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The magnetization dynamics in ZnO:Ag/NiFe heterostructures has been investigated through 

magnetoimpedance measurements. By annealing the ZnO:Ag  layer  during  the  production  process 

of the samples, structural and magnetic features of the whole heterostructure are modified, showing 

that the dynamical magnetic response of the heterostructure is strongly dependent on the annealing 

temperature. The magnetoimpedance results are discussed in terms of the different mechanisms 

governing the magnetization dynamics at distinct frequency ranges and in  terms of the evolution of 

the ZnO:Ag layer with annealing.  The presented results open new roads for technological application 

of semiconductor/ferromagnetic heterostructures. 
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I. INTRODUCTION 

 

Magnetoimpedance (MI) has provided in the last 

decades new roads to technological applications1–4. 

Further, it also represents an important tool to 

understand the basic physical properties of the 

magnetization dynamics in films and heterostructures5,6. 

Specifically, MI corresponds to the change of the 

complex electrical impedance (Z = R + iX) of a magnetic 

material submitted to an external magnetic field7,8. For 

an ordinary metallic ferromagnetic material in the film 

or ribbon geometries, the MI variations at frequencies 

up to hundreds of MHz are primarily associated to 

changes in the transverse magnetic permeability (µt) due 

to modifications in the skin effect7,8. At frequencies 

above GHz, in turn, the ferromagnetic resonance (FMR) 

effect emerges, becoming the main contribution to the 

variations in the electrical impedance and, consequently, 

to the MI variations. 

The MI effect has been explored in a wide variety of 

samples9–11, giving rise to a broad range of remarkable 

results. Among the different geometries, planar 

heterostructures consisting of a bilayer with a magnetic 

material and a non-magnetic metal/semiconductor have 

been drawing considerable attention due to the 

perspective of application in spintronics12,13. One of the 

most paradigmatic materials in this field is Y3Fe5O12 

(YIG), a ferrimagnetic insulator that, when capped by a 

non-magnetic metal with high spin-orbit coupling, 

enables the  evaluation of pure spin- current effects in films 

with bilayer geometry5,6. 

Another type of materials receiving increasing interest 

due to their magnetic properties corresponds to non- 

magnetic metal-doped semiconductors14–16. In this case, 

Zinc oxide (ZnO) arises as a notable representative. 

Beyond the well-known semiconductor and optical 

properties, ZnO can show ferromagnetism at room 

temperature (RTFM)17, a fact directly related to the role 

of gain boundaries and the overlap of bound magnetic 

polarons (BMPs)14,16. 

 
Remarkably, this feature looks promising for 

spintronic applications, in particular due to the electrical 

properties of the material18,19. However, up to now, just 

a few works have explored the magnetization dynamics 

in semiconductor materials20–22. As an interesting 

example, Dadsetan et al23 have recently investigated the 

magnetization dynamics in semiconductors exploring the 

MI effect in Fe-rich ribbons sandwiched by ZnO films. 

Specifically, the authors have analyzed the MI response 

in frequencies up to 10 MHz and evaluated the influence 

of ZnO layer thickness on the magnetic response23, thus 

opening doors to investigations in such kind of 

heterostructures 

In this context, the interplay between soft 

ferromagnetic films and semiconductor materials may 

bring to light heterostructures with potential 

technological applications through their integration in 

engineered devices. In this work, a systematic 

investigation of the magnetization dynamics has been 

performed in ZnO:Ag/NiFe heterostructures by 

magnetoimpedance. By annealing the ZnO:Ag layer 

during the production process of the samples, different 

structural and magnetic features of the whole 

heterostructure are modified. It is observed that the 

dynamical magnetic response of the heterostructure is 

strongly dependent on the annealing temperature.  
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II. MATERIALS AND METHODS 

 
Heterostructures consisting of a 1 µm-thick ZnO:Ag 

film capped by a NiFe layer with thickness of 200 nm 

have been investigated. The production of the samples 

was performed in two steps. First, the ZnO:Ag films 

were deposited on a glass substrate using DC sputtering 

from a metallic Zinc target (99.96 at.% purity and 

dimensions of 20 x 10 x 0.6 cm3). In particular, the Zn 

target was decorated with specific amount of Ag pellets, 

symmetrically distributed along the main erosion area (50 

cm2)24, in order to set the silver concentration at 20 wt.% 

in the produced layer. This deposition was carried out with 

the following parameters: base pressure of 6 10−7 Torr, 

deposition pressure of 5 10−3 Torr with Ar at 25 sccm and 

O2 at 16 sccm constant flows, and 377 V set in the DC 

source. After ZnO:Ag deposition, the substrate was cut in 

3 pieces, and two of them were annealed. Thus, a set of 

films is obtained composed by the as-cast sample and the 

films annealed at distinct conditions, 250 and 400◦C. In the 

second step, Ni81Fe19 (NiFe) is grown to cover the ZnO:Ag 

films. In particular, the NiFe layer is deposited considering 

a base pressure of 2 10−8 Torr, deposition pressure of 3 10−3 

Torr with Ar at 20 sccm constant flow, and 20 W set in 

the RF source. 

The structural properties of the films were investigated 

by X-ray diffraction (XRD) and the morphological ones by 

scanning electron microscopy (SEM). XRD results were 

acquired using a Rigaku Miniflex II diffractometer in the 

Bragg-Brentano geometry. In this case, the XRD analysis 

was performed for the as-cast and annealed bare ZnO:Ag 

films, as well as for the samples after the deposition of the 

NiFe cap layer. SEM images of the ZnO:Ag/NiFe 

heterostructures were obtained with a NanoSEM - FEI 

Nova 200 (FEG/SEM) microscope, on fractured cross-

sections and top views conditions. 

The quasi-static magnetic characterization of the bare 

ZnO:Ag films and ZnO:Ag/NiFe heterostructures was 

performed using a Lake Shore model 7404 vibrating 

sample magnetometer (VSM). In this case, the in-plane 

magnetic behavior was obtained from the magnetization 

curves measured at room temperature. 

The magnetization dynamics of the ZnO:Ag/NiFe 

heterostructures was investigated through the MI effect. To 

this end, a RF-impedance analyzer Agilent model E4991 

was used, provided with a E4991A test head connected to  

a microstrip, in which the sample is the central conductor 

that is separated from the ground plane by the substrate, as 

depicted in Fig. 1. To avoid propagative effects and to 

acquire just the sample contribution to MI, the RF 

impedance analyzer was calibrated at the end of the 

connection cable by performing open, short, and load (50 

Ω) measurements using reference standards. While the 

external magnetic field was varied, a 0 dBm  (1 mW) 

constant power was applied to the sample, characterizing a 

linear regime of driving signal. MI measurements were 

obtained over a frequency range between 0.5 and 
3.0 GHz, with in-plane magnetic field varying between 

350 Oe. For each magnetic field value, the frequency 

sweep was carried out and the real R and imaginary X 

components of the impedance Z were simultaneously 

acquired. 

 

 

 

FIG. 1. Schematic representation of the ZnO:Ag/NiFe 

heterostructure in the MI experiment. (a) In detail, in-plane 

magnetic field H and alternating magnetic field hac acting 

simultaneously in the sample. (b) Stripline used for the MI 

measurement. 

 

 

 

III. RESULTS AND DISCUSSION 

 
Figure 2 presents the results of the structural 

characterization of the ZnO:Ag/NiFe heterostructures. 

From the XRD data shown in Fig. 2(a), the patterns 

clearly indicate the hexagonal structure for the ZnO phase 
(space group p6122), assigned by the (100), (101), and 

(110) peaks located respectively at 2θ = XX◦, XX◦, and 

XX◦ (ICSD card #01-070-8070), feature which is found 

for all samples. Further, with the increase of the 

annealing temperature, it is observed the increase of the 

peaks matching those of pure Ag at 2θ = 38.12◦, and 

44.31◦, corresponding to the (111) and (200) 
crystallographic planes of  face-centered cubic Ag crystals 

(ICSD card #01-071-6549). This feature is attributed to 

the migration of the Ag clusters to the film surface as the 
annealing temperature increases, a fact confirmed by the 

SEM images. The peak related to the (111) Ni81Fe19 
plane (ICSD card #01-088-1715) is located at 2θ = 

44.07◦, close to the one associated to the reflection of the 

(200) Ag, in a sense that they overlap. 

Figs. 2(b,c) show representative SEM images for bare 

ZnO:Ag films annealed at 400◦C and the corresponding 

heterostructure. In particular, from the top-view SEM 
image of the bare film, it is confirmed that the Ag layer 

fully covers the ZnO film. In addition, the cross-section 

SEM image for the ZnO:Ag/NiFe heterostructure 
reveals the columnar growth of both, the ZnO and NiFe 

layers, as well as corroborates the good interface 

between them. 

Regarding the magnetic behavior, Fig. 3 shows the room 

temperature normalized magnetization curves 
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FIG. 2. Structural characterization of the ZnO:Ag/NiFe 

heterostructures. (a) XRD results for the ZnO:Ag/NiFe 

heterostructures produced from ZnO:Ag films annealed at 

different temperatures. The peaks are indexed by using the  

ICSD database and considering the patterns for ZnO (ICSD 

card #01-070-8070), Ag (#01-071-6549), and NiFe (#01-088-

1715). (b) Representative top-view SEM image for the bare 

ZnO:Ag films annealed at 400◦C. (c) Representative cross-

section SEM image for the ZnO:Ag/NiFe heterostructures 

produced from the ZnO:Ag films annealed at 400◦C. 

 

 

obtained for the bare ZnO:Ag films annealed at different 

temperatures and the corresponding ZnO:Ag/NiFe 

heterostructures. 

From the curves obtained for the  ZnO:Ag  films,  Fig. 

3(a), it can be identified the fingerprint of the room 

temperature ferromagnetism. This feature is expected for 

metal-doped ZnO films15,16. Specifically, the RTFM 

behavior in non-magnetic doped ZnO is associated with 

grain boundary effects and the overlap of bound magnetic 

polarons (BMPs)14,16. It  is  worth  noting  that  the  films  

saturate magnetically at  magnetic  fields  of  about  2  kOe.  

In particular, the curves were normalized in order to make 

easier the comparison between results. However, it is 

highlighted that the saturation magnetization  of  the  bare 

ZnO:Ag films are found in the range between 0.5 and 1.6 

emu/cm3, values in agreement with previous results 

reported in the literature21. Table I summarizes the 

magnetic parameters obtained from the magnetization 

curves. 

After the deposition of the NiFe layer, the magnetic 

behavior changes drastically, as expected. The 

magnetization responses for the ZnO:Ag/NiFe 

heterostructures, shown in Fig. 3(b), disclose 

characteristic curves of a soft ferromagnetic material, 

evidencing the magnetic properties of the NiFe layer. 

Here, the NiFe alloy determines the whole magnetic 

behavior of the heterostructures due to its high 

saturation magnetization, ~ 780 emu/cm3 25,26, 

 

 
 

FIG. 3. Magnetic behavior of the produced samples. 

Magnetization curves acquired for (a) the bare ZnO:Ag 

films annealed at different temperatures and (b) the 

corresponding ZnO:Ag/NiFe heterostructures. The obtained  

magnetic parameters are summarized in Tab. I. 

 
 

TABLE I. Coercive field Hc and normalized remnant 

magnetization Mr /Ms values obtained from the curves 

measured for the bare ZnO:Ag films annealed at different 

temperatures and the corresponding ZnO:Ag/NiFe 
heterostructures. 

 
 

ZnO:Ag ZnO:Ag/NiFe 
  

 Annealing Hc  (Oe) Mr /Ms Hc (Oe) Mr /Ms  
 

As-cast 145.42 0.25 17.06 0.84 

250◦C 111.21 0.17 20.83 0.83 

400◦C 65.45 0.09 19.39 0.70 

 

much larger than that verified to ZnO:Ag. All 

heterostructures show the very same magnetic behavior, 

irrespective of the conditions employed in the ZnO:Ag 

annealing. It is characterized by low coercive field and 

high normalized remnant magnetization, as indicated in 

Tab. I Further, the shape and the area of the 

magnetization curves are evidence of the existence of 

some dispersion of the magnetic anisotropy, a feature 

expected due to the roughness of the interface between 

the NiFe and ZnO:Ag layers. 

Finally, with respect to the magnetization dynamics 

characterization, Fig. 4 depicts the MI response for the 

ZnO:Ag/NiFe heterostructures. Here, to allow a direct 

comparison between the results, it is considered the 

normalized variation of the real R component of the 

impedance, defined as 

 
∆𝑅

𝑅
=

𝑅(𝐻)−𝑅(𝐻𝑚𝑎𝑥)

𝑅 (𝐻𝑚𝑎𝑥)
                             (1) 

where R(H) is the real component at a given external 

magnetic field H, and R(Hmax) is the corresponding value 

at the maximum magnetic field value, where the samples 

are magnetically saturated. 

Figure 4(a) shows the density plot  of  ∆R/R  for  the 

ZnO:Ag/NiFe heterostructures produced from the 

ZnO:Ag films annealed at 400◦C, as a representative ex- 
ample of the MI behavior verified for the studied 

samples. By considering this two-dimensional plot, it is 

observe the ∆R/R behavior as a function of both external 
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FIG. 4. Magnetoimpedance response for the ZnO:Ag/NiFe 

heterostructures. (a)  Density  plot  of  ∆R/R  as  a  function 

of both, external magnetic field and frequency for the 

ZnO:Ag/NiFe heterostructures produced from the ZnO:Ag 

films annealed at 400◦C. The red dashed line is a guide to    the 

eyes, indicating the evolution of the ∆R/R peak location in 

field as the frequency increases. (b) ∆R/R measured at 

0.5 GHz as a function of the external magnetic field for the 

ZnO:Ag/NiFe heterostructures. Similar plot for the ∆R/R 
response at (c) 1.0, (d) 2.0, and (e) 3.0 GHz. 

 

 

magnetic field H and frequency f . Although the MI 

curves are acquired over a complete magnetization loop 

and present hysteretic behavior, just part of the curve is 

shown, with the field varying from negative to positive 

values. When the field varies from positive to negative 

values, the MI behavior is reversed. Despite the similar 

general MI response verified for the heterostructures 

produced from ZnO:Ag films annealed at different 

temperatures, a significant reduction of the amplitude of 

the impedance variation peaks is observed as the 

annealing temperature decreases. This feature is clearly 

confirmed by the plot of 

∆R/R as a function of the magnetic field for selected 

frequencies, as shown in Fig. 4(b-e). 

From Fig. 4(a), it is observed that the ∆R/R curves 

show a double peak structure. At the low and moderate 

frequency ranges (up to hundreds of MHz), the ∆R/R 

peaks are located at ± 20 Oe, close  to  the  coercive field 

Hc verified from the magnetization curves (see Tab. I). 

Therefore, the peak position in field reflects the 

anisotropy field and, consequently, the magnetic 

anisotropy of the samples. Moreover, at this regime, the 

invariance of the position of the peaks is a clear 

indication that the skin effect is the main responsible for 

the MI variations. On the other hand, when also 

considering Fig. 4(c-d) for higher frequencies, besides the 

skin effect, the FMR effect also becomes an important 

mechanism responsible by the MI variations, a fact 

evidenced by the displacement of the peaks position 

toward higher field as the frequency is increased27. In 

particular, in Fig. 4(a), a red dashed line is drawn 

guiding the eyes in order to highlight the evolution of 

the peak location in field. For the frequency of 3.0 GHz, 

Fig. 4(e), the magnetic field is not enough to saturate the 

heterostructures and, as a consequence, characteristic 

negative ∆R/R peaks values are observed at low-

magnetic fields28. 

Also in Fig. 4(b), where FMR does not influence the 

magnetization dynamics, it is remarkable the 

dependence of the amplitude of the ∆R/R peaks with the 

temperature employed in the annealing of the bare 

ZnO:Ag films. The trend of raising the peak amplitude 

is a result of the reduction of the roughness of the 

interface between the NiFe and ZnO:Ag layers, as well as 

it is associated with the changes in the electrical 

properties of the ZnO:Ag layer. More specifically, it is a 

consequence of the distribution of the Ag in the ZnO:Ag 

layer. For the ZnO:Ag/NiFe heterostrucutre produced 

from the as-cast ZnO:Ag film, the NiFe layer is primarily 

deposited onto a ZnO film (see the illustration a.I in Fig. 

4(a)). However, with the increase of the annealing 

temperature, the top ZnO:Ag surface and the ZnO:Ag 

electrical properties change drastically. It is associated 

to the displacement of Ag clusters to the ZnO:Ag film 

surface (see a.II in Fig. 4(a)). When the annealing is 

performed at 400◦C, a metallic layer of Ag emerge (see 

a.III in Fig. 4(a)). Hence, the conductor Ag layer reduces 

the whole electrical resistivity of the sample, leading to 

the increase of the MI variations. 

Thus, from a general point of view, the explored 

heterostructures appears as a promising candidate for 

technological applications based on the soft 

ferromagnetic properties in the ZnO:Ag/NiFe 

heterostructures and the multifunctionalization of 

semiconductor materials with ferromagnetic alloys. 

 

 
IV. CONCLUSION 

 
In conclusion, the magnetization dynamics in 

ZnO:Ag/NiFe heterostructures has been investigated 

through the magnetoimpedance measurements. First, 

considering 
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the bare ZnO:Ag films, room temperature ferromagnetism 

is verified in non-magnetic metal-doped semiconductores. 

Further, by performing annealing of the ZnO:Ag films at 

different temperatures, the structural and magnetic features 

of the whole heterostructures have been modified. The 

heterostructures show soft ferromagnetic properties and 

the MI response is strongly dependent on the annealing 

temperature. More specifically, the MI response is affected 

directly by the distribution of the Ag in the ZnO:Ag layer, 

that changes the roughness of the interface between the 

NiFe  and ZnO:Ag layers,  as well as alters the electrical 

properties of the ZnO:Ag layer. The presented results open 

new ways for technological application of 

semiconductor/ferromagnetic heterostructures. 
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