; therefore, there is no
continuous coating of iron oxide with a gold shell.
Titanium, on the contrary, forms an oxide and there-
fore easily creates a monoatomic shell. It can be said
that an oxidizable layer should always be deposited
onto the oxide surface first and, then, a gold layer can
be added, although the options with a non-oxidizable
element having good adhesion to the surface of
another oxide are also possible.
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