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a b s t r a c t   

In this study, oriented nano-sheets generated during the growth of cobalt-rich Co–V and Co–Zn thin films 
induced a large anisotropy in the magnetic and transport properties. The regular nano-sheets were tilted 
52–54 deg. with respect to the substrate plane, ≈ 3.0–4.0 nm thick, ≈ 30–100 nm wide, and ≈ 200–300 nm 
long, with an inter-sheet distance of ≈ 0.9–1.2 nm. In spite of the different microstructures of the two kinds 
of samples where the Co–V films were amorphous, whereas the Co–Zn films showed a growth of Zn na-
nocrystals, the oblique nano-sheet morphology conferred noticeable shape anisotropy to both specimens. 
This anisotropy resulted in an in-plane uniaxial magnetic anisotropy. The changes in the nano-morphology 
caused by thermal treatments, and hence in their anisotropic properties, were studied. While the Co–V 
samples retained or increased their magnetic and transport anisotropies, this anisotropic behavior vanished 
for the annealed Co–Zn films. High resolution transmission electron microscopy, HRTEM, including che-
mical analysis at the nano-scale, and the dependence of the anisotropic resistance on temperature allowed 
to establish the nature and the activation energy spectra of the atomic relaxation processes during heating. 
These processes displayed a single peak at 1.63 eV for the Co–V and two peaks at 1.67 and 2.0 eV for the 
Co–Zn. These spectra and their singularities were associated to the changes induced in the nano-mor-
phology of the films by thermal treatments. The Co–V films retained their nano-sheet morphology almost 
up to 500 ºC; the Co–Zn films lost their nano-sheets at 290 ºC. The thermal stability exhibited by the Co–V 
films makes them useful for applications in ultra high frequency, optical, magnetostrictive and magneto- 
electric devices. 

© 2022 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

The improvement of materials with tailored physical properties 
at the nanoscale represents a key field in science and technology. In 
particular, magnetic materials in the form of nanoparticles, nano-
dots, nanowires, thin films, multilayers, etc. are continuously being 
developed due to their versatile applications in data storage tech-
nology, magnetic field sensing, high-frequency devices, and spin-
tronics, among many others [1–7]. Furthermore, controlling the 

magnetization direction of materials with nano-sized constituents is 
an interesting objective from both a theoretical and applied point of 
view; the latter is interesting because the magnetization direction 
significantly influences the performance of multiple magnetic de-
vices [8–15]. Intermetallic magnetic alloys and compounds such as 
Co–V and Co–Zn, have been demonstrated to exhibit magnetic 
properties which are known to be highly dependent on their special 
size and shape, i.e., bulk or nanoparticulated [16], thin films [17,18], 
and nanowires [19,20]. In this regard, much attention has been paid 
to the impact of the synthesis techniques on the morphology of the 
materials. In particular, oblique-angle incidence techniques have 
been demonstrated to be very suitable for the growth of films ex-
hibiting special physical properties associated with their mor-
phology and micro- or nanostructure [21–29]. 

The oblique Pulsed Laser Deposition (PLD) technique has allowed 
us to fabricate ferromagnetic thin films formed by oriented nano- 
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sheets [24,30–33]. By means of Scanning Tunneling Microscopy 
(STM) and High Resolution Transmission Electron Microscopy 
(HRTEM), we discovered that Co obliquely deposited films were 
formed by nano-sheets, with dimensions of ≈ 300 × 80 × 5 nm for 
each nano-sheet, separated by free-space regions approximately 
1.5 nm wide and oriented ≈ 60 deg. with respect to the substrate 
plane [31,32]. This nano-morphology was generated thanks to our 
particular geometry during deposition and the arrangement of the 
laser beam, the target, and the laboratory-designed substrate-holder  
[31]. Indeed, the particular position of the substrates on the lateral 
surface of the cone with its axis of rotational symmetry parallel to 
the plasma flux direction caused the growth direction of our oblique 
nano-sheets (always occurring towards the plasma source) to retain 
a constant angle with respect to the direction of growth of the nano- 
sheets observed in previous stages. The Cylindrical Symmetry Ob-
lique Growth films with these nano-sheets will be referred to as 
CSOG films throughout this work. Co and Co-rich CSOG films showed 
in-plane uniaxial magnetic anisotropy (UMA) and mechanical, 
transport, and optical anisotropies whose origin lay in the mor-
phology of oblique nano-sheets. In effect, these as-deposited Co 
CSOG films, which were amorphous, exhibited in-plane UMA fields 
up to H ≈ 80 kAm−1 and notable anisotropy in their resistivity: In the 
as-deposited state, they had a large resistivity (≈130 μOhm·cm) 
when the electric current flowed along the perpendicular direction 
of the nano-sheets, while the resistivity parallel to the nano-sheets 
was approximately 30% smaller [32]. Additionally, by STM, we ob-
served that CSOG Co films’ surfaces looked like nano-strings 
(≈300 nm long, 12 nm width) [24,31,32]. Our studies allowed us to 
confirm that their anisotropic physical properties had their origin in 
the internal nano-morphology, and not exclusively linked to a sur-
face nano-morphology. Furthermore, we showed that the nano- 
sheet morphology and the anisotropic properties disappeared after 
annealing the Co samples at ≈ 270 ºC [32]. 

In a previous work [31], we also found that as-deposited Co–V 
and Co–Zn CSOG films exhibited well-defined in-plane UMA. How-
ever, both kinds of samples behaved completely differently after 
being subjected to annealing: Interestingly, the Co–V films sub-
stantially increased their UMA after annealing at temperatures of 
350, 400, and 450 °C, and in contrast, the Co–Zn films lost their UMA 
after being heated at 290–300 ºC. 

In the present work, we report that, besides this magnetic ani-
sotropy, these Co–V and Co–Zn CSOG samples also exhibited ani-
sotropic transport behaviors. We shall demonstrate that the origin of 
these anisotropies lies in the films’ special nano-morphology com-
prised of oriented nano-sheets, although the inner structure of the 
films is different for the Co–V and Co–Zn films. Furthermore, the 
changes of this nano-morphology with thermal treatments and 
consequently, the changes in these anisotropic properties, are vi-
sualized and analyzed, presenting the activation energy spectra of 
the atomic processes during heating. 

The structural relaxation processes that are produced in Co–V 
and Co–Zn CSOG thin films when their temperature increases, which 
irreversibly change some magnitudes, for example, their electrical 
resistance, are assumed in this work to be the irreversible processes 
of atom diffusion. These atomic displacements occur from their 
metastable energetically high positions (due to the amorphous or 
nano-crystalline structure of the as-deposited films, which are out of 
thermodynamic equilibrium) to other positions with lower energy, 
including the amorphous or nano-crystalline relaxed structures, or, 
finally, to the energetically lowest atom positions corresponding to 
the thermodynamically stable crystalline and alloyed films. 

We shall show and discuss the significant differences that the 
thermal treatments produce in terms of the nano-sheet morphology 
and the structure of both kinds of samples and we shall show that, 
whereas in the Co–V CSOG films, the magnetic and electrical ani-
sotropies are retained and even increased, in the Co–Zn CSOG films, 

these anisotropic properties are lost. The thermal stability exhibited 
by the Co–V films makes them useful for applications in ultra high 
frequency, optical, magnetostrictive and magneto-electric devices. 

2. Experimental procedures 

Thin films of Co-rich, Co–MT (MT = V or Zn) were grown in a PLD 
chamber by oblique angle incidence, in particular CSOG films. A 
detailed description of the experimental conditions employed for 
the fabrication of the samples can be found in Ref. [31], especially 
those concerning the relative arrangement and spatial symmetries 
of the laser beam, target, and substrates, which allowed us to control 
the generation of these CSOG films. A Quantel Brilliant pulsed 
Nd–YAG laser (λ = 1064 nm, 20 Hz repetition rate, 5 ns pulse and an 
energy of 220 mJ/pulse in the target’s spot, ≈12 mm2 area, laser 
fluence ≈1.8 J·cm−2) and a Neocera stainless-steel chamber at a base 
pressure of 10–6 mbar were used. Two foils constituted the rotating 
target of 32 rpm, one above the other. Both foils (Goodfellow Ltd.) 
were mechanically polished before the ablation processes. The 
bottom foil was the corresponding metal MT (99.8% pure V or 99.95% 
pure Zn), and the top foil was a Co one (99.99% pure) in which cir-
cular holes, all with the same diameter, were made and uniformly 
distributed on the Co foil surface. The area corresponding to the MT, 
which was that corresponding to the holes, was 14% of the total 
target’s area. During PLD, the laser’s spot always reached both foils of 
Co and MT simultaneously, with an angle of 45 deg. Therefore, after 
the laser impact, a mixture of Co and MT was ejected toward the 
substrates at the same time. The thin films were simultaneously 
deposited (in most cases) for 20 min over glass and Si substrates 
placed in the substrate-holder. The glass substrates were 7 mm in 
diameter and 0.13 mm thick. The single crystalline Si (111) substrates 
were 20 × 8 × 0.5 mm3. All of them were placed at a distance of 
70 mm from the target. Films at 0 deg. (perpendicular-deposited) 
and CSOG films at 55 deg. (oblique-deposited) with respect to the 
normal to the substrate were produced simultaneously. The films 
deposited on glass were used for magnetic and electric character-
ization, as well as for HRTEM and STM. The films deposited on Si 
substrates were used for X-ray diffraction studies (XRD). The thick-
ness of a pure Co sample—60 nm—was measured using an atomic 
force microscope and from the HRTEM results. 

All of the samples were characterized structurally, magnetically, 
and electrically in the as-deposited state and after being heated in a 
dynamic Ar atmosphere at temperatures of 400, 450 and 500 °C at a 
heating rate of 10 ºC·min−1. Once this temperature was reached, the 
films were removed from the hot region of the furnace and kept in 
the Ar atmosphere until they were slowly cooled. 

The structure of the samples was investigated by means of XRD 
(XRD-3003 Seifert diffractometer) in the grazing incidence mode 
(angle 1.0 deg.) with Cu Kα radiation operating at 40 kV and 35 mA, 
with a scan step of 0.1 deg. A graphite secondary mono-chromator 
was placed before the detector. STM was performed by means of a 
Metris 100 (Burleigh Fishers, NY, USA) microscope to examine the 
surface morphology of the films deposited on glass substrates. 

HRTEM experiments were performed in an image-corrected 
Thermo Fisher Titan Cubed 60–300, operated at 300 kV. Cross-sec-
tional specimens were prepared for HRTEM observations by me-
chanical polishing and Ar+ ion milling. Electron Energy Loss 
Spectroscopy, EELS, at nanoscale was also performed from the cross 
sectional prepared samples. 

The CSOG films were magnetically characterized by measuring 
the M-H hysteresis loops at room temperature with an EG&G 
Vibrating Sample Magnetometer (VSM). The magnetic field was 
applied parallel to the plane of the films. By rotating the film around 
the normal to its plane inside the magnetic field, it was possible to 
find the in-plane easy and hard directions of magnetization. The 
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magnetic anisotropy field, Hk, was determined from the H value in 
the crossover in the M vs H hard loop. 

The saturation magnetization of a perpendicular-deposited, 
θ = 0 deg, Co film was μ0Ms,Co,per ≈ 1.4 T [31]; for Co CSOG film, 
μ0Ms,Co,CSOG ≈ 0.8 T; after annealing at 450 ºC, μ0Ms,Co,per,ann. ≈ 1.7 T 
and μ0Ms,Co,CSOG,ann. ≈ 1.7 T. For the Co–V films, μ0Ms,Co–V,per ≈ 1.0 T, 
μ0Ms,Co–V,CSOG ≈ 0.6 T, and after annealing, μ0Ms,Co–V,per,ann. ≈ 1.2 T and 
μ0Ms,Co–V,CSOG,ann. ≈ 0.9 T. For Co–Zn films, μ0Ms,Co–Zn,per ≈ 0.8 T and 
μ0Ms,Co–Zn,CSOG ≈ 0.6 T and after annealing μ0Ms,Co–Zn,per,ann. ≈ 1.1 T 
and μ0Ms,Co–Zn,CSOG,ann. ≈ 1.1 T. According to the AFM and HRTEM 
results, we used ≈ 50 nm for the thickness of these perpendicular- 
deposited films and ≈ 24 nm for these oblique-deposited films. The 
uncertainty of the previous μ0Ms values was not lower than ±  0.1 T 
for all of the cases due to the use of the measured thickness of the 
deposited film, the area of the substrate’s surface, and the magnetic 
moment of each sample. 

Transport characterization of the CSOG films was carried out by 
measuring their electrical resistance R. R of the films deposited over 
the glass substrates was measured, at room temperature, between 
two contacts separated by 4.5 mm. R took different values, de-
pending on the direction in which it was measured: Parallel to the 
nano-sheet direction, R||, or perpendicular to the nano-sheets, R⊥. 

The values of R|| and R⊥ were also measured at room temperature 
after annealing the samples at 450 °C. The four-probe technique 
provided the same results for all of the cases. 

The dependence of R of the samples on temperature was also 
measured by placing the samples in a furnace. To avoid oxidation 
phenomena, the films were kept in a dynamic inert Ar atmosphere 
during the whole annealing process and until they were removed 
from the furnace. The heating rate was 10 ºC·min−1. 

3. Results and discussion 

3.1. Microstructure and nano-morphology 

Fig. 1 shows the XRD patterns of the Co–V and Co–Zn CSOG films. 
They were analyzed in the as-deposited state and after being an-
nealed at different temperatures up 500 °C. 

Fig. 1(a) shows that the as-deposited Co–V CSOG film (black 
curve) exhibited a halo centered at 2θ ≈ 45 deg., mainly corre-
sponding to amorphous Co and to Co–V [31]. No peaks corre-
sponding to Co, V, or CoV phases were detected. It is also seen that 
after annealing these films at 400 °C, (blue curve in Fig. 1(a)), they 
were still amorphous in nature. In contrast, after annealing the Co–V 

Fig. 1. X-ray diffraction (XRD) measurements corresponding to the as-deposited and annealed (Tann = 400 ºC and 500 ºC) CSOG films of (a) Co–V and (b) Co–Zn. The solid and 
dashed lines marked on the upper side of the graphics indicate the angles of the XRD peaks for pure Co, Zn, CoV, and CoZn phases, respectively. The peaks corresponding to the Co 
(100), Co (002), Co (101), Co3V (202), β-CoZn, and γ-CoZn phases are marked. 
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films at 500 °C (red curve in Fig. 1(a)) three peaks appeared. They 
corresponded to Co and Co3V hcp crystals. The most intense one (at 
2θ = 44.4 deg.) corresponded to a mixture of Co (002) and probably 
to the intermetallic Co3V hcp phase, with the peak corresponding to 
the (202) planes [16,31,34,35]. Applying the Scherrer’s formula [36] 
to the Co (002) and Co3V (202) peaks, the crystal size of t ≈ 4.6 nm 
was estimated. A similar value (t ≈ 4.3 nm) was obtained from the Co 
(101) peak. 

The as-deposited Co–Zn CSOG film displayed evidence of hcp Zn 
crystallites in the amorphous matrix (see Fig. 1(b), black bottom 
curve). A peak at 2θ = 43.2 deg., corresponding to Zn (101) planes, 
and another, less intense peak at 2θ =36.3 deg., which corresponds to 
Zn (002), were detected. Fig. 1(b) also shows the XRD results of the 
Co–Zn CSOG film annealed at 400 °C and 500 °C. The disappearance 
of the pure Zn (101) peak which was present in the as-deposited film 
was first produced. Second, the growth of hcp Co crystals was ob-
served through the most intense peak corresponding to the (002) 
planes. Third, the growth of β-CoZn and γ-CoZn cubic phases was 
detected, with the most visible peaks being located between 2θ ≈ 31 
and 36 deg. Furthermore, some traces of these crystals could be 
present, along with Co, in the peak centered at 2θ ≈ 47 deg. [37,38]. 
The calculated size of the Co crystals corresponding to the (002) and 
(101) peaks was ≈ 9.8 and ≈ 8.7 nm, respectively. 

The HRTEM studies revealed the inner structure and morphology 
of the films. Results are shown in Fig. 2 for both the Co–V and Co–Zn 
CSOG samples. 

Fig. 2(a) shows that the as-deposited Co–V CSOG films con-
stituted a group of oblique nano-sheets ≈ 3.0 nm thick and ≈ 40 nm 
wide, with an inter-sheet distance of ≈ 1.1 nm. These nano-sheets 
were oriented perpendicular to the plane of incidence of the plasma 
at an angle of ≈ 53 deg. with respect to the substrate plane. This 
tilted nano-morphology was similar to that discovered in our pure 
Co CSOG films [31]. 

The as-deposited Co–Zn CSOG films, Fig. 2(b), were formed by a 
similar nano-sheet structure. This explains the clear and strong an-
isotropic magnetic and transport properties of the films ([31] and 
the present work). Each nano-sheet was ≈ 4.5 nm thick, with an inter 
nano-sheet distance of ≈ 1.3 nm. 

Fig. 3 shows the nano-sheet morphology of the Co–V and Co–Zn 
CSOG films. Fig. 3(a) and (d) show the STM images of the surfaces of 
the as-deposited films. The top view of the nano-sheets showed 
uniform, straight, and long nano-strings as components of the 

surfaces of the films. Fig. 3(b) and (e) are images of the cross-sec-
tions of these films showing a section of each nano-sheet. Com-
bining the images of the nano-strings at the surfaces of the films 
with the cross-section of the nano-sheets permitted the construc-
tion of 3D schematic diagrams of the nano-sheet morphology of the 
Co–V and Co–Zn CSOG films, see Fig. 3(c) and (f) respectively. No-
tably, the nano-sheet morphology was the origin of physical aniso-
tropy present in these Co–V and Co–Zn CSOG films, as it was in the 
case for CSOG Co film [31]. 

Fig. 4 shows STEM EELS images of the cross-sections of as-de-
posited Co–V and Co–Zn CSOG films. The presence and location of 
their chemical components, cobalt, vanadium, or zinc are shown. 
Both samples exhibited nano-sheets as constituent, each nano-sheet, 
notably, possessing a core that was essentially Co-rich. It is worth to 
note that the nano-sheets were the principal source of anisotropy 
specially the magnetic anisotropy. This special behavior of Co during 
the growth of the films (Co coming from a plasma mixture of Co and 
V or Co and Zn) when forming Co-rich nano-sheets is important with 
respect to the special anisotropic characteristics it confers on the 
films (specially magnetic anisotropic characteristics). The Co–V film 
showed a high concentration of V at the surface of the film, see  
Fig. 4(a). Moreover, the relative proportion of Co ( ≈70–80% at.) and V 
( ≈20–30% at.) in the core of the nano-sheets ( ≈3–4 nm thick), and 
the high proportion of V present in the inter-nano-sheet space of 
≈ 1.2 nm with approximately Co 60% at.–V 40% at., can be clearly 
seen. In contrast, the Zn content of the Co–Zn CSOG films is much 
lower. Nano-sheets ≈ 4–5 nm thick, with a Zn relative content of <  
2.5% at., separated by an inter-sheet distance of ≈ 2 nm with a re-
lative composition of Co ≈ 93% at.–Zn ≈ 7% at., see Fig. 4(c-d). Accu-
mulation of Zn (some parts crystalline) was found beneath the nano- 
sheets, at the interface with the substrate 3–5 nm in height. This Zn 
concentration could be the origin of the Zn crystalline peak present 
in the X ray diffractogram of the Co–Zn CSOG films—in the as-de-
posited state—shown in Fig. 1. This particular distribution of Co and 
Zn in the Co–Zn CSOG film could be considered similar to that cor-
responding to a CSOG film of pure-Co over a base layer of Zn. The 
physical behavior of such a Co film over a layer of Zn could be ex-
pected to be similar to that shown in Ref. 32 corresponding to the 
physical behavior of a pure-Co CSOG film. These differences between 
the structures of Co–V and Co–Zn CSOG films could be the origin of 
the different behaviors of these two films when heated. 

Fig. 5 shows the HRTEM images of Co–V and Co–Zn CSOG films 
annealed at 450 ºC. The Co–V film retained its nano-sheet mor-
phology, and the isolated nano-sheets began to crystallize. The ab-
sence of coalescence of the nano-sheets, in contrast with the 
behavior of Co CSOG film [32], must have its origin in the addition of 
V. In the Co–Zn samples, however, the nano-sheet morphology 
present in the as-deposited films was completely lost after annealing 
the films. The processes that occurred during annealing the Co–Zn 
films differed from those found in the Co–V films. For Co–Zn films, 
similar to what we observed and reported in Ref. 32 for Co CSOG 
films, the heat treatments provoked a coalescence-like process, with 
the Co-rich nano-sheets (and a very small amount of Zn in the inter- 
nano-sheet regions) approaching each other and finally dis-
appearing. This loss of nano-sheets caused a loss of the anisotropy in 
the magnetic and transport behaviors of the Co–Zn films (as it 
produced a loss of the anisotropic character of the Co films [32]). The 
Zn present in the heated film took part in the formation of the 
β–CoZn, and γ–CoZn crystalline phases, as shown in Fig. 1(b) and 
5(b), all of them randomly distributed in the film. 

3.2. Anisotropic magnetic behavior 

Fig. 6 shows the room-temperature VSM hysteresis loops corre-
sponding to the Co–V and Co–Zn CSOG films, measured in the as- 
deposited state and after being annealed at 500 °C. In-plane UMA 

Fig. 2. STEM HAADF cross sectional images of (a) Co–V, and (b) Co–Zn CSOG thin films 
in the as-deposited state. In both cases, the cross-section of the nano-sheets formed 
during growth of the films can be seen. Note the relatively high homogeneity of both 
films for a region of at least 200 nm long. 
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was present in both the as-deposited Co–V films (μ0Hk(as dep.) 

≈ 90·10−3 T) and the as-deposited Co–Zn samples (μ0Hk(as dep.) 

≈ 87·10−3 T) [31]. Although this UMA increased after annealing the 
Co–V samples to Tann. = 500 °C (μ0Hk ann. ≈180·10−3 T), it was no 
longer present in the Co–Zn films. 

The origin of this UMA was the shape anisotropy that aligns the 
magnetization by a magnetostatic effect in the direction of the nano- 
sheet and in the plane of the film [31 and Figs. 3, 4 and 5 of this 
work]. The nano-sheets, as the origin of the magnetic anisotropy of 
our Co and numerous Co-rich films and compounds of Co–metal, 
were the common morphology amongst them. The two different 
consequences of the thermal treatments for these samples, preser-
ving the UMA for some of them or eliminating this UMA for others  
[31], were confirmed and elucidated. One of the most important 
findings of this work was that this UMA simultaneously increased in 
the Co–V CSOG films with the permanence and crystallization of Co 
nano-sheet morphology, whereas the UMA was simultaneously lost 
with the loss of the nano-sheet morphology for the Co–Zn CSOG 
samples, see Fig. 5. 

In addition to the important behavior of these films regarding 
their magnetic anisotropic properties, other magnetic features were 
observed. As shown in Fig. 6(a), the coercive field of the Co–V CSOG 
films was small in the as-deposited state, μ0Hc- easy ≈ 1.0·10−3 T, 
which corresponds to an amorphous-like sample. It increased to 
≈ 2.9·10−3 T after being annealed (Fig. 6(b)); this could be attributed 
to the growth in the Co and Co3V nano-crystals, see Fig. 1(a) and  
Fig. 5(a). Additionally, in the as-deposited state, Hc-easy was higher 
for the Co–Zn (μ0Hc- easy ≈6.0·10−3 T) than for the Co–V, as shown in  
Fig. 6(a and c). This was probably due to the presence of the non- 
magnetic Zn nano-crystals which acted to hinder the magnetic do-
mains’ wall movements. When the magnetic walls contain such non- 

magnetic nano-inclusions, the wall energy is reduced because it 
decreases the area [39, pg. 305]; thus, the wall tends to remain fixed, 
with higher magnetic fields being necessary to move the walls 
(higher than in the case of the amorphous Co–V). After the heat 
treatment, in addition to the important loss of the UMA, an increase 
in Hc-easy was measured for the Co–Zn CSOG film (Fig. 6(c and d)); in 
this case, Hc-easy was higher for the Co–V films than for the Co–Zn. 
This is also related to the grain size; as pointed out above, the hcp Co 
and Co3V crystals were ≈ 4.6 nm in size. The average size of the Co 
crystals in the Co–Zn films was ≈ 9.2 nm. It is known that a smaller 
grain size generates a larger number of grain boundaries and these 
boundaries impede the domain wall displacements, thus increasing 
the coercive field [40]. 

Lastly, an increase in the magnetic moment of these films is 
visible in Fig. 6(b and d), which had its origin in the growth in the 
crystallites Co and Co3V, and Co and β-CoZn γ-CoZn, promoted by the 
thermal treatment, as a higher degree of crystallinity produced to a 
higher value for the exchange interaction [41]. 

3.3. Anisotropic transport properties 

3.3.1. Room temperature resistance 
Table 1 shows the values of R|| and R⊥ of the as-deposited and 

annealed CSOG samples of Co–V and Co–Zn. 
Co–V CSOG films, R (T = 20 ºC): For the as-deposited samples, we 

observed that the Co–V sample exhibited a notable difference be-
tween R|| and R⊥. (ΔR/R||)as-dep. = ([R⊥ – R||]/R||)as-dep. ≈ 33%. This an-
isotropic property, which was also observed in our pure Co CSOG 
films [32], was caused by the oriented nano-sheet morphology of the 
films; the electrical conduction increased when the charges moved 
along a nano-sheet (measuring R||) with respect to the situation in 

Fig. 3. (a) STM image of the surface of a Co–V CSOG film and (d) an STM image of the surface of a Co–Zn CSOG film. The surfaces formed from nano-strings-like structures can be 
seen in both images. (b) and (e) Cross-sections of both samples, showing the corresponding internal cross sections of the nano-sheets formed during the growth of the 
films—STEM HAADF was used to obtain both images. The STM results plus the cross-section results were used to draw two 3D schematic diagrams of the nano-sheet morphology, 
(c) for Co–V films and (f) for Co–Zn films. 
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which the charges moved along a perpendicular direction (R⊥). The 
mean free path of the electric charges was larger when the con-
duction occurred inside a nano-sheet than when the conduction was 
produced by traveling across the nano-sheets, that is, a nano-sheet 
with insufficient contact with its neighboring nano-sheets (except at 
the contact points between them). This reasoning is confirmed by 
the observation of the nano-sheets. 

After annealing (Tann. = 450 °C), despite the changes in R, re-
markably, these Co–V CSOG films quantitatively retained the pro-
portion of the difference between the new R⊥,ann and R||,ann with 
respect to the new R||,ann value, as shown by the measurements in  
Table 1. R⊥ and R|| were different in the as-deposited state and were 
different after annealing; the percent of (R⊥- R||)/R|| was maintained, 
revealing that the Co–V CSOG films were, from an electrical point of 
view, approximately equally anisotropic in both states. Based on 
these measurements, the films’ electrical conductivity could be un-
derstood as exhibiting two modes: one corresponding to the nano- 
sheets, reflected in R||, and another one associated with the inter- 
nano-sheet conduction. Notably, the (R⊥ – R||)/ R|| ratio was not af-
fected by the thermal treatment at least up to 450 °C. Also the 33% 
anisotropy in the resistance of the as-deposited Co–V CSOG films 
was higher than the ≈ 24% corresponding to the as-deposited ani-
sotropic Co CSOG film [32]. This could have been due to the presence 
and higher concentration of vanadium atoms in the region between 
nano-sheets, playing the role of impurities, as can be observed in  
Fig. 4(a). This would increase the value of R⊥ with respect to R||, 
which mostly depended on the inner region of the nano-sheets. 

Fig. 4. STEM EELS chemical maps of the cross-sections of the as-deposited CSOG films of (a) Co–V and (c) Co–Zn showing the spatial distribution of their chemical components: 
cobalt and vanadium and cobalt and zinc, respectively. (b) Co–V and (d) Co–Zn chemical profiles of nano-sheet sections following the dashed arrows in their respective maps. 

Fig. 5. HRTEM images showing the cross-sections of 450 ºC annealed CSOG films. Two 
important facts are observed: (a) The Co–V film retains anisotropic nano-sheet 
morphology, although numerous crystals have grown inside the nano-sheets; (b) the 
Co–Zn film has lost its nano-sheet morphology, which has been replaced by randomly 
distributed crystals. The important role of the different spatial distribution of V or Zn 
in the Co–V and Co–Zn as-deposited CSOG samples is clear. See Fig. 4 and text for an 
explanation. 
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Co–Zn CSOG films, R(T = 20 ºC): The as-deposited samples were 
also, like the Co–V CSOG and the pure Co CSOG films [32], elec-
trically anisotropic, with (ΔR/R||)as-dep. ≈ 18%; these facts were in 
accordance with their magnetic anisotropies and, above all, as a 
consequence of their nano-sheet morphology. Regarding the lower 
value of 18% with respect to the 33% of the Co–V CSOG film and the 
24% of pure Co CSOG, despite the nano-sheet morphology being 
common for both, we must consider the presence of Zn nanocrystals 
(Fig. 1b, and Fig. 4c) which firstly reduced the volume of the nano- 
sheet region with respect to the total volume of the film, thus re-
ducing the anisotropy behavior, and, secondly, the expected isotropic 
behavior of these Zn nanocrystals versus the anisotropic one of the 
nano-sheets. All of this occurred versus the homogeneously ex-
tended mixture of Co nanocrystals, 1–2 nm in size, and V nano-
crystals or atoms, 1–2 nm in size, in the anisotropic nano-sheets of 
the Co–V CSOG films (Figs. 1(a) and 4(a)). 

The annealed Co–Zn CSOG samples completely lost their elec-
trical transport anisotropy, as shown in Table 1. Both parallel and 
perpendicular resistances at room temperature were equal after the 
annealing. This loss had its origin in the disappearance of the nano- 
sheets (Fig. 4(c) and Fig. 5(b)), which were the source of the trans-
port anisotropy of the as-deposited samples, as we previously 

demonstrated. There was no discontinuity in the interior of the 
samples and no free space among the nano-sheets (as they no longer 
existed), so the mean free path of the electric charges was equal in 
any direction of measurement. Regarding this behavior, it is im-
portant to note its similarity to the results exhibited by the CSOG 
films of pure Co initially formed by oblique nano-sheets, which lost 
the anisotropy [31,32], contrary to the Co–V CSOG films. 

3.3.2. Resistance variation with temperature 
To obtain further insight into the anisotropic behavior observed 

for the transport properties of these CSOG films, the dependence of 
the resistance R on temperature was measured. This is a structure- 
sensitive property that is directly related to the atomic diffusion 
processes induced in the material and, consequently, is linked to the 
nano-morphology [32]. Fig. 7 shows the results of R vs. T for these 
Co–V and Co–Zn CSOG films. The measurements were recorded in 
the R|| as well as in the R⊥ configurations. The first result obtained 
from these measurements was the visualization of the irreversible 
processes activated for both types of CSOG film, Co–V and Co–Zn, in 
the interval of temperatures from 20 to 450 ºC, as is expected for 
nano-crystalline or amorphous materials out of thermodynamic 
equilibrium (at 20 ºC). 

Co–V CSOG films, R(T): The values and the evolution of R||(T) and 
R⊥(T) were different in all of the states as shown in Fig. 7(a): At room 
temperature in the as-deposited state, during the annealing, and at 
room temperature after the heating. R⊥ was always higher than R|| 

during the whole interval; the anisotropic property was preserved 
for this temperature interval. This reinforced the reasoning that the 
films’ electrical conductivity along the nano-sheets was different 
from the conductivity transverse to those. 

As the perpendicular resistance R⊥ displayed its first significant 
change between 70 and 290 ºC, Fig. 7(a), the first structural relaxa-
tion processes must have occurred. Since, for this interval, the par-
allel resistance R|| remained constant, the corresponding relaxation 
processes did not affect the parallel conduction (they did not affect 
the intra-longitudinal nano-sheet conduction); that is, the first 

Fig. 6. In-plane M–H hysteresis loops corresponding to the (a) as-deposited Co–V CSOG film, (b) Co–V CSOG annealed at 500 °C, (c) as-deposited Co–Zn CSOG film, and (d) Co–Zn 
CSOG annealed at 500 °C. The hard direction (blue square symbols) and easy direction (red circle symbols) are shown. In the annealed films, the uniaxial magnetic anisotropy 
increased for the Co–V and this anisotropy was lost for the Co–Zn. The solid lines provide visual guides. 

Table 1 
Electrical resistance R of the Co–V CSOG film and the Co–Zn CSOG film measured at 
room temperature. R was measured (schematically drawn) parallel to the nano- 
sheets, R||, and perpendicular to thse nano-sheets, R⊥. For the Co–V films, R⊥ and R|| 

were different in the as-deposited state and were different after annealing. The dif-
ference (R⊥- R||)/R|| was maintained. On the contrary, for the Co–Zn, R⊥ and R|| were 
different in the as-deposited state, but they were equal after annealing.       

Sample Stage 
R|| (Ω) R ⊥ (Ω) 

[ (R⊥ – R|| ) / R|| ] (%)  

Co–V 
As-deposited 180  ±  2 239  ±  4 ≈ 33 
Tann. = 450 ºC 90  ±  1 118  ±  1 ≈ 31 

Co–Zn 
As-deposited 229  ±  3 297  ±  5 ≈ 18 
Tann. = 450 ºC 48  ±  1 48  ±  1 0    
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relaxation processes occurred at the interconnection points between 
nano-sheets (probably the more unstable atoms, that is, atoms more 
weakly bonded) and at the inter-nano-sheet region rich in V, see  
Fig. 4(a) and Fig. 5(a). From 290–450 ºC, the corresponding structural 
relaxation processes had similar consequences for both measured 
resistances R|| and R⊥, and consequently, these relaxation processes 
must have been produced in the inner region of nano-sheets, since 
both resistances corresponded to conduction through the nano- 
sheets, longitudinally for R|| and transversely for R⊥. These R vs. T 
measurements allowed us to discriminate between the atomic 
phenomena of relaxation that happened in the region between the 
nano-sheets with respect to those in the core of these nano-sheets. 
The relaxation processes at temperatures above 290 ºC, which af-
fected the inner part of nano-sheets, and therefore both R|| and R⊥ 

resistances, had different consequences in terms of the parallel re-
sistance, ∆R||, and the perpendicular resistance, ∆R|| (290 ºC– > 450ºC) ≈ 2 
∆R⊥(290 ºC– > 450ºC). This behavior finally produced a total retention 
with a 33% difference between both resistances or total retention of 
the anisotropic transport property of the Co–V CSOG films with 
oblique nano-sheets. 

Comparing this behavior with that of the PLD Co CSOG films with 
oblique nano-sheets [32], we observed two large and essential dif-
ferences between them. Firstly, for the Co film and for temperatures 
above 290 ºC—temperatures at which the first relaxation processes 
of the perpendicular resistance R⊥ had been completed—both R|| and 
R⊥ continued their relaxation processes together with the same 
shape and values; that is, the Co CSOG film was electrically isotropic 
above 290 ºC. In contrast, the Co–V CSOG film never had the same 
values for R⊥ and R|| for temperatures between 20 and 450 ºC; that is, 
it was, and remained, electrically anisotropic in that interval. Sec-
ondly, for the Co CSOG film, the decrease in the resistance after the 
total structural relaxation was more than 90%, whereas the Co–V 

CSOG film displayed a decrease in its resistance of approximately 
50%; that is, the Co–V film underwent total structural relaxation 
processes that were very weak compared with the Co film. The Co–V 
CSOG film was much more stable than the Co CSOG film, at least up 
to 500 ºC. 

Co–Zn CSOG films, R(T): Both curves R||(T) and R⊥(T) remained 
constant up to temperatures of 160–170 °C, (Fig. 7(b)). Therefore, no 
indications of structural relaxation or modifications were visible 
from room temperature to 160–170 °C in any of the curves; the 
structure of the Co amorphous nano-sheets with the Zn nanocrys-
tals, see Fig. 4(c), was thermally stable up to this temperature. The 
anisotropic resistance of these films was retained up to 160–170 ºC, 
when the first relaxation processes started and both R|| and R⊥ 

started to change, with the same value also being achieved for ap-
proximately 330 ºC. A larger decrease in the perpendicular resistance 
R⊥ than that corresponding to R||, suggested that the relaxation 
processes that occurred between 160 and 170 and 330 ºC mostly 
affected the region between nano-sheets, resulting in the dis-
appearance of the initial morphology of nano-sheets. From this 
temperature until 470 ºC (the maximum annealing temperature 
achieved in these R(T) measurements), R|| and R⊥ mostly maintained 
the same value; that is, the anisotropic resistance of these films was 
lost at 330 ºC and they evolved to isotropic films because both ex-
hibited the same value at room temperature after the annealing 
processes up to 470 ºC. Therefore, between 330 and 470 ºC, once the 
nano-sheets disappeared, the anisotropic property consequently 
disappeared, and the corresponding relaxation processes similarly 
affected the parallel and perpendicular resistances. 

Comparing this behavior with that of the PLD Co CSOG films with 
oblique nano-sheets [32], we observed two large and essential si-
milarities between them. Firstly, for the Co film, the decrease in R⊥ 

from 140 to 290 ºC was larger than that corresponding to R||, having 

Fig. 7. Dependence of the resistance R on the temperature for the oriented nano-sheet-formed (a) Co–V CSOG films and (b) Co–Zn CSOG films. The arrows indicate the variation in 
temperature, increasing or decreasing, for each continuous process of measurement of R(T). The red curves indicate the measurements perpendicular to the nano-sheets and the 
blue curves are the measurements parallel to the nano-sheets. The upper section of the figure shows two diagrams of the direction of the current, I|| and I⊥, with respect to the 
direction of the nano-sheets. 
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the same value at 290 ºC. The Co–Zn CSOG film displayed similar 
behavior between 160 and 170 and 330 ºC; that is, the Co–Zn film 
lost its anisotropic resistance behavior at 330 ºC and the Co film also 
lost its anisotropic resistance at 290 ºC. Secondly, for the Co film and 
for temperatures above 290 ºC, at which point the first relaxation 
processes of R⊥ were completed, both R|| and R⊥ continued their 
relaxation processes together with the same shape and values; the 

Co CSOG film was electrically isotropic above 290 ºC. Similarly, the 
Co–Zn CSOG film had approximately the same values for R⊥ and R|| 

for temperatures between 330 and 450 ºC; that is, it was, and re-
mained, electrically isotropic in this interval. Both films with an 
initial oblique nano-sheet morphology had similar behavior, losing 
their transport anisotropy for low temperatures, 290 ºC for the Co 
films and 330 ºC for the Co–Zn films. 

Fig. 8. Activation energy spectra of the processes that occurred during annealing of the CSOG films, which affected the resistance, obtained from the measurements of the 
resistance dependence on temperature: (a) Co [32], (b) Co–V, and (c) Co–Zn CSOG films, for R|| (T) and R⊥(T). The vertical arrows indicate the values of the activation energy for the 
beginning of changes, the maxima, or the peaks of activated atomic processes. (d, e, and f) The same three films with the same vertical scales for comparison of the intensity of the 
relaxation phenomena. 
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3.3.3. Analysis of the energy of structural relaxation processes 
To analyze and compare the different structural relaxation pro-

cesses activated by high temperatures in Co [32], Co–V, and Co–Zn 
CSOG films comprising oblique nano-sheets, we studied the evolu-
tion of their corresponding resistances with respect to the energy 
required to cause relaxation processes. 

The activation energy spectra of the atomic processes that oc-
curred during annealing of the Co–V and Co–Zn were obtained 
within the framework of Primark’s model [42,43] as previously re-
ported for pure Co films [32]. The annealing temperature T was re-
lated to the activation energy E0 by the equation E0 = (kT/b) [ln (υ0T/ 
Vs) -a], where k is the Boltzmann constant, υ0 is the Debye frequency 
for single atom jumps (we assumed 1012 s−1, as in [32,42]), Vs is the 
annealing rate (0.17 K s−1 in our experiments), and a and b are fitted 
parameters considering the approximations detailed in [42,43] 
(mainly that E0/kT + ln[(E0/kT)+ 2] ≈ a + (E0/kT)b)). For the determi-
nation of parameters a and b using this approximation, we used the 
interval 0.5–2.5 eV, typical for structural relaxation phenomena in 
amorphous materials [43,44]. We obtained a = 2.6 and b = 1.03 for 
the best fit, as was used in Ref. 32. Therefore, the activation energy 
spectrum p0 was calculated using variation of the resistance R with 
temperature and the equation p0 = (−1/R0)(dR /dT)(dE0/dT)−1, where 
R0 is the value of the resistance in the as-deposited state [42]. 

Fig. 8 shows the calculations for both R|| and R⊥ for the Co [32], 
Co–V, and Co–Zn CSOG films. 

In Fig. 8(a, b, c), we indicate, with vertical arrows, the values of 
the energy that activated the relaxation of atoms, which affected the 
values of the perpendicular resistance, the parallel resistance, or 
both resistances. We considered the evolution of the resistances, in 
particular, the beginning of changes, maximal values, and peaks in 
this evolution. The changes produced in the properties of the films 
by these annealing processes were always irreversible. Interesting 
results were obtained after these studies: Similar or close mea-
surements for the Co and Co–Zn CSOG films or, conversely, im-
portant differences for the Co–V CSOG samples with respect to the 
Co and Co–Zn CSOG films, although the three materials presented 
the common Co-rich characteristic and the common nano-sheet 
morphology. Table 2 shows a set of these singular points in terms of 
the energy values. 

For a low energy, from 0.80 eV, the relaxation processes started 
and affected the perpendicular resistance R⊥ of the Co–V CSOG film, 
reaching the maximum at 1.28 eV. For this broad interval of energy, 
the corresponding relaxation processes did not affect the parallel 

resistance R||. Only the very weakly bonded atoms, located at the 
contact points between nano-sheets or at the surface of the nano- 
sheets, including inter-nano-sheet regions, relaxed. This relaxation 
of atoms, probably V or Co surrounded by V, did not break the 
morphology of the film comprising nano-sheets (Fig. 4(a)), main-
taining the uniaxial magnetic anisotropy, (Fig. 6(b)), and the trans-
port anisotropy, R⊥ different from R|| (Fig. 7(a)). The presence of V 
atoms avoided the coalescence of nano-sheets, due to the location of 
these atoms being predominantly at the inter-nano-sheets, and also 
due to their low mobility at these relatively low temperatures (the 
melting temperature for V is 1890 ºC). This spatial distribution of 
atoms allowed the presence of uniaxial magnetic anisotropy due to 
the small Co nanocrystals that were predominantly located at the 
core of the preserved nano-sheets, see Fig. 5(a). As such, the sources 
of the magnetic properties of the Co–V CSOG films retained the 
necessary magnetic nano-sheet image, which produced their uni-
axial magnetic anisotropy. The vanadium atoms protected this nano- 
morphology of the Co–V CSOG films. 

At 1.10 and 1.18 eV, the relaxation processes of Co and Co–Zn 
CSOG films began, respectively. This relaxation also affected their 
perpendicular resistance R⊥, and was extended for both films until 
the energies of 1.55 and 1.57 eV, when the maxima in the corre-
sponding spectra were achieved. As was demonstrated in Ref. 32 for 
Co CSOG, for these energy values, the film’s nano-sheet morphology 
was destroyed and the films lost their uniaxial anisotropy. The lo-
cation of Zn (Fig. 4(c)) favored the rest of the volume of the Co–Zn 
film, mostly Co, exhibiting a behavior similar to the pure Co film. 
With these relaxation processes, the Co–Zn film lost its anisotropic 
property, similar to the Co films. From this activation energy value, 
corresponding to ≈ 286 and 293 ºC, R⊥ started its approximation to R|| 

(Fig. 7(b)). Although this relaxation process also affected its R||, 
probably due to the relaxation of the nano-crystals of zinc (Fig. 8(c)), 
this did not avoid approximation between the R⊥ and R|| values 
(Fig. 7(b)); that is, it did not avoid the loss of uniaxial anisotropy. 

For energies above 1.40–1.55 eV, the relaxation processes started 
affecting R|| in the Co–V and Co CSOG films; that is, the relaxation 
processes also started to be located in the core of the nano-sheets of 
Co–V CSOG films, but this was different to the cases of Co and Co–Zn 
CSOG, as these had lost their nano-sheet morphology and evolved to 
form a mostly isotropic state. The continuous approximation be-
tween the values of R⊥ and R|| for Co [32] and Co–Zn films (Fig. 7(b)), 
with similar peaks at 1.63 and 1.67 eV, ≈ 314–328 ºC, corresponded to 
Co relaxation in the amorphous state, or to the atoms on the frontier 

Table 2 
Activation energies E0 of structural relaxation processes linked to the perpendicular resistance R⊥ or parallel resistance R||, corresponding to different Co [32], Co–Zn, and Co–V 
anisotropic CSOG films formed by oblique nano-sheets. Tm.heat. is the measured temperature during heating corresponding to E0. The superscripts indicate similar relaxation 
processes corresponding to equal or very close energies and different materials. The crystalline (or not) structure of the films is also shown where “–Zn” means except Zn 
nanocrystals. The morphology of the films formed by nano-sheets (or not) is also indicated. The last column corresponds to the presence (or not) of uniaxial magnetic anisotropy 
in the film; its persistence in the sample of Co–V for the highest energy can be noted.         

E0 (eV) Tm.heat. (ºC) Activated relaxation processes Crystalline X-ray peaks NANO-SHEET MORPHOLOGY UNIAXIAL ANISOTROPY 

Stage Affected magnitude  

0.80  22 Beginning R ⊥ of Co–V No Yes Yes 
1.10 *  127 Beginning R ⊥of Co–Zn No(–Zn) Yes Yes 
1.18 *  156 Beginning R ⊥of Co No Yes Yes 
1.20  163 Beginning R|| of Co–Zn No(–Zn) Yes Yes 
1.28  191 MAXIMUN R ⊥ of Co–V No Yes Yes 
1.40  233 Beginning R|| of Co–V No Yes Yes 
1.55  286 Beginning R|| – Co No No No 
1.55 * *  286 MAXIMUN R ⊥ – Co No No No 
1.57 * *  293 MAXIMUN R |⊥– Co–Zn No(–Zn) No No 
1.63X  314 PEAK-1 R|| and R ⊥ – Co No No No 
1.63X  314 PEAK-1 R|| and R ⊥of Co–V No Yes Yes 
1.67X  328 PEAK-1 R|| and R ⊥of Co–Zn No(–Zn) No No 
1.89  405 PEAK-2 R|| and R ⊥of Co Yes No No 
1.95  425 Beginning-2 R|| and R ⊥of Co–V Yes Yes Yes 
2.00  443 PEAK-2 R|| and R ⊥of Co–Zn Yes No No 
2.02  450 Increasing R|| of Co–V Yes Yes Yes 
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of nanocrystals and no growth, as shown in the X-ray diffracto-
gram [32]. 

The large peak in the relaxation of R⊥ and R|| between 1.42 and 
1.85 eV, centered at 1.63 eV for the Co–V CSOG film, affected both the 
inter-nano-sheet regions and the frontiers of the nano-sheets and 
their inner region, and corresponded to the nano-crystalline state of 
Co and of Co–V. The nano-sheet morphology and, consequently, the 
uniaxial anisotropy were preserved by this relaxation phenomenon. 

At 1.89 eV [32], the Co CSOG films exhibited the second peak of 
relaxation of R⊥ and R|| produced by the isotropic crystallization of 
hcp Co. 

At 1.96 eV, the Co–V CSOG films started the second relaxation 
process, which affected R|| and weakly R⊥, indicating that the re-
laxation phenomenon was principally located in the inner region of 
the nano-sheets. This process was the origin of the crystallization of 
the Co and Co–V amorphous phases, which were still constituents of 
the nano-sheets of the film. Thus, the new crystals of hcp Co and 
Co3V generated the corresponding crystalline peaks in the X-ray 
diffractogram (Fig. 1(a)). This last crystallization reinforced the 
morphology of these Co–V films formed by nano-sheets and the 
uniaxial magnetic anisotropy of these films. 

For 2.0 eV, the Co–Zn CSOG films showed the second peak of 
relaxation for both R⊥ and R||, which was due to the ending of the 
growth of the hcp Co and to the crystallization of β–CoZn and γ–CoZn 
phases, in accordance with Fig. 1(b) and Fig. 5(c), remaining as the 
isotropic conductor. 

Regarding the quantitative behavior of these relaxation phe-
nomena, we present the energy spectra in Fig. 8(d, e, f) using the 
same scale for the three materials: Co, Co–V, and Co–Z. In particular, 
and considering R⊥ whose relaxation processes were accompanied 
by the loss of the nano-sheet morphology for Co and Co–Zn CSOG 
films, the fraction of relaxed atoms in an interval of energy with 
limits E0,1 and E0,2, with R⊥,1 and R⊥,2 being the corresponding values 
of the affected magnitude by relaxation, (represented by the integral 
of the parameter p0dE extended to that interval), was ∆R⊥interval /R⊥0, 
where ∆R⊥interval = R⊥,2 – R⊥,1 and R⊥0 = R⊥(20 ºC, before relaxation). 
The value from cobalt´s CSOG spectrum (Fig. 8(d)) had the relation of 
0.31:0.30 = 1.03 times and 0.31:0.20 = 1.55 times with respect to the 
corresponding fraction of relaxed atoms in the Co–Zn CSOG films 
and Co–V CSOG films, respectively (in accordance with the different 
increases in the resistance shown in Fig. 7). The presence of the zinc 
atoms weakly reduced the mobility of Co atoms for the inter-nano- 
sheet relaxation to 97%, not enough to slow the destruction of the 
nano-sheets. Differently, the presence of vanadium atoms strongly 
reduced the mobility of atoms to 65%, so the nano-sheets were then 
capable of enduring, avoiding their coalescence and consequent 
destruction. Moreover, the subsequent crystallization processes re-
inforced the firmness of the Co–V nano-sheets; consequently, the 
uniaxial magnetic anisotropy was increased. 

In summary, both Co and Co–Zn CSOG films lost their anisotropy 
at 1.57 eV (293 ºC) when they lost their nano-sheet morphology, 
evolving into in-plane isotropic films. Their structure remained non- 
crystalline, except for the Zn nanocrystals, and the subsequent 
crystallization processes retained and reinforced this isotropic 
property. 

The Co–V CSOG films retained their nano-sheet morphology from 
the initial non-crystalline structure to the final mainly crystalline 
structure, remaining anisotropic until at least an energy of 2.02 eV at 
450 ºC, when the uniaxial magnetic anisotropy was reinforced. Even 
after annealing at 500 ºC, this UMA was preserved. The structural 
relaxation processes did not break this nano-sheet morphology. The 
growth of hcp Co and Co3V in their preserved nano-sheets caused 
the uniaxial magnetic anisotropy of these Co–V CSOG films to be not 
only preserved, but also enhanced. 

4. Conclusions 

The anisotropic magnetic and transport properties of Co–V and 
Co–Zn Cylindrical Symmetry Oblique Growth (CSOG) thin films were 
studied. The main and new findings of this work are listed below: 

Co–V and Co–Zn CSOG thin films showed a morphology of ob-
lique nano-sheets. These nano-sheets were formed by amorphous 
rich in Co: Co ≈ 80%–V ≈ 20% for Co–V films and Co ≈ 98%–Zn ≈ 2% for 
Co–Zn films. The inter-nano-sheet spaces were occupied by: (a) an 
abundance of atoms of V or amorphous V, ≈ 60% Co relative to ≈ 40% 
V in Co–V CSOG films; or (b) very few atoms of Zn, ≈ 93% Co relative 
to ≈ 7% Zn in the Co–Zn films, with Zn segregated at the bottom of 
the film. After annealing the films at 450 ºC, the Co–V films retained 
their oblique nano-sheets, which comprised hcp Co and Co3V. In 
contrast, the Co–Zn films lost their nano-sheet morphology evolving 
to an isotropic distribution of hcp Co and β–CoZn and γ–CoZn. 

The effect of heating processes can be described by three stages:  

(1) Structural relaxation phenomena at low activation energies from 
0.80 to 1.57 eV at inter-nano-sheet regions. Only atoms located 
at the contact points between nano-sheets or at the inter-nano- 
sheets regions were activated. For Co–V films, at the energy of 
1.28 eV, the nano-sheet morphology was preserved and, conse-
quently, their uniaxial anisotropy was also preserved. The Co and 
Co–Zn films displayed coalescence of the nano-sheets at 
1.55–1.57 eV; consequently, they lost the uniaxial anisotropy 
property.  

(2) Structural relaxation processes at medium activation energies 
from 1.57 to 1.80 eV in the inner region of the nano-sheets. At 
1.63 and 1.67 eV, the Co and Co–Zn films, retained their non- 
crystalline nature (except the Zn crystals), as the Co–V films.  

(3) Crystallization processes at high activation energies from 1.80 to 
2.2 eV in the inner of nano-sheets in Co–V film and in the whole 
Co–Zn film. For Co and Co–Zn films the crystallization of Co and 
β–CoZn and γ–CoZn at the peak of 1.89 and 2.0 eV reinforced the 
isotropic behavior of these films. For Co–V anisotropic films, at 
1.95 eV, the crystallization of hcp Co and Co3V in the intra-nano- 
sheet regions started, which increased the uniaxial anisotropy 
property of the films, which were maintained at least up 
to 2.2 eV. 

These anisotropic Co–V and Co–Zn CSOG films can be useful in 
spintronic sensor technology, magneto-electrical, magneto-me-
chanical devices… emphasizing the preservation at high tempera-
tures of the anisotropic nature of Co–V compounds, since they could 
be used for these applications at high temperatures by preserving 
their anisotropic behavior. 
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