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ABSTRACT
We fabricated ferromagnetic nano-crystalline thin films of Co, Fe, Co–Fe and Co-rich and Fe-rich, Co–MT and Fe–MT (MT = transition
metal), constituted by nano-sheets with a controlled slant. Visualization of these nano-sheets by Scanning Tunneling Microscopy and High-
Resolution Transmission Electron Microscopy (HRTEM) showed typically tilt angles ≈56○ with respect to the substrate plane, and nano-sheets
≈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, depending on their constitutive
elements. Induced by this nano-morphology, these films exhibited large uniaxial magnetic anisotropy in the plane, the easy direction of
magnetization being parallel to the longitudinal direction of the nano-sheets. In the as-grown films, typical values of the anisotropy field
were between Hk ≈ 48 and 110 kA/m depending on composition. The changes in the nano-morphology caused by thermal treatments, and
hence in the anisotropic properties, were also visualized by HRTEM, including chemical analysis at the nano-scale. Some films retained their
nano-sheet morphology and increased their anisotropies by up to three times after being heated to at least 500 ○C: for example, the thermal
treatments produced crystallization processes and the growth of CoV and CoFe magnetic phases, maintaining the nano-sheet morphology.
In contrast, other annealed films, Co, Fe, CoZn, CoCu. . . lost their nano-sheet morphology and hence their anisotropies. This work opens a
path of study for these new magnetically anisotropic materials, particularly with respect to the nano-morphological and structural changes
related to the increase in magnetic anisotropy.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000813

I. INTRODUCTION

The generation and control of magnetic anisotropy at the nano-
scale in thin films is a key issue to address applications in different
fields, including sensors, actuators, permanent magnets, magneto-
electronics, information processing or storage devices.1–9 Magnetic
materials exhibit magnetic properties that are highly dependent on

their size, structure and morphology.10–14 Considerable attention
has therefore been paid to the control of these characteristics by
fabrication techniques. Among them, oblique-angle incidence tech-
niques are well-suited for this purpose. It was demonstrated that
oblique deposition induces uniaxial in-plane magnetic anisotropy
(UMA) in thin films.11,12,15–30 In the pioneering works of Knorr and
Hoffman15 and Smith et al.,16 they irrefutably demonstrated that the

AIP Advances 14, 025237 (2024); doi: 10.1063/9.0000813 14, 025237-1

© Author(s) 2024

 16 April 2024 10:55:38

https://pubs.aip.org/aip/adv
https://doi.org/10.1063/9.0000813
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/9.0000813
https://crossmark.crossref.org/dialog/?doi=10.1063/9.0000813&domain=pdf&date_stamp=2024-February-20
https://doi.org/10.1063/9.0000813
https://orcid.org/0000-0002-4500-0798
https://orcid.org/0000-0002-8161-5482
https://orcid.org/0000-0002-6761-6171
https://orcid.org/0000-0003-0681-8260
mailto:favieresc@unavarra.es
https://doi.org/10.1063/9.0000813


AIP Advances ARTICLE pubs.aip.org/aip/adv

UMA present in evaporated Fe thin films depended on the angle the
incident flux of metallic vapor made with the normal to the sub-
strate: with inclination of the vapor to the normal there was a clear
UMA; with normal incidence, the films were magnetically isotropic
in their plane. These films developed a fiber axis structure due to the
tilted direction of incidence of the metallic flux with respect to the
normal to the substrate. In Permalloy evaporated films, Smith et al.
correlated magnetic anisotropy with chains of crystallites whose
long axes were perpendicular to the beam direction during growth.
The easy axis for the magnetization was parallel to those long axes.
They attributed the origin of the magnetic anisotropy to the “self-
shadowing” mechanism. Since then, different oblique incidence
methods, evaporation,31 molecular beam epitaxy,32 sputtering11,12,20

or Pulsed Laser Deposition (PLD)21–29,33–35 have been used for the
growth of thin films exhibiting such magnetic anisotropy.

We successfully fabricated and studied ferromagnetic nano-
crystalline thin films formed by nano-sheets with a controlled
tilt using a particular home-made oblique-incidence PLD system.
Films were grown with this distinctive nano-morphology, here-
after denominated Cylindrical Symmetry Oblique Growth (CSOG)
films.21–29 By visualization of these nano-sheets by High-Resolution
Transmission Electron Microscopy (HRTEM) and Scanning Tun-
neling Microscopy (STM)25–27 we discovered tilt angles ≈56○ with
respect to the substrate plane, and nano-sheets ≈3.0–4.0 nm thick,
≈30–100 nm wide, and ≈200–300 nm long, with an inter-sheet dis-
tance of ≈0.9–1.2 nm, depending on their constitutive elements. This
tilted nano-morphology resulted in a large UMA, the easy direction
of magnetization being parallel to the longitudinal direction of the
nano-sheets and the hard direction being perpendicular to the lon-
gitudinal direction of the nano-sheets. In the as-grown films, typical
values of the anisotropy field were between Hk = 600 and 1400 Oe
(≈48 and 110 kA/m) depending on composition. The deduced effec-
tive shape anisotropy constant associated with the nano-sheets was,
in some cases, similar to or even higher than the magnetocrys-
talline anisotropy constant. These nano-sheets were formed during
the growth of the samples due to the special position of the substrates
with respect to the direction of the plasma. Indeed, they were placed
on the lateral surface of a cone with its axis of rotational symme-
try parallel to the plasma flux direction. It caused that the growth
direction of our films (always occurring towards the plasma source)
retained a constant angle with respect to the direction of growth of
the film observed in previous stages; i.e., with the rotation symme-
try axis of the cone coincident with the cylindrical symmetry axis of
the plasma flux, the film’s growth direction was always preserved.
This fact, together with the self-shadowing effect, allowed for the
nano-sheet to be formed. This behavior was observed for the case
in which the cone was rotated as well as that in which it remained
static. Figure 1 shows a schematic of the substrate-holder designed
in our laboratory for the growth of CSOG thin films.

In the works of other authors in which the substrate was located
on a plane surface whose normal was not parallel to the plasma
flux direction, and this substrate being rotated around this nor-
mal axis, the growth direction of the film (also always towards the
plasma source) changed with respect to the direction of growth
of the film observed in previous stages because the rotation of
the substrate.17,36–38 This is the procedure required to form nano-
columns, either with a zig-zag, multiple zig-zag or spiral structure,36

and it occurs because the axis of the cylindrical symmetry of

FIG. 1. Schematic of the substrate-holder designed in our laboratory for the fab-
rication of cylindrical symmetry oblique growth CSOG films. The substrates were
placed on the lateral surface of a cone with its axis of rotational symmetry parallel
to the plasma flux direction.

the rotating substrate is not coincident with the cylindrical sym-
metry axis of the plasma flux. Thus, the nano-morphology of
our CSOG films was different from that found in other samples
grown by oblique-incidence.36–38 To name a few examples: in-plane
anisotropy fields between 100 and 300 Oe were measured in oblique-
deposited FeCoB: this anisotropy was attributed to a columnar shape
anisotropy.12 For Fe deposited by oblique e-beam evaporation,18

images showed columnar Fe films and their hysteresis loops revealed
that, due to the columnar growth, there was in-plane anisotropy
with the in-plane easy axis parallel to the column growth direction.
As well, for oblique PLD of FeGa films,35 although in-plane mag-
netic anisotropy was observed, its value was considerably smaller
(≈275 Oe) than that exhibited by our CSOG films and the magne-
tization processes in the hard direction exhibited non-zero values of
the coercive field. More examples of the magnetic anisotropy exhib-
ited by samples with nano-columns obtained by oblique deposition
are given in Refs. 39 and 40 (and in references herein), demonstrat-
ing their different magnetization processes compared to those of our
CSOG films, because of the different nano-morphology. Besides, the
nano-column diameter varies between 20 and 60 nm,39 significantly
larger than the width of our nano-sheets (≈3–6 nm).

In this work, we review our findings on the magnetic proper-
ties of these CSOG films as well as their relation with their structure,
morphology and transport properties, also presenting new results.
The changes in the nano-morphology of these films caused by ther-
mal treatments, and hence in their anisotropic properties, are also
reviewed. HRTEM allowed the observation of these morphological
changes. Remarkably interesting, we show that some films retain
their nano-sheet morphology and maintain their anisotropies after
being treated at high temperatures.

II. EXPERIMENTAL PROCEDURES
Thin films of Co, Fe, Co–Fe, and Co- and Fe-rich, Co(or

Fe)–MT (MT = V, Cr, Cu, Zn, Cd, Hf, Al) were grown by PLD. A
Litron 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, laser fluence ≈1.8
J⋅cm−2) and a customized Kurt J. Lesker stainless-steel chamber at a
base pressure of 10−6 mbar were used. The films were deposited over
glass substrates (7 mm in diameter and 0.13 mm thick) placed in the
home-made substrate-holder shown in Fig. 1. They were placed on
the lateral surface of a cone rotating at 72 rpm around its cylindri-
cal symmetry axis; this axis was parallel to the plasma direction, and
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the normal to its lateral surface formed an angle of θi = 55○ with the
plasma direction. This arrangement produced the so called CSOG
films. Simultaneously, other samples were perpendicularly deposited
(with the plasma arriving perpendicular to the substrate, θi = 0○).
This allowed to compare the properties of both types of samples. The
rotation of the cone at 72 rpm ensured a homogeneous distribution
of the deposited material from the plasma. All of them were placed
at distances between 60 and 70 mm from the target. Films thickness
was ≈40–60 nm. A 0.4 nm Au capping layer was deposited on top of
all samples to prevent oxidation.

Different rotating (32 rpm) targets were used: (1) a “mixed”
target consisting of two foils, one above the other. The bottom foil
was the metal MT and the top foil was either a Co or Fe foil in
which circular holes, all with the same diameter, were made and
uniformly distributed on the Co (or Fe) foil surface. The area cor-
responding 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 (or Fe) and MT simultaneously,
with an angle of 45 deg. Therefore, after the laser impact, a mix-
ture of Co (or Fe) and MT was ejected simultaneously toward the
substrates. (2) The second type of substrate was an alloyed target
of Co100−x–Fex: starting from the pure elements Co and Fe, differ-
ent alloys of 25 mm in diameter and 5 mm thick were prepared.
The high-purity elements in powder form were mixed, pressed, and
melted at 1650 ○C in a home-made furnace. The pressed pellets were
melted several times to ensure complete formation of the alloy. (3)
The third type of target, 25 mm in diameter, consisted of two circu-
lar sectors of Co (or Fe) and other metal MT. We labeled the films
as Co100−x–MTx (or Fe100−x–MTx) where x was the area of the MT
sector (typically Cu, V, Al) with respect to the total area of the tar-
get. Based on our previous works, a target revolving 32 turns per
min ensured that the target composition transferred sufficiently well
to the deposited films. It is also known that stoichiometry can be
preserved in PLD by controlling parameters such as laser fluence,
substrate temperature background gas pressure, etc.41–43 Before each
deposition, the targets were mechanically polished to always initiate
the ablation–deposition under the same conditions, since the surface
of the target influences the morphological and structural properties
of the films.41,44

The surface nano-morphology of the samples was observed by
STM with a Nanotec microscope and a Nanotec software.45

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

Magnetic hysteresis loops at room temperature were measured
by a Vibrating Sample Magnetometer (VSM) (EG & G).

The electrical resistance, R, of the films was determined using
a laboratory-made system.29 R was always measured in the plane
of the films. The sample-holder allowed the sample to be rotated
with respect to an axis perpendicular to its plane, obtaining R as a
function of the angle formed by the electrical current with the longi-
tudinal direction of the expected nano-sheets. It allowed measuring
its angular dependence and observing its anisotropic property. R was
measured between two contacts (1 mm in diameter) separated by
4.5 mm.

The samples were structurally, magnetically and electrically
characterized in the as-grown state and after being heated in a
dynamic Ar atmosphere at up 500 ○C in a customized furnace at a
heating rate of 10 ○C⋅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.

III. RESULTS AND DISCUSSION
The XRD analysis of the as-grown films showed that the films

had an amorphous or nano-crystalline structure, regardless of the
type of target, with an ensemble of nanograins measuring 1 and
2 nm,25–29 exhibiting broad halos. In the Co, Fe, Co–Fe, Co–V
and Co–Cr films no crystalline peaks were detected. In some films,
Co–Zn, Co–Cd, Co–Hf or Co–Cu films, some small peaks corre-
sponding to Zn, Cd, Hf and Cu respectively were also detected along
with the broad halo.25

Irrespective of the films composition, the observation of the
surface morphology of the as-grown films revealed the presence
of nano-strings-like structures. These nano-structures were always
generated perpendicular to the incidence plane of the plasma dur-
ing deposition.21–29 Our first observations were made in Co films.21

The average width of the nano-strings depended on the film’s
thickness. These special surface morphology was also observed in
Fe, Co–Fe, Co–V, Co–Zn and Co–Cu samples.27–29 We previously
demonstrated that no surface nano-strings were formed in normally
deposited samples irrespective of sample composition or constitu-
tive elements, but a random distribution of grains: nano-strings were
exclusive to the CSOG films.21,28 Fig. 2 shows the STM surface obser-
vations of a Fe–Al sample (obtained from a target formed by two
sectors, Fe90–Al10).

An important achievement was made with the discovery of
the inner morphology of the CSOG films. The first results were
obtained in Co films:25,26 HRTEM studies revealed that they were
formed by a set of oblique nano-sheets, 4–12 nm thick, ≈70 nm
wide and ≈200–300 nm long, with an inter-sheet distance of ≈2 nm,
Fig. 3(a). These nano-sheets were oriented perpendicular to the inci-
dence plane of the plasma at an angle between 55 and 65 deg with
respect to the substrate plane. Figure 3(b) is a magnification of
the cross-sectional corresponding to this Co film where the black
regions, with high density of atoms and nano-crystals, correspond
to the nano-sheets of the film and the white regions with much
lower density of atoms, correspond to the inter-nano-sheet regions.
Similarly, Figs. 3(c) and 3(d), show that CSOG Co–V and Co–Zn
films were formed by oblique nano-sheets: for Co–V the dimensions

FIG. 2. (a) 3D STM and (b) 2D STM surface morphology of a cylindrical symme-
try oblique Growth CSOG Fe–Al film showing nano-string-like structures oriented
perpendicular to the incidence plane of the plasma during deposition.
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FIG. 3. High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy, STEM HAADF, images of (a) and (b) Co, (c) Co–V and (d) Co–Zn CSOG films, showing
the internal cross section of the nano-sheets formed during the growth of the films. In-plane M–H loops corresponding to the as-grown (e) Co, (f) Co–V and (g) Co–Zn
films.25,27 The hard direction (blue) and easy direction (red) are shown. Co–Co means that in the “mixed” target both foils are of Co. The easy magnetic direction was the
longitudinal direction of the nano-sheets. (a), (e), (f) and (g) Adapted with permission from Favieres et al., J. Alloy. Compd. 664, 695 (2016). Copyright 2016 Elsevier. (c) and
(d) Adapted with permission from Favieres et al., J. Alloy. Compd. 911, 164950 (2022); Creative Commons Attribution 4.0 International license.

were ≈3.0 nm thick and ≈40 nm wide, with an inter-sheet distance
of ≈1.1 nm, and oriented perpendicular to the plane of incidence
of the plasma at a tilt angle ≈53 deg; for Co–Zn, each nano-sheet
was ≈4.5 nm thick, with an inter nano-sheet distance of ≈1.3 nm.
The tilted nano-morphology obtained from the images of the cross
section of the films and the nano-strings on their surface (as these

observed in Fig. 2 and those shown in Refs. 21–29 corresponding to
other compositions) were the two results that allowed to establish
that our CSOG samples were composed of tilted nano-sheets.25–27

We showed that the as-grown CSOG films exhibited a well-
defined UMA,21–29 the easy direction of magnetization being parallel
to the longitudinal direction of the nano-sheets. The magnetic

FIG. 4. M-H loops corresponding to CSOG as-grown films: (a) Fe–V obtained using a mixed target (Fe86V14, “mixed” target), (b) Co–Fe obtained using an alloyed target
(Co50Fe50) and (c) Fe–Al obtained using a target of sectors (Fe90Al10). Easy magnetization direction loops (red) and hard direction loops (blue) are shown. The surface
morphology with nano-strings of sample in (c) was that shown in Fig. 2.
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anisotropy field, Hk (Hk = 2k/μ0Ms, with k as the anisotropy con-
stant and μ0Ms as the saturation magnetization), was determined
from the crossover of the hard loop. The easy direction loops
were very square with almost μ0Mr/μ0Ms ≈ 1, being μ0Mr the
remanent magnetization. However, the easy coercive field was con-
siderably smaller than Hk since the easy magnetization process
were governed by magnetic domain walls displacements. Indeed,
we observed charged magnetic domain walls in these CSOG films.21

Figs. 3(e)–3(g) demonstrated the UMA exhibited by as-grown Co,
Co–V and Co–Zn films.

Figure 4 shows more examples of this UMA: (a) M-H loops cor-
responding to an Fe–V film obtained using a mixed target (Fe86V14,
target type 1), (b) Co–Fe film obtained using an alloyed target
(Co50Fe50, target type 2) and (c) Fe–Al obtained using a target of
sectors (Fe90Al10, target type 3). Hk was between 1000 and 1200 Oe
(≈79.6–95.5 kA/m, μ0Hk ≈ 100–120 mT). Thus, regardless of the
nature of the target and film composition, all of the CSOG films
display this UMA.

The origin of this magnetic anisotropy was elucidated based
on the observation of the nano-sheet morphology and their corre-
sponding top edges: these studies allowed us to establish the origin
of the magnetic anisotropy of the CSOG films as a shape anisotropy
generated by the growth of these tilted nano-sheets: by magneto-
static considerations, the nano-sheets forced the magnetization to
be in the longitudinal direction of the nano-sheets.

Other experimental results also corroborated the origin of the
anisotropic physical properties, transport, optical and magneto-
mechanical, based on the particular nano-sheet morphology of the
films.22–29 Fig. 5(a) is a schematic of the home-made system for
electrical resistance R measurements, showing the direction defined
by the electrical contacts, the direction of the nano-sheets, and the
directions in which the maximum and minimum values of R were
obtained, respectively. Our works25,29 demonstrated that all the as-
grown samples exhibited an anisotropic response: R was always
measured in the plane of the films, Rmin was measured parallel
to the longitudinal direction of the nano-sheets, β = 0○ (180○),

Rmin = R∣∣, and Rmax was measured perpendicular to the longitu-
dinal direction of the nano-sheets, β = 90○ (270○), Rmax = R�. For
Co, (ΔR/R∣∣)as-grown = ([R� – R∣∣]/R∣∣)as-grown ≈ 24%, (ΔR/R∣∣) ≈ 33%
for Co–V and (ΔR/R∣∣) ≈ 18% for Co–Zn. This anisotropic prop-
erty was caused by the oriented nano-sheet morphology of the films:
the electrical conduction increased when the charges moved along
a nano-sheet (R∣∣) with respect to the situation in which the charges
moved along a perpendicular direction (R�). The mean free path of
the electric charges was larger when the conduction occurred inside
a nano-sheet than when the conduction was produced by traveling
across the nano-sheets. Figures 5(b) and 5(c) shows the value of R
(measured in the plane of the films) as a function of the angle β
formed by the current and the nano-sheet longitudinal direction cor-
responding to a Co–Fe film obtained from an alloyed target. A clear
anisotropic response is observed: Rmin = R∣∣ was obtained when
measured parallel to the longitudinal direction of the nano-sheet
(β = 0○ or 180○) and Rmax =R�was obtained when measured perpen-
dicular to the longitudinal direction of the nano-sheets (β = 90○ or
270○). A fit of the experimental data using the function R(β) = Rmin
+ ΔR sin2 (β) allowed obtaining the values of the parameters Rmin
and ΔR. The values of Rmin and Rmax = Rmin + ΔR were assigned and
the anisotropy parameter, ΔR/R∣∣, defined above as the maximum
relative directional increment in resistance, was introduced. For this
Co30–Fe70 film ΔR/R∣∣ ≈ 136%.

We studied the possible influence of the films’ thickness, t,
on the parameter ΔR/R∣∣. For CSOG Fe films, a decrease in R with
increasing t was observed, regardless of the measurement direc-
tion, as expected due to the increase in the cross section of a
conductor: the higher the t, the lower the R. Remarkably, how-
ever, the value ΔR/R∣∣ ≈ 87%, remained approximately constant
for all Fe films, irrespective of t (15 nm ≤ t ≤ 95 nm).29 These
two findings confirmed that the origin of the anisotropic electri-
cal behavior was associated with the volume of the sample and
not with its surface, i.e., its nano-sheet morphology, as the source
of this anisotropy, was present throughout the volume of each
CSOG film.

FIG. 5. (a) Schematic of the sample with the electrical contacts to measure its resistance R in the plane as a function of the angle β formed by the current and the longitudinal
direction of the nano-sheets. The axes of Rmin (β = 0○ and 180○) i.e., the current parallel to the longitudinal direction of nano-sheets and Rmax (β = 90○ and 270○) i.e., the
current perpendicular to the longitudinal direction of the nano-sheets are shown. (b) Experimental values, symbols, of R(β) of a Co30–Fe70 film in polar representation. (c)
Cartesian representation of R(β) together with its fit, solid line.
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Further studies were carried out on the behavior of the CSOG
films after being heat treated. The first results on Co films showed
that the UMA was lost simultaneously to the loss of the nano-
sheet morphology.21,25 As mentioned above, STEM images of the
as-grown samples showed a regular pattern of oblique Co nano-
sheets, separated approximately 1–2 nm. After annealing the film
at 270 ○C, although the films still displayed a pattern of oblique Co
nano-entities, the separation between them decreased, and the nano-
sheets tended to merge, observing a coalescence-like process.21 This
extinction of oriented nano-sheets was simultaneous with the dis-
appearance of the uniaxial anisotropic behavior of several physical
parameters, including the loss of the UMA, i.e., the disappear-
ance of the anisotropies had its origin in the disappearance of the

nano-sheets. Further annealing at 450 ○C revealed no trace of nano-
sheets, with the formation of hcp Co crystals. Similar results were
found for other compositions such as Co–Zn, Co–Cd, Co–Cu. . .27,29

The anisotropy parameter ΔR/R∣∣ was zero for these films,25,27,28

i.e., for all of the samples whose nano-sheet morphology was not
preserved after the annealing.

In contrast, other annealed films, Co–V, Co–Cr, Co–Hf and
Co–Fe, retained the UMA at least up to annealing temperatures
of 450–500 ○C.25,27 We demonstrated that the reason for this note-
worthy behavior was the presence of the nano-sheet morphology
in these annealed samples. Chemical analysis of the annealed nano-
sheets showed that V was trapped by the nano-sheets favoring their
maintenance.27 Figures 6(a)–6(c) shows the HRTEM images of the

FIG. 6. HRTEM images showing the cross-sections of 450 ○C annealed CSOG films. (a) Co, (b) Co–V and (c) Co–Zn. Co and Co–Zn lost the nano-sheet morphology. Co–V
retained the nano-sheets. In-plane M–H hysteresis loops corresponding to these (d) Co, (e) Co–V and (f) Co–Zn CSOG films.25–27 The hard direction (blue) and easy direction
(red) are shown. If no nano-sheets were preserved, no UMA was present. Notably, in the annealed Co–V film, UMA increased as compared to the UMA of the as-grown
film, Fig. 3(e). Adapted with permission from Favieres et al., J. Alloy. Compd. 664, 695 (2016). Copyright 2016 Elsevier and Adapted from Vergara et al., Materials 10, 1390
(2017); Creative Commons Attribution 4.0 International license and from Favieres et al., J. Alloy. Compd. 911, 164950 (2022); Creative Commons Attribution 4.0 International
license..
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cross-sections of Co, Co–V and Co–Zn annealed films: for Co and
Co–Zn it is clearly seen that nano-sheets no longer existed, while the
Co–V annealed film retained anisotropic nano-sheet morphology
(although crystals, identified as Co3V, grew inside the nano-sheet).
Figures 6(d)–6(f) shows the corresponding hysteresis loops show-
ing the loss of UMA for the Co and Co–Zn films but a remarkable
increase in Hk ≈ 79.6 kA/m (μ0Hk = 100 mT) for Co–V films (see for
comparison the loops in Fig. 3(e), (Hk ≈ 36 kA/m, μ0Hk = 45 mT).

Along with the increase of the UMA in these annealed Co–V
films, we observed that, despite the decrease in the R values of the
annealed films, remarkably, also these films quantitatively retained
the value of the anisotropy parameter ΔR/R∣∣ ≈ 33%, i.e., the per-
cent of (R� − R∣∣)/R∣∣ was maintained, revealing that the CSOG
films were, from an electrical point of view, equally anisotropic in
both states, as-grown and annealed. The films’ electrical conduc-
tivity was understood as exhibiting two modes: one corresponding
to the nano-sheets, reflected in R∣∣, and another one associated
with the inter-nano-sheet conduction.27 This behavior is common
to all the annealed samples that retained also the UMA, Co–Cr,
Co–Hf, Co–Fe. . ..

IV. CONCLUSIONS
The growth and study of ferromagnetic nano-crystalline thin

films constituted by a tilted nano-sheet morphology were reviewed.
The visualization of these nano-sheets revealed tilt angles ≈56○ with
respect to the substrate plane, and nano-sheets ≈3.0–4.0 nm thick,
≈30–100 nm wide, and ≈200–300 nm long, with an inter-sheet dis-
tance ≈ 0.9–1.2 nm. The discovery of the nano-sheets allowed to elu-
cidate the origin of the large uniaxial in-plane magnetic anisotropy
exhibited by these samples, the easy direction of magnetization being
parallel to the longitudinal direction of the nano-sheets. In the as-
grown films, typical values of the anisotropy field were between Hk
≈ 48 and 110 kA/m depending on composition. The changes in the
nano-morphology of these films caused by thermal treatments, and
hence in their anisotropic properties, were studied. HRTEM allowed
the observation these morphological changes. Some films, Co–V,
Co–Hf, Co–Cr, Co–Fe . . . retained their nano-sheet morphology
at high temperatures, and therefore retained and even increased
their anisotropies by up to three times, with anisotropy fields
Hk≈ 240–280 kA/m. In contrast, Co, Co–Zn, Co–Cu,. . . lost their
nano-sheet-morphology. We also found large uniaxial anisotropy in
other physical properties, such as the transport properties, that have
been shown here.

This work opens a path of study for these new magneti-
cally anisotropic materials, particularly with respect to the nano-
morphological and structural changes related to the increase in
magnetic anisotropy. A method for generating anisotropies by con-
trolling the nano-sheet morphology of films, including oriented
crystallization processes at the nano-scale, has been shown and
reviewed.
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