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ABSTRACT
In this work, a novel kind of non-crystalline materials, the metallic nano-glasses (NGs), is synthesized, and the influences of glass–glass
interfaces (GGIs) and Ni additions on the structural and thermodynamics properties, as well as the magnetism of (Co, Fe, Ni)–P NGs with
various sizes of glassy grains (Davg) are studied systematically. The addition of Ni and the reduction of Davg are found to improve the glass
forming abilities of NGs. The influences of volume fractions of GGIs on the magnetism of NGs are analyzed by Mössbauer spectroscopy and
magnetization hysteresis measurements. It is found that the soft magnetic properties of (Co, Fe)–P NGs with reduced Davg can be dramatically
improved, as compared with micro-structured samples. Thus, this work has an in-depth understanding of the structural properties and
magnetism of NGs as affected by the glass–glass interfaces in magnetic NGs.

© 2022 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/10.1063/5.0088043

I. INTRODUCTION

Due to their intrinsic structural characteristics, those metallic
glasses (MGs), which are synthesized by rapid quenching, would
normally possess outstanding soft magnetic properties1 and have
been studied extensively over the last several decades. However,
the lack of microstructural defects (e.g., grain boundary and GB)
has also greatly constrained the adjustment of magnetic behaviors
of MGs since the microstructural refinement used today for poly-
crystalline materials can be no longer effective. As a result, current
technological applications of MGs in electronic devices have still not
reached a similar extent as those of crystalline alloys.2

Recently, a new type of non-crystalline materials, known as
metallic nano-glasses (NGs), have been discovered, which consist of
nano-sized amorphous grains surrounded by disordered glass–glass
interfaces (GGIs).3–7 Compared with melt-quenched MGs, GGIs
possess unique atomic8–10 and electronic11 structures that could
enable NGs with much different mechanical,12–19 magnetic,20–23

and thermodynamic24–27 properties. For instance, Witte et al.28

have discovered that heterogeneous Fe–Sc NGs exhibit to be fer-
romagnetic at room temperature while those homogeneous Fe–Sc

MGs are found to be paramagnetic. It should be noted that ele-
mental segregation at the interfacial regions cannot account for
the ferromagnetism of GGIs since the FexSc100−x MGs have not
been observed to be ferromagnetic at room temperature. In other
words, a new glass phase, as two-dimensional defects, has formed
in NGs. More importantly, in addition to manipulating their
chemical compositions, the magnetic properties of NGs could be
altered by adjusting the amount of GGIs as well. Therefore, size
effects on the magnetic behaviors of NGs need to be well under-
stood. Up until now, some studies21,23,29,30 have investigated the
magnetism of NGs, but a systematic understanding is still not
available.

Similar to nanocrystalline (NCs) alloys, most NGs nowadays
are manufactured through inert gas condensation,31–33 magnetron
sputtering,34–36 and severe plastic deformation.37–39 However, these
techniques cannot be applied to prepare NGs with dimensions larger
than centimeters economically. It is not until recently that pulse elec-
trodeposition is utilized to fabricate NGs.40 Compared with other
methods, the cost of electrodeposition is low, and it can prepare
NGs of various sizes and shapes for different purposes, especially
for the application of magnetic NGs in power transformers with low
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losses. So far, only a very few studies41 have reported the prepara-
tion of NGs through electrodeposition. Moreover, it is known that
soft magnetic properties of amorphous Co- and Fe-based alloys are
superior,42 and we have demonstrated, in our previous work,41,43,44

that Co-based NGs containing other transition-metal elements can
be fabricated using pulse electrodeposition, further improving their
soft magnetic properties.

In the light of the aforementioned advantages of magnetic NGs
containing transition-metal elements, in this work, Co–Fe–P and
Co–Fe–Ni–P NGs are fabricated using the pulse electrodeposition
method. The influences of GGIs and additions of alloying element
Ni on the thermodynamic and magnetic properties of Co–Fe–P NGs
are discussed. The NG samples with different GGI volume fractions
are fabricated to investigate the effects of sizes of glassy grains on
soft magnetic properties. The results clearly demonstrate that the
soft magnetic properties of NGs can be dramatically altered by the
GGIs as well as Ni additions.

II. EXPERIMENTAL METHODOLOGIES
The micro- and nano-structured samples with a thickness of

up to 0.2 mm were prepared through electroplating in a con-
ventional three-electrode electrochemical cell. Both Co–Fe–P and
Co–Fe–Ni–P samples were deposited on a working electrode (WE),
which was a titanium substrate polished to have a smooth sur-
face. A graphite rod was used as a counter electrode (CE), and the
working potential was controlled by a saturated calomel electrode
(SCE). The composition of electrolytes was summarized as follows:
FeSO4⋅7H2O with 0.03–0.06 mol/l, CoSO4⋅7H2O with 0.03–0.04
mol/l, NiSO4⋅6H2O with 0–0.03 mol/l, C6H5Na3O7⋅2H2O with
0.2 mol/l, H3BO3 with 0.5 mol/l, and NaH2PO2⋅H2O with 0.2 mol/l.
The solution was maintained at 333 K throughout the deposition
processes, and its pH was adjusted to be 3–4 by using concentrated
sulfuric acid. Direct current electrodeposition with a working poten-
tial of 0.95 V was used to fabricate micro-structured samples. For
the fabrication of nano-structured samples, pulse electrodeposition
was adopted, and the working potential could be increased from
1.9 to 3.8 V, which reduced the sizes of glassy grains, thereby result-
ing in a higher amount of GGIs. A signal generator was used to
output pulse signals with a fixed duty cycle of 15% at 100 kHz to the
potentiostat. The duration of electroplating for micro- and nano-
structured samples could be as long as 24 h. Self-designed Teflon
molds were used to prepare 0.1 mm thick samples in a rectangular
shape (30 × 3.5 mm2) or in a ring shape (Douter = 14 mm and Dinner
= 10 mm). The as-prepared films were mechanically exfoliated from
the substrate, and those free-standing specimens were heat-treated
afterward in a tube furnace at 473 K in vacuum to release internal
stresses.

The amorphous structures of Co–Fe–P and Co–Fe–Ni–P sam-
ples were characterized by x-ray diffraction (XRD, Rigaku Smartlab)
operated at 45 kV and 250 mA with Cu Kα radiation (λ = 0.154 nm).
Scanning electron microscopy (SEM, TESCAN VEGA3) equipped
with energy dispersive spectroscopy (EDS) was utilized to observe
the micro- or nano-structures in the cross sections of samples and
determine the chemical compositions. High quality images of glassy
grains with sizes less than 100 nm were taken by transmission
electron microscopy (TEM, JOEL JEM-2011). Differential scanning
calorimetry (DSC, TA Instruments Q200) was used to measure their

thermodynamic properties at a heating rate of 10 K/min. The Möss-
bauer measurements were performed at 300 K using a conventional
spectrometer (Germany, Wissel MS-500) in transmission geome-
try under constant acceleration mode. A 57Co (Rh) source with
an activity of 25 mCi was used. The velocity calibration was done
with an α-Fe absorber at room-temperature. All spectra were fitted
by the software Recoil using Lorentzian multiplet analysis. Physi-
cal properties measurement system (PPMS, Quantum Design) was
used to measure the magnetic properties, and the isothermal mag-
netization curves were determined under applied magnetic fields of
0–10 kOe at room temperature. The complex permeability spectra of
each specimen were measured by a radio frequency (RF) impedance
analyzer (Agilent, 4294A) from 104 to 107 Hz.

III. RESULTS AND DISCUSSIONS
The SEM images of Co–Fe–P samples are shown in

Figs. 1(a)–1(d). Based on the SEM images, the average sizes (Davg)
of glassy grains in Co–Fe–P samples are estimated to be 75 ± 9 nm,
125 ± 16 nm, 300 ± 29 nm, and 50 ± 7 μm by calculating the mean
diameters of at least 20 grains, which are denoted as sample nos.
1–4, respectively. Similarly, as shown in Figs. 1(e)–1(h), Davg = 80
± 6 nm, 140 ± 13 nm, 280 ± 22 nm, and 40 ± 10 μm are deter-
mined for Co–Fe–Ni–P samples, which are denoted as sample nos.
1′–4′, respectively. It should be noted that sample nos. 4 and 4′ pre-
pared through direction current (DC) electrodeposition processes
are micro-structured glassy alloys since their glassy grains have sizes
of 10–50 μm. Such a huge variation in Davg of either Co–Fe–P or
Co–Fe–Ni–P is attributed to different mechanisms in the formation
of micro- and nano-structures. Compared with DC electrodeposi-
tion, cation sources for the growth of glassy grains are reduced in
pulse electrodeposition by lowering the duty cycle. Meanwhile, the
working potential in pulse electrodeposition is also much higher and
can induce more nano-sized glassy clusters within a short period of
time (∼1 μs), which limits the space for the growth of glassy grains
as well.

TEM images of NG sample nos. 1 and 1′ are illustrated in
Figs. 2(a) and 2(b), respectively. It can be found that glassy grains
with sizes less than 30 nm are formed in both samples. Moreover,
their selected area diffraction (SAED) patterns with a halo ring indi-
cate that the nanostructures synthesized by pulse electrodeposition
are fully amorphous. The glassy grains in Co–Fe–Ni–P NGs seem
to be more distinguishable as compared with those in Co–Fe–P
NGs, suggesting that GGIs in the former may have atomic struc-
tures or chemical compositions much different from those in the
interiors of glassy grains. It is thus speculated that the addition of
Ni in Co–Fe–P NGs could be an effective approach in alternating the
glass phase of GGIs in the NGs. Assuming that the thickness of GGIs
is 1 nm and the glassy grains are spherical, the volume fractions of
GGIs in Co–Fe–P sample nos. 1–4 are estimated to be 14.1%, 4.92%,
2.82%, and 0.01%, respectively, and those of GGIs in Co–Fe–Ni–P
sample nos. 1′–4′ are 13.9%, 4.71%, 2.93% and 0.01%, respectively.
The major difference between micro-structured glassy alloys and
metallic glasses (MGs) is the structural heterogeneity in the former,
which contains micro-size grained MGs as separated by the amor-
phous GGIs with a volume fraction of 0.01%. Table I summarizes
the detailed information of Co–Fe–P and Co–Fe–Ni–P micro- and
nano-structured samples prepared by electrodeposition.
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FIG. 1. (a)–(d) SEM images of Co–Fe–P sample nos. 1–4, respectively; (e)–(h) SEM images of Co–Fe–Ni–P sample nos. 1′–4′, respectively. The images are taken in the
cross sections of samples, except that those in (d) and (h) are taken at the surfaces of micro-structured samples.

The room-temperature XRD patterns for Co–Fe–P and
Co–Fe–Ni–P samples are shown in Figs. 3(a) and 3(b), respec-
tively. A typical broad peak is found at 2θ ∼ 45○, and no sharp
crystalline peak can be observed, suggesting both kinds of sam-
ples are fully amorphous, in consistent with the aforementioned
TEM analyses. Meanwhile, compared with that of micro-structured
samples (sample no. 4 with Davg = 50 μm and sample no. 4′ with

FIG. 2. TEM images and SAED patterns for (a) Co–Fe–P NG sample no. 1 and (b)
Co–Fe–Ni–P NG sample no. 1′.

TABLE I. Chemical and physical properties of micro- and nano-structured samples
prepared by electrodeposition.

Chemical
compositions

Deposition
conditions Davg

GGI volume
fractions (%) Labels

Co65Fe14P21

Pulse 75 nm 14.1 Sample no. 1
Pulse 125 nm 4.92 Sample no. 2
Pulse 300 nm 2.82 Sample no. 3
DC 50 μm 0.01 Sample no. 4

Co58Fe5Ni14P23

Pulse 80 nm 13.9 Sample no. 1′

Pulse 140 nm 4.71 Sample no. 2′

Pulse 280 nm 2.93 Sample no. 3′

DC 40 μm 0.01 Sample no. 4′

Davg = 40 μm), an increase in the full width at half maximum diffrac-
tion peak is observed for nano-structured samples, suggesting that
the glassy grains in the nano-structured samples could be several
orders of magnitude smaller. In addition, the chemical compositions
of Co–Fe–P and Co–Fe–Ni–P samples are found to be Co65Fe14P21
and Co58Fe5Ni14P23 as determined by the EDS analyses, respec-
tively, with all elements uniformly distributed in the micro- and
nano-structured samples.

Figures 4(a) and 4(b) show the heat-flow curves for Co–Fe–P
and Co–Fe–Ni–P measured by DSC at a heating rate of 10 K/min,
from which the crystallization temperatures (Tx) are determined at
the sharp exothermic peaks in the curves, and the glass transition
temperatures (Tg) are identified at the edges of endothermic shoul-
ders of the heat flows. It can be found that at a fixed heating rate,
Tx and Tg of Co–Fe–P and Co–Fe–Ni–P generally decrease with
decreasing Davg. In the previous studies on glassy polymer,45–48 Tg
is found to decrease as the sample sizes become smaller, result-
ing from the excess free volumes provided by the free surfaces.
Similarly, in the Co–Fe–P and Co–Fe–Ni–P NGs, due to a higher
content of free volumes at GGIs, a large volume fraction of GGI
regions could be favorable for the glass transition, thereby lower-
ing their Tg. In addition, GGIs could also facilitate crystallization
transformation. At elevated temperatures, the decrease in Tx with
increasing GGI volume fractions is consistent with the fact that crys-
talline clusters prefer to nucleate at GGIs where free volumes are
enriched.

Figures 4(c) and 4(d) illustrate the dependence of Tg and
Tx on Davg, respectively. It is found that Tg of Co–Fe–P and
Co–Fe–Ni–P samples with similar Davg is nearly identical, which
could be attributed to a similar level of free volumes at GGIs and
interiors of glassy grains in the samples. In contrast, Tx is greatly
influenced by the chemical compositions of samples. The decrease of
Tx with the addition of alloying element Ni could be attributed to the
formation of Ni–P nuclei with a lower energy barrier as compared
with those for Co–P and Fe–P, thereby resulting in a supercooled
liquid region (Tx − Tg) ∼ 10 K narrower than those of Co–Fe–P sam-
ples with similar Davg. Under a heating rate of 10 K/min, the enthalpy
changes in glass transition (ΔHg) are determined to be 34, 24.0, 22.5,
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FIG. 3. XRD patterns for (a) Co–Fe–P sample nos. 1–4 and (b) Co–Fe–Ni–P sample nos. 1′–4′ with different Davg.

and 20.4 J/g for Co–Fe–P sample nos. 1–4, respectively, while ΔHg
= 50.4, 48, 40, and 36 J/g for Co–Fe–Ni–P sample nos. 1′–4′, respec-
tively. Therefore, the glass phase of GGIs in Co–Fe–Ni–P NGs could
be more thermodynamically stable as compared with Co–Fe–P NGs

because of the additions of Ni, and thus, Co–Fe–Ni–P NGs have
higher glass forming abilities than Co–Fe–P NGs.

The room-temperature Mössbauer spectra for Co–Fe–P and
Co–Fe–Ni–P samples with different Davg are shown in Figs. 5(a)

FIG. 4. DSC heat flows for (a) Co–Fe–P and (b) Co–Fe–Ni–P samples at a heating rate of 10 K/min. Tx and Tg are marked by arrows. The effects of Ni additions on (c) Tg

and (d) Tx of the samples with different Davg at a heating rate of 10 K/min.
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FIG. 5. Mössbauer spectra of micro- and nano-structured (a) Co–Fe–P sample no. 1 (Davg = 75 nm) and sample no. 4 (Davg = 50 μm), and (b) Co–Fe–Ni–P sample no. 1′

(Davg = 80 nm) and no. 4′ (Davg = 40 μm). The arrow indicates the quadruple splitting (QS) of a doublet.

and 5(b), respectively, manifesting a typical wide doublet for disor-
dered structures in the samples. Compared with those for Co–Fe–P
samples, the profile of doublet for Co–Fe–Ni–P samples exhibits an
additional sub-peak located at ±0.5 mm/s, and it could be attributed
to the Fe–Ni interaction in the samples. Furthermore, it can be found
that the width of doublet for those nanostructured samples (sample
nos. 1 and 1′) is broadened, which may be caused by the excess free
volumes at GGI regions with large volume fractions in the samples.
Since sample nos. 1 and 1′ have small Davg and thus large volume
fraction of GGIs, and the chemical environment of Fe atoms in these
samples could be more heterogeneous than those of other samples,
therefore, the width of doublet for sample nos. 1 and 1′ could be
larger than those of other samples. Moreover, an increase in dou-
blet intensity with reduced Davg implies that the resonant atoms at
GGI regions contribute to the signal significantly. Thus, the Möss-
bauer spectra suggest that the atomic and electronic structures of
GGIs could be much different from those of glassy grains. In other
words, the glass state and magnetism at GGIs could be different from
those of glassy grains.

It should be noted that Mössbauer spectra could reveal the mag-
netism through quantitatively measuring the hyperfine interactions,
which have three important types, including paired electron density
at the nucleus, unpaired electron density at the nucleus, and elec-
tric field gradient (EFG) at the nucleus. Among them, EFG is often
used to characterize the atomic and electronic structures around
resonant atoms. Furthermore, the existence of EFG requires asym-
metric structures around the nucleus, which can be reflected by
the quadruple splitting (QS) of a doublet as indicated in Fig. 5. In
general, a lower QS refers to less asymmetric structures, and the
symmetric ones will induce only one resonance peak with QS = 0.
For the micro-structured Co–Fe–P sample no. 4 and Co–Fe–Ni–P
sample no. 4′, their QSs are measured to be 0.711 and 0.548 mm/s,
respectively, whereas QSs are increased to 0.757 and 0.615 mm/s in
nano-structured Co–Fe–P sample no. 1 and Co–Fe–Ni–P sample no.
1′, respectively. An increase in QS with increasing GGI volume frac-
tion clearly illustrates the fact that GGIs are more disordered with
distorted atomic and electronic symmetry as compared to glassy

grains. In addition, previous studies49 have proved that the glass
forming abilities (GFAs) of MGs are enhanced with increasing QS
values for (Fe, Co)-based MGs. The QS values for Co–Fe–P and
Co–Fe–Ni–P samples with different Davg thus suggest that the GGIs
in NGs could become more thermodynamically stable with reduced
Davg.

Figures 6(a) and 6(b) show the isothermal magnetization curves
for Co–Fe–P and Co–Fe–Ni–P samples with different Davg, respec-
tively. For Co–Fe–P sample nos. 1–4, their saturated magnetizations
(Ms) are found to be 143, 129, 92, and 65 emu/g under an applied
magnetic field of 10 kOe, respectively, whereas those of Co–Fe–Ni–P
sample nos. 1′–4′ are reduced to 36, 35, 32, and 17 emu/g, respec-
tively. Moreover, as measured from the magnetization hysteresis
loops, the coercive field (Hc) of Co–Fe–P and Co–Fe–Ni–P samples
with different Davg are shown in Figs. 6(c) and 6(d), respectively.
With increasing GGI volume fractions or decreasing Davg, Ms and
Hc of NGs would increase and decrease, respectively, which can
be attributed to the distinct atomic and electronic structures of
GGI regions as affected by their volume fractions, as analyzed by
Mössbauer spectra. In other words, the magnetism of GGIs could
much differ from those of glassy grains. Meanwhile, Ms and Hc of
Co–Fe–Ni–P samples are found to be significantly decreased and
increased as compared to those of Co–Fe–P samples with similar
Davg, also suggesting that the magnetism of GGIs in Co–Fe–Ni–P
samples could be dramatically different from those in the corre-
sponding Co–Fe–P samples after the addition of alloying element
Ni. The results also demonstrate that the soft magnetic properties
of Co–Fe–P NGs are superior and can be further improved by the
reduction in Davg without the addition of alloying element Ni.

To further investigate the size effects on the soft magnetic prop-
erties of NGs, complex permeability (μ = μ′ − jμ′′) spectra as a
function of frequency f = 2πω of Co–Fe–P samples with differ-
ent Davg are measured as well, and the real permeability (μ′) and
imaginary permeability (μ′′) can be calculated using the following
equations:

μ′ = Ls/L0 = Lsle/μ0N2Ae, (1)
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FIG. 6. Magnetization curves and coercive fields Hc at 300 K in (a) and (c), respectively, for Co–Fe–P, and in (b) and (d), respectively, for Co–Fe–Ni–P samples with different
Davg. The insets in (a) and (b) show Ms dependence on Davg.

FIG. 7. (a) Schematics of preparation of ring-shaped Co–Fe–P samples for measuring complex permeability spectra. (b) Real permeability μ′ and magnetic loss (tan δμ) for
Co–Fe–P sample nos. 1–4 with different Davg.
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μ′′ = Rs/ωL0 = Rsle/ωμ0N2Ae, (2)

where Ls is the self-inductance of sample core, Rs is the self-
resistance of sample core, L0 is the inductance of winding coils
without sample core derived from geometry, N is the number of
turns of the coils, Ae is the cross-sectional area, and le is the mean
flux density path of a ring sample. Figure 7(a) illustrates the fab-
rication and the measurements of complex permeability spectra
for the ring-shaped samples. As shown in Fig. 7(b), μ′ of samples
are found to increase with decreasing Davg, suggesting that GGIs
could much enhance the magnetism of NGs. Moreover, an appar-
ent shift of resonance frequency (fr) of μ′, marked by arrows, toward
lower frequencies with smaller Davg or higher amounts of GGIs
can be observed, which are attributed to Snoek’s limit ( fr ∝ 1/μ).50

Figure 7(b) also demonstrates the magnetic loss (tan δμ = μ′′/μ′) for
sample nos. 1–4, which may be simply expressed as the sum of eddy
current loss (tan δe), hysteresis loss (tan δc), and residual loss (tan
δr) in the samples. However, tan δe and tan δr, which are related to
domain walls and spin rotational resonances, respectively, are typ-
ically small and are dependent on the electrical resistivity of the
sample. Thus, the differences among tan δe and tan δr for sample
nos. 1–4 could be negligible. Therefore, tan δc, which is related to
Hc or the soft magnetic properties of Co–Fe–P samples, could dom-
inate tan δμ of sample nos. 1–4. As can be seen in Fig. 7(b), tan δμ of
nanostructured sample no. 1 is the lowest among all samples, which
could be significantly reduced to ∼0.2 at f = 10 MHz. With increas-
ing Davg, tan δμ at f = 10 MHz increases to ∼0.27, ∼0.36, and ∼0.42
for sample nos. 2–4, respectively, resulting from the increase in their
Hc as determined from the aforementioned magnetization hystere-
sis results. More importantly, for sample nos. 2–4, a prominent peak
of tan δμ, marked by arrows in Fig. 7(b), can be characterized at
∼1.5 MHz. By subtracting the background of tan δμ, the intensities
of this peak for sample nos. 2–4 are estimated to be 0.006, 0.012,
and 0.034, demonstrating that GGIs could have played an impor-
tant role in the magnetic loss. The results further demonstrate that
the soft magnetic properties could be much improved by forming
NGs with Davg < 100 nm where GGIs exist with a large volume
fraction.

IV. CONCLUSION
In summary, micro- and nano-structured Co–Fe–P and

Co–Fe–Ni–P samples with different Davg are synthesized by DC
and pulse electrodepositions. The effects of Davg and the addition
of alloying element Ni on the structural, thermodynamic, and mag-
netic properties of NGs are studied. The reduction in Davg is found
to improve the soft magnetic properties of NGs significantly. Möss-
bauer’s analyses have demonstrated that the atomic and electronic
structures of GGIs in the NGs are different from those of glassy
grains, resulting in much lower magnetic losses in nano-structured
Co–Fe–P samples.
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