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INTRODUCTION 

 Magnetic particles (MPs) have a wide range of applications in the biomedical 

field, including cancer treatment using magnetic hyperthermia [1], or magnetically 

controlled delivery and release of antitumor drugs to the target area [2]. Recently, methods 

for cancer cell destruction based on the movement of magnetic particles in varying 

magnetic fields have been actively developed [3,4]. The most suitable materials should 

have high mechanical momentum under the influence of alternating magnetic fields. In 

particular, microdisks with a vortex magnetic structure in the ground state created by 

magnetron sputtering and subsequent optical lithography [5,6], nanowires and nanotubes 

obtained by electrochemical synthesis in porous membranes [7,8], ultrafine magnetic 

particles with perpendicular magnetization [9], and synthetic antiferromagnetic 

microdisks with zero residual magnetization are considered. The main difficulties in the 

preparation of such materials arise in obtaining stable colloidal solutions of nanoparticles 

with their optimal magnetomechanical and hysteresis properties, in reducing cytotoxicity, 

and in scaling up synthesis methods. 

The use of only one method of action on cells may be insufficiently effective. It is 

of interest to study the joint action of mechanical forces and heating, both due to magnetic 

hyperthermia and photothermia [10-12]. However, magnetic materials are generally not 

well heated when interacting with light, especially in the near-infrared region, at 

wavelengths around 800 nm, which is the first window of transparency of biological 

tissues. On the other hand, in order to improve the biocompatibility and stability of PMs 

and to reduce their agglomeration, coatings of various biocompatible materials, including 
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gold, are used [13]. This leads to an increase in optical absorption and photothermal 

heating efficiency, which makes it possible to combine several anticancer therapies using 

the same type of particles. This is particularly relevant in the context of the emerging field 

of nanomedicine, where such particles can be used to generate local forces or moments 

on biological samples at different temperatures and study cellular response. 

In this work, the optical properties of layered microdisks in two configurations 

Au/Fe/Au (AFA) and Fe/Au/Fe (FAF) fabricated by tear-off optical lithography were 

investigated. The first type of disks exhibits large optical absorption up to the IR region 

and photothermal efficiency. Whereas the second type has greater potential for use in 

magnetomechanical therapy. 

 

MATERIALS AND METHODS 

Synthesis of AFA and FAF microdisks 

Microdiscs were synthesized at the FIC Krasnoyarsk Scientific Center of the 

Siberian Branch of the Russian Academy of Sciences. Layered metal disks were obtained 

by tear-off optical lithography combined with electron-beam deposition of metal layers. 

Before forming the polymer mask, Si(100) substrates were chemically cleaned and treated 

in O2plasma to improve adhesion. A negative photoresist FN 16-4U (diluted with AZ EBR 

Solver to a thickness of 700-800 nm) was prepared to produce the mask. Application was 

performed at a centrifuge speed of 3000 rpm for 60 s. Drying steps were then performed 

for 60 s at 110° C (before and after the exposure procedure). The exposure time with 

radiation from a mercury lamp with an emission wavelength of 365 nm was 11 s. After 
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exposure for 20 s, a mask in the form of freestanding photopolymer columns was obtained. 

Before deposition of metal layers, a gentle 15 s treatment in O2plasma at 150 W power 

and 20 cm3/min gas flow was performed. The thickness of the metal layers was monitored 

using a quartz thickness meter. 

To separate the disks from the substrate, the photoresist was dissolved using 

dimethyl sulfoxide (DMSO). Each wafer was treated individually in a beaker of 

appropriate diameter. For better efficiency and shorter processing time, the DMSO-coated 

wafers were placed on a heating plate (60-70 °C) for 15-20 min and then treated with 

ultrasound for 2-5 min. Microdiscs were collected using a permanent magnet and 

micropipette and placed in a glass vial. For further storage, the disks were washed and 

diluted with acetone. 2 types of disks with diameters of 1000±100 nm with different 

sequence of functional layers and their thicknesses (in nm) were synthesized by this 

method: Au(10)/Fe(70)/Au(10) and Fe(50)/Au(10)/Fe(50). Before the study, the disks 

were washed and diluted with distilled water. 

The morphology of microdisks was studied on a Hitachi SU3500 scanning electron 

microscope by scanning electron microscopy (SEM) using a secondary electron detector 

(Everhart-Thornley detector). SEM images of a 20-30 μL drop of disk suspension in 

acetone dried on a Si(100) silicon substrate were obtained. Before drying, the microdisk 

suspension was placed in an Elmasonic S 15 H ultrasonic bath for 15 min at room 

temperature. The relative chemical content of elements was measured using a Bruker 

Quantax 75 energy dispersive spectrometer as part of a Hitachi TM4000 scanning electron 

microscope, the accelerating voltage was 15 kV. 
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Optical polarizability of layered disks 

The problem of determining the polarizability of bodies of cylindrical shape, even 

in the electrostatic approximation, has no analytical solution. There are only a few 

geometrical figures that allow us to obtain analytical solution of the Laplace equation. 

Such figures include spheres, infinite cylinders with circular cross section (two-

dimensional analog of a sphere), and ellipsoids. However, circular cylinders of finite 

length do not belong to them, although they are the basic shapes found in many canonical 

problems. In [14], numerical calculations of the dielectric polarizability of a circular 

cylinder were performed for different values of the length-to-diameter ratio (𝑙𝑙/𝑑𝑑 ). The 

numerical results were compared with the known results for the polarizability of a 

spheroid (ellipsoid of rotation) with the same ratio𝑙𝑙/𝑑𝑑 . The discrepancy did not exceed 

1%. 

Based on these results, layered disks are approximated by cofocus ellipsoids. Such 

a problem is solved within a single coordinate system(𝜉𝜉, 𝜂𝜂, 𝜁𝜁) , based on the semi-axes of 

the inner ellipsoid𝑎𝑎1 > 𝑏𝑏1 > 𝑐𝑐1 , which are related to the Cartesian coordinates in the usual 

way [15]. The problem is easily generalized to an ellipsoid with n layers. The dielectric 

constant of the layers is𝜀𝜀𝑖𝑖 , and the dielectric constant of the external medium is𝜀𝜀𝑒𝑒𝑒𝑒 . The 

semi-axes of the following ellipsoids are defined as 

  𝑎𝑎𝑖𝑖2 = 𝑎𝑎12 + 𝑑𝑑𝑖𝑖 ,      𝑏𝑏𝑖𝑖2 = 𝑏𝑏12 + 𝑑𝑑𝑖𝑖 ,     𝑐𝑐𝑖𝑖2 = 𝑐𝑐12 + 𝑑𝑑𝑖𝑖 (1)  
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The condition𝜉𝜉 = 0 defines the surface of the inner ellipsoid. Next, consider the 

case when the external electric field𝐸𝐸𝑖𝑖𝑖𝑖 is homogeneous and directed along the z-axis. The 

external field potential𝜑𝜑0 = −𝐸𝐸𝑖𝑖𝑖𝑖𝑧𝑧 in ellipsoidal coordinates is defined as: 

  𝜑𝜑0 = −𝐸𝐸𝑖𝑖𝑖𝑖 �
𝑐𝑐12+𝜉𝜉

(𝑎𝑎12−𝑐𝑐12)(𝑏𝑏12−𝑐𝑐12)
�
1
2 𝑔𝑔(𝜂𝜂, 𝜁𝜁), 𝑔𝑔(𝜂𝜂, 𝜁𝜁) = �(𝑐𝑐12 + 𝜂𝜂)(𝑐𝑐12 + 𝜁𝜁) (2) 

The potential𝜑𝜑𝑖𝑖 corresponds to the potential in the i-th layer, with𝜑𝜑1 being the 

potential in the inner ellipsoid and𝜑𝜑𝑛𝑛+1 being the potential in the outer medium. The 

Laplace equation in ellipsoidal coordinates has the following form: 

∆𝜑𝜑 = ( 𝜂𝜂 −  𝜁𝜁)𝑓𝑓(𝜉𝜉)
𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝑓𝑓(𝜉𝜉)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕� + ( 𝜁𝜁 −  𝜉𝜉)𝑓𝑓(𝜂𝜂)

𝜕𝜕
𝜂𝜂 �
𝑓𝑓(𝜂𝜂)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕� + 

  +( 𝜉𝜉 − 𝜂𝜂)𝑓𝑓(𝜁𝜁) 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑓𝑓(𝜁𝜁) 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
� = 0 (3) 

𝑓𝑓(𝑢𝑢) = ((𝑎𝑎12 + 𝑢𝑢)(𝑏𝑏12 + 𝑢𝑢)(𝑐𝑐12 + 𝑢𝑢))1/2,𝑢𝑢 = 𝜉𝜉, 𝜂𝜂, 𝜁𝜁 

The surfaces of the layers satisfy the equation𝜉𝜉 = 𝑑𝑑𝑖𝑖 , so the solution for the 

potential is in the form: 

  𝜑𝜑 = 𝐹𝐹(𝜉𝜉)𝑔𝑔(𝜂𝜂, 𝜁𝜁) (4) 

The two linearly independent solutions for𝐹𝐹(𝜉𝜉) are of the form: 

  𝐹𝐹1(𝜉𝜉) = (𝑐𝑐12 + 𝜉𝜉)1/2,        𝐹𝐹2(𝜉𝜉) = 𝐹𝐹1(𝜉𝜉)∫ 𝑑𝑑𝑑𝑑
𝐹𝐹1(𝑢𝑢)2𝑓𝑓(𝑢𝑢)

∞
𝜉𝜉  (5) 

Given the boundedness of the solution at the center and the zero reversal of the 

scattering potential𝜑𝜑𝑠𝑠  at infinity,𝜑𝜑1 and𝜑𝜑𝑛𝑛+1 are written as: 

 𝜑𝜑1 = 𝐴𝐴1𝐹𝐹1(𝜉𝜉) ,      − 𝑐𝑐12 < 𝜉𝜉 ≤ 0              (6) 

 𝜑𝜑𝑛𝑛+1 = 𝜑𝜑𝑠𝑠 + 𝜑𝜑0 = �𝐵𝐵𝑠𝑠𝐹𝐹2(𝜉𝜉) − 𝐸𝐸𝑖𝑖𝑛𝑛
�𝑐𝑐12+𝜉𝜉�

1
2

((𝑎𝑎12−𝑐𝑐12)(𝑏𝑏12−𝑐𝑐12))
1
2
� 𝑔𝑔(𝜂𝜂, 𝜁𝜁) , 𝑑𝑑𝑛𝑛 < 𝜉𝜉 < ∞ (7) 
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The parameter𝐵𝐵𝑠𝑠 defines the polarizability of .𝜒𝜒 

The general solution for the potential in the i-th layer is as follows: 

  𝜑𝜑𝑖𝑖 = �𝐴𝐴2𝐹𝐹1(𝜉𝜉) + 𝐵𝐵2𝐹𝐹2(𝜉𝜉)�𝑔𝑔(𝜂𝜂, 𝜁𝜁),      𝑑𝑑𝑖𝑖−1 < 𝜉𝜉 ≤ 𝑑𝑑𝑖𝑖 (8) 

The boundary conditions require continuity of the potentials and normal 

components of the electric induction vector D. These conditions are written as 

  𝜑𝜑𝑖𝑖 = 𝜑𝜑𝑖𝑖+1 ,      𝜀𝜀𝑖𝑖𝜕𝜕𝜑𝜑𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝜀𝜀𝑖𝑖+1𝜕𝜕𝜑𝜑𝑖𝑖+1
𝜕𝜕𝜕𝜕

 (9) 

The system of equations (9) is divided into pairs, with the first and last pairs 

differing from the inner pairs, which have the standard form. This allows us to relate the 

parameters𝐴𝐴1 and𝐵𝐵𝑠𝑠 by means of the product of characteristic matrices. For a two-layer 

ellipsoid with𝑎𝑎1 = 𝑏𝑏1, 𝑎𝑎2 = 𝑏𝑏2 , the relation between the normalized parameter𝐴̃𝐴1 and the 

polarizability𝜒𝜒 has the following form: 

  𝐴̃𝐴1𝑀𝑀�2𝑀𝑀�1
−1 �1

𝜀𝜀1
� = �

−1 + 𝜒𝜒
𝜀𝜀𝑒𝑒𝑒𝑒
𝑁𝑁𝑧𝑧,2

−𝜀𝜀𝑒𝑒𝑒𝑒 + 𝜒𝜒
𝜀𝜀𝑒𝑒𝑒𝑒

�𝑁𝑁𝑧𝑧,2 − 1�)
�  

  𝑀𝑀�1 = �
1 2𝑁𝑁𝑧𝑧,1

𝜀𝜀2 2𝜀𝜀2�𝑁𝑁𝑧𝑧,1 − 1�� ,𝑀𝑀�2 = �
1 2𝛿𝛿𝛿𝛿𝑧𝑧,2

𝜀𝜀2 2𝛿𝛿𝜀𝜀2�𝑁𝑁𝑧𝑧,2 − 1�� , 𝛿𝛿 =  𝑏𝑏1
2𝑐𝑐1

𝑏𝑏22𝑐𝑐2
 (10)  

  𝑁𝑁𝑧𝑧,1,2 = 1+𝜀𝜀1,2
2

𝜀𝜀1,2
3 �𝜀𝜀1,2 − 𝑡𝑡𝑡𝑡𝑡𝑡−1𝜀𝜀1,2�, 𝜀𝜀1,2 = �𝑏𝑏1,2

2

𝑐𝑐1,2
2 − 1  

For polarizability in the transverse direction (e.g., along the x-axis), the factors𝑁𝑁𝑧𝑧,1,2 

should be replaced by .(1 −𝑁𝑁𝑧𝑧,1,2)/2 

 

Spectroscopy and photothermia 
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The spectra of aqueous solutions of microdiscs were measured using a BWTek 

Exemplar fiber optic spectrometer. A ThorLabs SLS203F globar-based lamp was used as 

a light source. 

The photothermal properties of aqueous microdisk suspensions were quantified by 

measuring the temperature during IR laser heating and subsequent cooling. A 

temperature-stabilized laser diode (L808P1000MM, ThorLabs) with a wavelength of 806 

nm had an intensity of 2.4 W/cm2with a total optical power output of 0.625 W. The diode 

power as well as the stability of the intensity stability of the light intensity passed through 

the solution during photothermal heating was analyzed using a photodiode in an 

integrating sphere (S142, ThorLabs). The volume of the cubic glass cuvette for 

nanoparticle suspensions was 1.9 mL. The cuvettes were hermetically sealed to prevent 

evaporation. The temperature of the suspensions was measured using an IR camera 

(CG640, COX). For better stability of nanoparticles, the surfactant sodium dodecyl sulfate 

(SDS) was added to the aqueous particle suspensions in an amount of 5% by weight. 

 

RESULTS AND DISCUSSION 

Synthesis of AFA and FAF microdisks 

SEM images of the AFA and FAF microdisks are shown in Figure 1. The AFA 

samples were found to have an average linear size of 1000±100 nm, with surface 

roughness Rq= 3±1 nm and Ra= 2±1 nm (Figure 1a-1c). The number of gold atoms to the 

number of iron atoms relates approximately as 1:6. The samples prepared from aqueous 

suspension of FAF have a strong tendency to agglomerate when dried, making 
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quantitative analysis difficult, nevertheless, the samples were found to have an average 

linear size of 1000±100 nm and tend to form ~2-10 μm agglomerates, with surface 

roughness Rq= 31±10 nm and Ra= 24±10 nm (Fig. 1g-1e). The number of gold atoms to 

the number of iron atoms is approximately 1:17. 

 

Optical polarizability of layered disks 

Polarizability of microdisks will depend on the direction of light polarization 

relative to the disk plane. Figure 2 shows the spectral characteristics of the imaginary part 

of the electric polarizability for disks of both compositions. The optical constants for the 

dielectric constant of Au and Fe are taken from [16,17]. In aqueous suspensions, the 

microdiscs are oriented chaotically and both contributions will appear on the spectral 

characteristics simultaneously. When the electric field is directed perpendicular to the 

plane of the disks, peaks in the shorter wavelength region are observed for both 

compositions. The polarizability of the disks in the configuration when the electric field 

is directed along the surface (Fig. 2a) is much higher than the value for the perpendicular 

orientation (Fig. 2b). In the case of AFA, a well-defined peak at a wavelength of 765 nm 

is observed. For the FAF composition disks, there is a broad peak in the 650 nm region, 

which is due to the attenuation of the electromagnetic field in the upper Fe layers.  

Meanwhile, in both cases, the polarizability values in the infrared region remain high, i.e., 

a significant photothermal effect in the region of tissue transparency can be expected. 

 

Spectroscopy and photothermia 
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Optical density spectra of microdisc suspensions at a concentration of 100 μg/mL 

are shown in Fig. 3а. Taking into account the absolute scale of optical density, the samples 

do not show a distinguished range of wavelengths at which a markedly increased 

absorption occurs. This is due to the random orientation of the particles in the suspension 

as well as their spontaneous agglomeration due to the presence of magnetization, which 

leads to broadening of the absorption and scattering peaks. The suspension of AFA 

microdiscs have about 1.5 times higher optical density over the whole investigated range 

than FAF, as expected from their polarizability modeling results. Broad peaks in the 

region around 600-700 nm for FAF and 700-900 nm for AFA are also seen, corresponding 

to the polarizability spectra presented above.  

Aqueous suspensions of microdiscs demonstrate relatively good stability, not 

changing the optical density values during the spectroscopic measurement. However, they 

are not fully colloidally stable and on exposure times longer than 15 min they start to 

settle, changing the transmittance. This can be solved by coating with surfactants, leading 

to an increase in the Zeta potential and also preventing the interaction of the magnetic 

moments of the microdisks. 

To determine the photothermal performance of microdiscs for photothermal 

therapy, it is not enough to study their spectroscopic characteristics alone. It is also 

necessary to obtain values of the fraction of light energy attenuated by microdisk 

suspensions, converted into thermal energy of the suspension, which is expressed by the 

photothermal conversion coefficient (η). This can be done by measuring the maximum 

heating temperatures and cooling rates of the suspension, when the laser is turned on and 



11 
 

off, respectively. In this case, it is possible to find the coefficient in the theormostatic 

equilibrium approximation [18]: 

  𝜂𝜂 =
∑ 𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖  (∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

𝜏𝜏  − ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
0

𝜏𝜏0
)

𝑃𝑃0(1−𝑟𝑟)(1− 𝐼𝐼
𝐼𝐼0

)
, (11) 

where∑ 𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖  is the total heat capacity of the cuvette with suspension,∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 and∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
0  

are the maximum heating temperatures, and𝜏𝜏 and𝜏𝜏0 are the characteristic cooling times of 

the microdisc suspension and the solvent without microdiscs, respectively. The 

characteristic time is found from the cooling curves as the exponent of the exponent. The 

reflection-corrected incident radiation power is𝑃𝑃0(1 − 𝑟𝑟) , and(1− 𝐼𝐼
𝐼𝐼0

) is the fraction of 

the attenuated incident radiation power by the suspension. 

The time dependence of suspension temperature during laser heating is shown in 

Fig. 3b. AFA microdiscs coated with gold on the outside show higher heating 

temperatures at the same particle concentration of 100 μg/mL. The photothermal 

conversion coefficients calculated using expression (11) are 27±1 % and 30±1 % for AFA 

and FAF microdisks, respectively. The values of coefficients for layered microdiscs are 

slightly lower than those of plasmonic gold nanoparticles designed specifically for 

photothermia at the used wavelengths around 800 nm. However, they are higher than the 

usual values for magnetic nanoparticles. The presence of gold gives higher heating 

temperatures, while there is a possibility to influence the particles with a magnetic field. 

Also the presence of surfactant in the suspensions could affect the value of the coefficient, 

leading to greater turbidity of the solution, and consequently to greater scattering of 
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radiation. We also associate the lower value of the photothermal conversion coefficient of 

AFA microdisks with greater scattering of the gold layer compared to FAF. 

 

CONCLUSION 

Thus, we studied layer microdisks obtained by tear-off optical lithography 

combined with electron-beam deposition of metal layers. By this method 2 types of disks 

with diameters of 1000±100 nm with different sequence of functional layers and their 

thickness (in nm) were synthesized: Au(10)/Fe(70)/Au(10) and Fe(50)/Au(10)/Fe(50). 

The optical absorption spectra were investigated. An analytical method was developed to 

calculate the dielectric polarizability of layer disks by approximating their shape with 

cofocus spheroids. The dielectric polarizability in an electric field along the surface of the 

disks is significantly larger than for perpendicular field direction for both types. For 

parallel polarization, the extinction remains high up to the IR region of the spectrum. 

When microdisk suspensions are exposed to near-IR laser radiation, they show relatively 

good heating degrees, exceeding those of magnetic particles without gold in their 

composition. The efficiency of IR radiation energy conversion into heat was 27±1 % and 

30±1 % for AFA and FAF microdisks, respectively, which is quite good considering their 

significant optical absorption in this range. This study shows that layered microdiscs can 

be potential candidates for combined magnetomechanical and photothermal therapy. 
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FIGURE CAPTIONS 

Figure 1. SEM images obtained for samples with Au(10 nm)/Fe(70 nm)/Au(10 nm) (AFA) 

(a-c) and Fe(50 nm)/Au(10 nm)/Fe(50 nm) (FAF) (d-e) functional layer thicknesses. 

 

Figure. 2. Polarizability spectra of AFA and FAF microdisks for the electric field directed 

along (a) and perpendicular (b) to the plane of the disks. 

 

Figure 3. Experimental optical density spectrum of aqueous suspensions of AFA and FAF 

microdiscs taken at a concentration of 100 μg/mL (a); photothermal heating of aqueous 

suspensions of AFA and FAF microdiscs taken at a concentration of 100 μg/mL with the 

addition of SDS in an amount of 5% by weight (b). 
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