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A B S T R A C T   

Thin magnetic films with periodic surface topography are of special interest for microwave applications as their 
static and dynamic magnetic characteristics can be readily adjusted. In this paper, we explore the capabilities of a 
simple method for producing large-area periodically patterned films by creating regularly spaced grooves on a 
substrate using a diamond cutter. For 110-nm-thick films, it was found that the substrate-topography-induced 
magnetic anisotropy was inversely proportional to the pattern period, which in experimental samples varied 
from 5 to 20 μm. Based on the Netzelmann theory, analytical expressions for demagnetization tensor components 
were obtained, which accord well with the experimental data. The measurements of the natural ferromagnetic 
resonance spectra demonstrated that the increase of the topography-induced magnetic anisotropy with the 
decrease of the pattern period led to the increase of the resonance frequency from 0.65 to 1.86 GHz, and to a 
decrease of the linewidth and effective damping parameter.   

1. Introduction 

The rapid development of telecommunication and information 
technologies led to the widespread usage of microwave electronic de
vices, from usual read-write heads in hard drive disks to modern navi
gation satellite, radar and communication systems. The increase in the 
operating speed of the devices, the bandwidth of communication 
channels, and the amount of processed data [1] while meeting modern 
requirements for miniaturization and integration of electronic compo
nents is a challenging task. This cannot be accomplished without the 
utilization of magnetic materials with specified microwave properties 
(high magnetic permeability and low losses) [2]. 

The frequency of natural ferromagnetic resonance (NFMR), observed 
at zero applied magnetic field, usually determines the limiting operating 
frequency of microwave devices. Both the NFMR frequency and the 
magnetic permeability depend in a complicated way on material 
composition, its micromagnetic and crystalline structures, and on spe
cifics of the material fabrication and processing [3]. However, for most 
bulk magnetic materials, the relation between the NFMR frequency and 
the magnetic permeability follows the well-known Snoek’s limit [4]: an 

increase in one of these quantities leads to a decrease in another in such 
a way that their product remains constant and depends only on a ma
terial saturation magnetization. For instance, high-resistivity ferrites 
have been used in radar and telecommunications systems for more than 
a half-century, as they are ideal for applications in kHz and MHz range 
[5]. But the usage of ferrites in the GHz range is extremely limited due to 
the drastic decrease in magnetic permeability. By using planar magnetic 
materials, such as thin films and multilayers, it is possible to substan
tially increase the magnetic permeability and the upper limit of the 
operating frequency range [6]. The relation between the magnetic 
permeability and the NFMR frequency introduced by Acher for thin 
films [3,7] clearly demonstrates the superiority of planar magnetic 
materials over bulk ones. 

From a practical viewpoint, it is important to have a possibility to 
purposefully synthesize thin films with specific characteristics for mi
crowave applications, first of all, with the specified NFMR frequency. 
According to the well-known Kittel equation [8], the NFMR frequency of 
thin films with uniaxial magnetic anisotropy Hk is determined as f0 =

(γ /2π)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Hk(Hk + 4πMs)

√
, where γ is the gyromagnetic ratio, and Ms is 

the saturation magnetization. Generally, for a specific magnetic 
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material, the value of Ms remains practically constant. Hence, the tuning 
of the resonance frequency f0 within a wide range can be achieved 
through the control of the Hk field. A large variety of methods exists that 
allows one to form a uniaxial magnetic anisotropy in a thin film. For 
example, uniaxial anisotropy can be induced by an external magnetic 
field applied either during film deposition [9,10] or during post
deposition thermal annealing [11]. It is also possible to control magnetic 
anisotropy by the oblique deposition [12–14] and by elastic stresses in 
case of usage of magnetostrictive materials [15–17]. 

In recent years, with the advance of nanotechnology, researchers 
have been actively developing methods for creating thin films with a 
periodically modulated structure or geometry at micro-to-submicron 
scales [18–20]. Based on such methods as optical and electron-beam 
lithography and ion-beam etching, technologies have been developed 
for producing magnetic structures consisting of individual micro- or 
nanostripes [21–25], as well as for the fabrication of films with peri
odically modulated surfaces [26–28]. Thin films with periodic topog
raphy were also prepared by the deposition of a magnetic material onto 
substrates preliminary patterned by the methods of ion-beam erosion 
[19,29–31], onto thermally annealed sapphire substrates [32–34], and 
others. These approaches make it possible to controllably adjust in a 
wide range magnetic anisotropy [21–24,26,29–34] and magnetic 
permeability [21–23,26,33,34] of such thin-film structures. 

In this paper, we explore the capabilities of a fairly simple and uni
versal method for creating periodically patterned thin magnetic films 
with specified microwave characteristics. This method is based on the 
fabrication of periodically arranged grooves on the substrate surface by 
a diamond cutter and the subsequent deposition of a magnetic film onto 
this patterned substrate. This inexpensive approach allows one to 
quickly produce large-area films with modulated surfaces and, as shown 
in this paper, to control the magnetic anisotropy field, NFMR frequency, 
and damping parameter. 

2. Experimental details 

To test and study the capabilities of the considered method, two 
series of samples (Series 1 and 2) were prepared by deposition of Per
malloy on micropatterned substrates. We used quartz glass substrates of 
roughness less than 1 nm and with sizes of 12 × 12 × 0.5 mm3. Using a 
specially designed automated coordinatograph, an array of parallel 
equidistant grooves was made on the surface of these substrates by a 
diamond cutter. Each series consists of three patterned samples with 
periods (distance between grooves) of l = 20, 10, and 5 μm. But the force 
exerted by the diamond cutter on the glass surface (the cutting pressure) 
for Series 1 was 1.5 times smaller than that for Series 2. After the 
patterning, the standard washing procedure of substrates, including 
ultrasound treatment, was done. 

Thin Permalloy films of thickness 110 nm were deposited on these 
substrates. Additionally, a reference sample of the same thickness was 

fabricated by depositing of Permalloy on an unmodified substrate 
without grooves. All the samples of both series and the reference sample 
were prepared during one deposition cycle by DC magnetron sputtering 
of Fe20Ni80 wt% target (Kurt J. Lesker Company). The base pressure in 
the vacuum chamber was 3 × 10− 4 Pa, and the sputtering was done at 
the Ar pressure of 2 × 10− 1 Pa. During the deposition, the substrates 
temperature was kept at 200◦С. An in-plane uniform magnetic field of 
200 Oe was applied to the depositing films. The samples of Series 1 were 
oriented such that this field was parallel to the grooves, while for the 
samples of Series 2 the field was perpendicular to the grooves. The 
applied field induced a uniaxial magnetic anisotropy Ha with the easy 
axis (EA) lying along the grooves for the samples of Series 1, and 
transverse to the grooves for the samples of Series 2. 

The thickness and the chemical composition of the prepared samples 
were controlled using x-ray fluorescence analysis (Pioneer S4, Bruker). 
The average thickness of the films was 110 ± 2 nm, and the deviation of 
the films composition from the nominal composition of the target was 
less than 0.6 wt%. A polarizing optical microscope Axio Imager. A1m 
(Carl Zeiss) was used to analyze the films pattern. As an example, Fig. 1 

Fig. 1. Surface images of Series 1 films captured with a polarizing optical microscope Axio Imager. A1m (Carl Zeiss).  

Fig. 2. A model of a thin magnetic film with periodically modulated surfaces.  
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shows the images of Series 1 films. It was found that the films surface 
completely replicates the substrates topography and consists of regularly 
spaced parallel grooves with width of about 1.5 μm. The measured 
period of the obtained structures was l = 20.3 ± 0.27, 10.2 ± 0.26, and 
4.9 ± 0.18 μm. 

Magnetic permeability of the samples was measured using a shorted 
microstrip line fixture connected to a vector network analyzer (VNA, 
R&S ZNB20), in the frequency range from 100 MHz to 9.5 GHz. The 
design of the fixture inside which the investigated sample was placed, 
and the general scheme of the measurement setup (VNA-FMR spec
trometer) were analogous to those described in Ref. [35]. The mea
surements were carried out in the frequency-sweep mode for various 
values of an external magnetic field H applied in the sample plane. 

3. Theoretical model 

For a theoretical analysis of the experimental data, we considered a 
model of a thin magnetic film with periodically modulated surfaces, as 
shown in Fig. 2. The magnetic anisotropy of such films can be estimated 
by using the approach introduced by Netzelmann, which allows one to 
circumvent the quite complex problem of dipolar interactions in het
erogeneous structures. For the analysis of particulate films, Netzelmann 
[36] represented the demagnetization energy density as a combination 
of energies of two limiting cases: an isolated particle with the demag
netization tensor Nobj and a uniformly magnetized film with the 
demagnetization tensor Nfilm. By denoting the magnetization vector as 

M, and the packing factor describing the relative fraction of magnetic 
particles in the sample by p, the dipolar energy density can be expressed 
as [37–39]. 

Fd =
1
2

p(1 − p)MNobjM +
1
2

p2MNfilmM. (1) 

The first term on the right-hand side of equation (1) is the magnetic 
energy related to the particles shape, and the second term is the 
demagnetization energy associated with the overall geometry of the 
sample. In this case, the demagnetization field is determined as 

Hd = −
1
p

dFd

dM
= − (1 − p)NobjM − pNfilmM = − NM, (2)  

and the effective demagnetization tensor of a particulate film is N =

(1 − p)Nobj + pNfilm. 
In Ref. [37], Dubowik showed that this approach could be applied 

not only to particulate films but also to other heterogeneous magnetic 
structures of arbitrary size and shape. In particular, in his work, Dubo
wik presented examples for the calculation of demagnetization fields for 
a multilayered film, a film with columnar microstructure, and film with 
surface roughness. Here, we will use this approach to calculate magnetic 
anisotropy originated from the periodic steps on the sample surface and 
at the film/substrate interface, which can be called “sub
strate-topography-induced magnetic anisotropy”. To do this, let us 
divide the profile of the considered magnetic structure into three layers, 
as shown in Fig. 2. In this case, the expression for the dipolar energy 
density, according to Ref. [37], will be 

Fd =
1
2
∑3

i=1

ti

t
pi(1 − pi)MNobj

i M +
1
2
∑3

i=1

ti

t
p2

i MNfilmM, (3)  

where ti, pi, and Nobj
i are the thickness, density, and demagnetization 

tensor of isolated “particles” (elongated stripes) of the ith layer, and t is 
the total thickness of all layers. According to Fig. 2, the thicknesses of 
individual layers are t1 = t3 = h, t2 = d–h, and the thickness of the whole 
structure is t = d + h. The densities of individual layers are p1 = w/l, p2 =

1, and p3 = s/l. Let us also denote by p = (p1t1 + p2t2 + p3t3)/t an effective 
density of the whole structure. Then, the demagnetization field is 
determined by the expression 

Hd = −
1
p

dFd

dM
= −

∑3

i=1

ti

t
pi(1 − pi)

p
Nobj

i M −
∑3

i=1

ti

t
p2

i

p
NfilmM = − NM, (4)  

and an effective demagnetization tensor of the three-layer magnetic 
structure shown in Fig. 2 is 

N =
∑3

i=1

ti

t
pi(1 − pi)

p
Nobj

i +
∑3

i=1

ti

t
p2

i

p
Nfilm. (5) 

In the coordinate system in which the z-axis coincides with the film’s 
normal vector, and x and y axes are oriented transverse and along the 
stripes respectfully (see Fig. 2), the tensor Nfilm has only one nonzero 
component Nfilm

zz = 4π. In the experiment, the height of the steps on the 
film surface was much smaller than their width, that is, h ≪ w and h ≪ s. 
Therefore, we can use the following approximation for the calculation of 
the components of the demagnetization tensor Nobj

i [40]:   

The nonzero components of the effective demagnetization tensor (5) 
will be 

Nx=Nxx=4πh2

dl
ws
l

[
1

h+w
+

1
h+s

]

≈4πh2

dl
,Nz=Nzz=4π(1− Nxx)≈4π

(

1−
h2

dl

)

.

(7) 

Using these expressions, we can write formulas for the calculation of 
in-plane Hu and perpendicular 4πMeff magnetic anisotropy fields induced 
by the demagnetization fields in periodically patterned films 

Hu =NxMs = 4πMs
h2

dl
, 4πMeff = NzMs = 4πMs

(

1 −
h2

dl

)

. (8) 

To compare theoretical and experimental results, we also used the 
well-known Schlomann expression [41] for the calculation of the 
demagnetization factor Nx = Nxx of a film with periodic surface rough
ness. By denoting the mean-square deviation for top and bottom surfaces 
of the film as < ξ2

1(x) > and < ξ2
3(x) >, according to Ref. [41], 

Nx ≈ 4π2[< ξ2
1(x)> + < ξ2

3(x)> ]/dl. Taking into account the geometry 
of the film’s profile (Fig. 2), and also the approximation h ≪ w and h ≪ s, 
we obtain 

Hu = 4πMs
h2

dl
2πws

l2 , 4πMeff = 4πMs

(

1 −
h2

dl
2πws

l2

)

. (9) 

These expressions for Hu and Meff, based on the Schlomann expres
sion, differ from (8) by an additional factor of 2πws/l2. It is easy to show 
that when w ≈ 4s expressions (8) and (9) become equivalent. 

Nobj
1 = 4π

⎡

⎣
t1/(t1 + w) 0 0
0 0 0
0 0 w/(t1 + w)

⎤

⎦, Nobj
2 = 0, Nobj

3 = 4π

⎡

⎣
t3/(t3 + s) 0 0
0 0 0
0 0 s/(t3 + s)

⎤

⎦. (6)   
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4. Results and discussion 

To determine the magnetic parameters of the experimental samples, 
we measured the dependence of the ferromagnetic resonance (FMR) 
frequency fr on the external magnetic field H using the VNA-FMR 
spectrometer. The field H was applied in the samples plane along the 
EA and ranged from 0 to 1 kOe. It was found that in patterned films, the 
direction of EA always coincided with the direction of grooves, that is, 
the EA was parallel to the y-axis (Fig. 2). This indicates that for the 
samples of Series 2, the field of the magnetic anisotropy Ha induced 
during deposition was smaller than the field of the substrate- 
topography-induced magnetic anisotropy Hu originated from the peri
odic modulations on the films surfaces. In this case, the Kittel equation 
[8] for the FMR frequency is written as 

fr =
γ

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(H + Hu ± Ha)
(
H + Hu ± Ha + 4πMeff

)√

, (10)  

where the plus sign at Ha refers to the samples of Series 1 (Hk = Hu + Ha), 
and the minus sign to the samples of Series 2 (Hk = Hu – Ha). Note that 
the effective saturation magnetization Meff in (10) is determined by 
equation (8). 

Fig. 3 shows the resonance frequency squared f2
r versus applied field 

H, measured for the samples of Series 1 and 2. Because 4πMeff ≫ H + Hk, 
as follows from equation (10) and can be seen in Fig. 3, the dependence 
f2
r (H) is almost linear. Approximating the experimental dependence 

fr(H) of the reference sample with Hu = 0 and Meff = Ms, we first obtained 
the values of the field-induced anisotropy Ha = 6 Oe and the saturation 
magnetization Ms = 858 emu/cm3. Then, in the same way, we deter
mined Hu and Meff of patterned films. We note that for all samples of 
Series 1 and 2 when determining Hu, we used the same value of Ha, 

which was equal to the field-induced anisotropy of the reference sample 
(6 Oe), because it is not possible to separate experimentally contribu
tions of Hu and Ha to the resulting anisotropy Hk. The solid lines in Fig. 3 
show approximating dependencies f2

r (H) obtained using equation (10). 
The symbols in Fig. 4 display experimental values of Hu and Meff 

plotted as functions of the inverse pattern period 1/l. The theoretical 
dependencies Hu(1/l) and Meff(1/l) obtained with equation (8) are also 
shown in the figure, by solid lines. In the calculations, we fitted the value 
of the groove depth h, which for the Series 1 samples was 30 nm, and 48 
nm for Series 2. One can see that the model based on the Netzelmann 
theory describes well the experimental data and thus can be used in 
practice for the adjustment of the technology for the fabrication of 
periodically modulated films with controllable magnetic characteristics. 
Additionally, the dashed lines in Fig. 4 show results of calculations using 
expressions (9), obtained on the basis of the Schlomann theory. These 
theoretical curves are in qualitative agreement with the experimental 
data, but quantitively they describe experimental values of Hu and Meff 
worse than the Netzelmann theory. 

Tailoring of Hu and Meff by artificially introducing periodic patterns 
on the substrate also makes it possible to control the NFMR frequency f0 

f0 =
γ

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Hu ± Ha)
(
Hu ± Ha + 4πMeff

)√

. (11) 

Fig. 5 (a, b) and (c, d) displays frequency spectra of the magnetic 
permeability μ = μ’− iμ’’ at zero applied field, obtained using the VNA- 
FMR spectrometer for the samples of Series 1 and 2, respectfully. The 
real part of the magnetic permeability μ′ describes the dynamic char
acteristics of a magnetic material, while the imaginary part μ’’ charac
terizes its magnetic losses. As Fig. 5 indicates, below ferromagnetic 

Fig. 3. The FMR frequency squared f2
r versus the external field H for the 

samples of Series 1 (a) and Series 2 (b). 
Fig. 4. The dependencies of the topography-induced magnetic anisotropy Hu 
(a) and the effective saturation magnetization Meff (b) on the inverse period of 
grooves. Symbols are the experimental data, solid lines are the calculations 
using expression (8), and dashed lines are the calculations using (9). 
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resonance, the magnetic permeability μ′ depends weakly on the fre
quency and approximately equals to the static magnetic permeability of 
the material μs = μ′(f = 0). When the frequency of the excitation signal 
exceeds the frequency of ferromagnetic resonance, magnetic perme
ability μ′ becomes negative, and with the subsequent increase in fre
quency tends to unity. Therefore, the NFMR frequency f0 can be 
considered as an upper limit of the operating frequency range, within 
which the magnetic response of material on average is characterized by 
the static magnetic permeability μs. 

As can be seen from Fig. 5, with the decrease of the pattern period l 
and a corresponding increase of the total magnetic anisotropy Hk = Hu ±

Ha, the resonance frequency f0 rises as well. This dependence is shown in 
Fig. 6a by symbols for the experimental samples of both series. The 
theoretical dependencies f0(1/l) obtained with (8) and (11) and shown 
in the figure by solid lines accord well with the experiment. The decrease 
of the period l from 20 to 5 μm led to an increase in the NFMR frequency 
by about 1.5 times from 0.96 to 1.40 GHz for the Series 1 samples and 
almost 3 times from 0.65 to 1.86 GHz for the Series 2 samples. 

Also, the increase in f0 is followed by the decline of the static mag
netic permeability (see Fig. 5). This can be explained by considering the 
Acher’s limit [7], according to which the growth of one of these quan
tities leads to the decrease of another so that the following equality 
should hold 

(μs − 1)f 2
0 =(γ4πMs)

2
. (12) 

For soft magnetic thin films f0 ≪ γ4πMs, and limit (12) allows for 
higher values of the static permeability in comparison with the analo
gous limit (μs − 1)f0 = 2/3⋅γ4πMs introduced by Snoek [4] for bulk ma
terials. Hence, thin magnetic films are the most promising materials for 
applications where high dynamic magnetic permeability is required. 
The dependence μs(1 /f2

0 ) obtained using (12) is shown by the line in 
Fig. 6b, while symbols show the experimental values of the static 
permeability for the samples of both series. These results indicate that 
the Acher’s limit is valid for films with modulated surfaces as well. 

In the context of microwave applications, the effective damping 
parameter α is one of the key parameters of magnetic films, which 

Fig. 5. The frequency dependencies of real and imaginary parts of complex magnetic permeability μ = μ’− iμ’’ at H = 0 for the samples of Series 1 (a, b) and Series 2 
(c, d). 

Fig. 6. (a) The NFMR frequency f0 versus the inverse period of grooves. (b) The static magnetic permeability μs versus the inverse NFMR frequency squared. Symbols 
are experimental data, and lines are theory. 
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characterizes the level of magnetization damping in a magnetic medium 
[42]. The damping parameter of any magnetic material is primarily 
determined by the intrinsic mechanisms originated mainly from the 
interactions between the spins and the electron orbits. However, there 
also exist another (extrinsic) mechanisms of magnetization relaxation, 
among which the two-magnon scattering processes give a dominant 
contribution to the FMR line broadening in thin magnetic films [42,43]. 
The dimensionless damping parameter α enters the Landau–Lif
shitz–Gilbert (LLG) equation of motion as a phenomenological constant 
and is related to the FMR linewidth Δf as [43]. 

α=
2π
γ

Δf
2(H + Hk) + 4πMeff

. (13) 

This relation between the effective damping parameter and FMR 
linewidth directly follows from the LLG equation and allows one to 
represent one quantity through another. Using the measured values of 
the NFMR linewidth (at H = 0) for the samples of both series and 
expression (13), we determined the parameter α (Fig. 7a). For both se
ries, the effective damping parameter declines almost linearly with the 
increase of the inverse period 1/l. The lines in the figure show the linear 
fits for the experimental data: α = − 0.0104/l + 0.0142 for Series 1, and 
α = − 0.0104/l + 0.016 for Series 2. These results indicate that the 
decrease in the grooves period leads to the proportional decrease in the 
damping for the samples of both series. However, the damping of Series 
2 samples, which have deeper grooves, is on average 0.0018 larger than 
that for the corresponding samples of Series 1 with shallower grooves. 

To clarify the cause of α decrease with the decrease of l, in Fig. 7b we 
additionally plot the dependence of the damping parameter on an 
effective internal magnetic field Heff = H + Hk for the Series 2 samples. 
As plots demonstrate, the shorter the grooves period l, the higher the 
overall level of damping in the film. It is expected, since the steps on the 
film surface and at the film/substrate interface are the source of the 
nonuniform magnetic fields (magnetic inhomogeneities), which intro
duce an additional energy dissipation channel through the two-magnon 
relaxation process [43–45]. Therefore, the higher the steps and the 
greater their number, the higher the magnitude of magnetic in
homogeneities and correspondingly higher the magnetization damping. 

However, we see in Fig. 7b that at low effective internal fields 
damping experiences a sharp increase. This behavior of α is character
istic for all polycrystalline films [46–48], and its main cause is a 
nonuniform magnetic structure formed in films due to the random dis
tribution of EA in individual crystallites (random magnetic anisotropy) 
[49,50]. Increasing effective field Heff suppresses the magnetization 
dispersion leading to the rapid decline and subsequent saturation of the 
damping parameter [49,50]. As Fig. 7b suggests, at low values of Heff, 
the random anisotropy affects damping much stronger than the artificial 
surface modulations. Since the effective internal magnetic field under 
NFMR conditions at H = 0 (marked by arrows in Fig. 7b) is higher for the 
films with shorter grooves period, we observe the decrease of damping 

with the decrease of l in Fig. 7a. 

5. Conclusion 

In this paper, we have investigated thin magnetic films 110 nm in 
thickness produced by the deposition of Permalloy on grooved sub
strates. The periodic grooves, with a period ranging from 5 to 20 μm, 
was formed on the substrate surface by a diamond cutter using a 
specially designed automated coordinatograph. We have revealed a 
strong dependence of the magnetic anisotropy, magnetic permeability, 
and the NFMR frequency and linewidth on the grooves period l. 
Particularly, it was found that with the decrease of period l, the 
substrate-topography-induced magnetic anisotropy Hu rises as ~1/l and 
the NFMR frequency increases as √Hu. Also, the NFMR linewidth 
exhibited a noticeable decline with the shortening of period l. It was 
suggested that the increase in the effective internal magnetic field with 
the decrease of l results in the suppression of the nonuniform magnetic 
structure, which emerges in polycrystalline films due to the random 
distribution of EA in individual crystallites. This, in turn, leads to the 
decrease of the magnetization damping. We have considered a theo
retical model of a thin magnetic film with periodical steps on its surface 
and at the film/substrate interface. Based on this model, in the frame
work of the Netzelmann theory, we have obtained expressions for the 
calculation of the in-plane and perpendicular magnetic anisotropy of 
such patterned films, which allowed us to explain experimental results. 

In conclusion, we note that the technique for producing films with 
periodically modulated surfaces used in this work is simple and inex
pensive. And, considering close agreement between theory and experi
ment, this approach has a high potential for usage in practice for the 
design and fabrication of thin films with controllable microwave 
characteristics. 
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