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Abstract—The effect of the solution acidity on the crystal structure of cobalt during its chemical deposition is
reported. It has been shown using the structural and magnetic examination and nuclear magnetic resonance
study that the change in the working solution acidity leads to deposition of cobalt with different allotropic
modifications in the nearest environment: the hcp type in the small (up to ~8.5) pH region and the fcc type
in the large (over ~8.5) pH region. The formation of these cobalt modifications is attributed to the size effects
caused by a decrease in the particle size with increasing pH.
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1. INTRODUCTION
The technique of electrodeless or currentless

chemical deposition of metals attracts by the possibil-
ity of creating films with a high degree of homogeneity
and setting various characteristics of samples by
choosing the conditions of chemical reactions, for
example, deposition temperature or acidity of a reduc-
ing medium. In view of this, the use of chemical tech-
nology for obtaining magnetic films from alkaline
hypophosphide solutions is of undoubted interest. The
most well-known application of this technology is fab-
rication of cobalt films with the phosphorus addition
in the course of appropriate chemical reactions [1]. At
the low phosphorus content, such films exhibit the
high saturation magnetization similar to that of unal-
loyed cobalt [2]. In addition, the use of chemical tech-
nology for obtaining Co–P films attracts attention by
the fact that the magnetic characteristics of the films
can be qualitatively changed by choosing the deposi-
tion conditions. In particular, by changing the acidity
of working solutions, one can create both the high-
and low-anisotropy samples with significantly differ-
ent coercivities HC [3]. Therefore, the chemically
deposited cobalt films have a great potential for appli-
cation, e.g., in magnetic memory [4, 5] and various
control or readout devices [6, 7]. Despite a great num-
ber of studies on the effect of the solution acidity on
the structural and magnetic properties of chemically
deposited cobalt films [8–11], to date, there has been
a lack of information on the cobalt crystal lattice mod-
ifications depending on the constituent grain size.

In this study, basing on the results of structural and
magnetic investigations and nuclear magnetic reso-
nance (NMR) study, it is shown that a change in acid-
ity of the working solution leads to deposition of cobalt
in different allotropic modifications in the nearest
environment: the hcp type in the small (up to ~8.5) pH
region and the fcc type in the large (over ~8.5) pH
region. The formation of these cobalt allotropes is
attributed to the size effects caused by a decrease in the
particle size with increasing pH.

2. EXPERIMENTAL

The working liquor was an aqueous solution of
cobalt sulfate CoSO4·7H2O (15 g/L), sodium hypo-
phosphite NaH2PO2·H2O (10 g/L), and sodium
citrate Na3C6H5O7 (25 g/L). A required pH value was
specified by adding alkaline reagents, which were
sodium bicarbonate NaHCO3 or sodium hydroxide
NaOH, in different concentrations. The solution acid-
ity was detected with a pH-150MИ pH meter accurate
to ±0.05. The deposition was performed at a tempera-
ture of ~100°C in a magnetic field of H ≈ 3 kOe for
3 min onto coverslip substrates subjected to the clean-
ing, sensibilization, and activation procedures used for
chemical metallization of dielectrics [12]. During
deposition, a magnetic field was applied parallel to the
substrate plane. The easy axis of the induced magnetic
anisotropy of the obtained films was co-directed with
the applied magnetic field.
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Fig. 1. Coercivity and induced magnetic anisotropy con-
stant of the Co–P films vs pH of the deposition solutions.
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Fig. 2. Torque curves for the high- and low-coercivity sam-
ples.
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Fig. 3. X-ray diffraction pattern of the low-coercivity film
obtained at pH ~ 8.9.
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The film microstructure was studied by transmis-
sion electron microscopy (TEM) on a Hitachi HT-
7700 microscope equipped with a Bruker X-Flash
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6T/60 energy dispersive detector. The coercivity and
the induced anisotropy constant were determined
using, respectively, the meridional Kerr effect and a
torque magnetometer in a dc magnetic field of 10 kOe
applied parallel to the film plane at room temperature.

The NMR signals were measured on a standard
spin echo device in the range of 150–250 MHz.

3. RESULTS

Figure 1 shows the dependence of induced anisot-
ropy constant KU and coercivity HC of the Co–P films
on pH of their deposition solutions.

In the low (7.2–8) pH region, the KU value is
~2.5 × 105 erg/cm3. The pH growth leads to an
increase in the anisotropy and, in the pH region
around 8.5 KU, the anisotropy constant attains ~6 ×
105 erg/cm3. A further increase in the acidity leads to
the abrupt (by an order of magnitude) KU drop down
to 5 × 104 erg/cm3. As the pH value increases to ~8.5,
the HC value grows from ~1 kOe to ~1.5 kOe and, then,
with a further increase in pH, decreases almost step-
wise to several oersted. Both the high- and low-coer-
civity samples exhibit the uniaxial anisotropy with four
maxima in the torque curves upon film rotation by
360° (Fig. 2). In the low-coercivity samples, a sharp
change in the torque around 0 and 180°, which corre-
spond to the easy axis direction, is due to the fact that,
in these films, the anisotropy field HK is much higher
than HC [3].

The induced anisotropy in the low- and high-coer-
civity samples is governed by different physical mech-
anisms. In the first case, this is the ordering of atomic
pairs [3]. The origin of the induced anisotropy in the
high-coercivity samples is still unclear and needs fur-
ther investigations.

In [13], based on the X-ray diffraction data, we
showed that the crystal structure of the investigated
samples deposited at pH < 8.5 contains a pronounced
hexagonal cobalt phase, which determines their high
coercivity. In addition, it was found that the transition
of the films to the low-coercivity state in the pH range
of >8.5 occurs together with the structural changes.
The X-ray diffraction patterns of the low-coercivity
samples (Fig. 3) have diffuse halos near the main
peaks of both the fcc and hcp cobalt crystal lattice
located in the range of 40°–50°, which is typical of
nanocrystalline materials without long-range order.

The sensitivity of X-ray diffraction analysis is
insufficient to obtain data on the nearest environment
of cobalt atoms in thin films with fine grains. There-
fore, to study such samples in more detail, we addi-
tionally used a technique based on the analysis of the
NMR spin echo spectrum [14]. It is well-known that
the NMR spin echo signal amplitude AE is determined
by magnetic susceptibility χ of the sample, which is



44 CHZHAN et al.

Fig. 4. Spin echo spectrum of the samples obtained at pH

(a) ~9.15 and (b) ~8.9.
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inversely proportional to the magnetic anisotropy
field: AE ~ 1/HK.

For this reason, the NMR method was used to
study only the low-anisotropy samples. To determine
the contributions of different structural phases to the
NMR signals, the integral curve was decomposed into
normal distribution components (Fig. 4).

The NMR spin echo absorption spectra are broad
lines in the range of 185–230 MHz with a diffuse max-
imum near ~200 MHz, the signal intensity drop to
zero in the left-hand low-frequency portion, and char-
acteristic absorption features in the right-hand high-
frequency portion. The main absorption maximum
corresponds to incomplete filling of the first coordina-
tion sphere (11 instead of 12) in the nearest environ-
ment of cobalt atoms forming the fcc-type short-range
order. This effect can be related to defects in the cobalt
crystal lattice, diamagnetic substitution of a phospho-
rus atom for one cobalt atom, edge/surface effects,
and uncompensated bonds on the crystallite surface.
The side absorption maxima at frequencies of 216 and
227 MHz correspond to the high-frequency absorp-
tion by cobalt nuclei arranged in the short-range order
of the fcc and hcp types, respectively. For the sample
corresponding to Fig. 4b, the peak at a frequency of
PHY
216 MHz is more intense, while for the sample corre-
sponding to Fig. 4a, this peak is more diffuse, which is
indicative of stronger structural disordering of the
nearest environment of atoms in the fcc packing. In
addition, in Fig. 4b, one can see an additional peak at
a frequency of 227 MHz, which corresponds to the sig-
nal from the nearest environment of cobalt atoms
arranged according to the hcp type.

4. DISCUSSION

An increase in the pH value of the working solution
leads to a decrease in the film grain size, which is
clearly reflected in the surface morphology (Fig. 5).
The characteristic inhomogeneity size determined by
the AFM technique (Fig. 6a) agrees well with the
change in the crystallite size determined by the TEM
technique (Fig. 6b). In both cases, we observe a
monotonic, almost linear decrease in the size of struc-
tural elements with increasing pH.

As is known, in cobalt, the size of particles cor-
relates with their crystal structure, which is caused by
the different particle size dependences of the free
energy of the α and β phases. For fine particles with
sizes of d < 20 nm, the fcc structure (β phase) is pre-
ferred; for coarse particles with d > 40 nm, the hcp
structure (α phase) is preferred; and in the intermedi-
ate size range, the phase mixture exists [15, 16]. The
formation of a certain phase modification is deter-
mined by the competing contributions of the bulk and
surface energies; the ratio between them depends on
the particle size and is different for the α and β phases.

The above-mentioned features of cobalt explain
well the transformation of the crystal structure of its
particles in the films under study. It follows from the
presented data that the films obtained in the low-pH
solution consist of coarse crystallites (d ~ 70 nm); for
such particles, the α phase of Co is stable, which was
observed in the experiments. As the pH value
increases, the particle size decreases and the pH values
higher than ~8.5 lead to the instability of the hexago-
nal phase and the onset of packing of atoms in the fcc-
type structures in the nearest environment of cobalt.
At the initial stage of the transition, there is a mixture
of these phases with the dominance of hcp cobalt,
which is reflected in the magnetic characteristics of
the samples. A sharp decrease in the KU value around

pH ~ 8.75 shows that, at such an acidity of the solu-
tion, the transition from the α to β phase is completed
and the magnetic properties of the film are determined
by the β phase of Co. The diffuse transition of the par-
ticle structure from the hcp to fcc type can result from
scattering of the size of particles, which leads to their
phase inhomogeneity. With a further increase in the
acidity, the α phase of cobalt is suppressed and the
substance passes mainly to the short-range ordering of
the fcc type with the incomplete environment.
SICS OF THE SOLID STATE  Vol. 63  No. 1  2021
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Fig. 5. AFM image of the surface of the films obtained at pH = (a) 7.2, (b) 8.7, (c) 8.9, and (d) 9.3.
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Fig. 6. (a) Average size of surface inhomogeneities (AFM) and (b) average grain size (TEM) vs pH.
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5. CONCLUSIONS

The results obtained showed that a decrease in the
characteristic crystallite size caused by an increase in
the pH value of the solutions during chemical deposi-
tion of the Co–P films leads to the allotropic transfor-
mations of the nearest environment of cobalt from the
hcp type in the small (up to ~8.5) pH region to the fcc
type in the large (over ~8.5) pH region. Such crystal
structure transformations, in addition to the effects
caused by the random anisotropy [13, 17], are
reflected in the magnetic properties of the investigated
films, including their induced anisotropy and coercive
force.
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