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The soft magnetic properties of Fe-based metallic glasses are reduced significantly by external and residual
stresses, e.g., the susceptibility decreases and coercivity increases, which limits their application severely.
Unraveling the micromechanism of how the stress influences the soft magnetic properties is of great help for
enhancing the performance of Fe-based metallic glasses. In this work, we investigate the effect of viscoelastic
heterogeneity on the motion of magnetic domain wall surrounding nanoindentations. Compared to the matrix,
dissipation of the viscoelastic heterogeneity increases toward the nanoindentation. Meanwhile, the motion of
domain wall under external magnetic field becomes more difficult toward the nanoindentations. A correlation
between the viscoelastic dissipation and the moving ability of magnetic domain walls is observed, which can
be well fitted using magnetoelastic coupling theory. This suggests that manipulating the microscale viscoelastic
heterogeneity is probably a helpful strategy for enhancing the soft magnetic properties of metallic glasses.
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I. INTRODUCTION

Metallic glasses are a family of advanced materials that have
been applied as soft magnetic materials, catalysts, and wear-
and corrosion-resistant coatings [1–5]. The Fe-based metallic
glasses with good soft magnetism have attracted considerable
research interests and been widely applied in electrical indus-
try. Extensive efforts have been done to explore new metallic
glasses with excellent soft magnetic properties [6–8]. How-
ever, even for the same alloy composition, the soft magnetic
properties of metallic glasses ribbon fabricated using different
techniques can be distinct from each other. The residual stress,
arising from nonequilibrium fabrication process and manu-
facture procedure, can reduce the soft magnetic performance
of metallic glasses [9,10]. Appropriate annealing is generally
able to release the residual stress and is helpful for improving
soft magnetic properties [3,11,12]. But, annealing usually
causes brittleness and it requires tremendous experimental
work to obtain the optimal annealing procedure [13–15].
Unraveling the interaction mechanism between residual stress
and magnetic properties can avoid these drawbacks caused
by annealing and is helpful for optimizing the producing and
manufacturing procedures of soft magnetic metallic glasses.

Even though it has obtained large success for studying
the structure-properties relation for crystalline materials, it
remains a challenge for metallic glasses due to the lack
of suitable structure orders. A series of significant results
have proved the existence of microstructural heterogeneity
in metallic glasses [16–18]. The statistical analysis of the
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viscoelastic heterogeneity exhibits a good scaling character
[16,19,20], which can be characterized quantitatively as an
order parameter. Such viscoelastic heterogeneity is found to
have close relation with other properties of metallic glasses,
such as crystallization, flow units, and relaxation modes
[20–22]. On the other hand, the macrosoft magnetic properties
have been found to have close relation with the motion of
magnetic domain walls [23,24]. It usually exhibits bad soft
magnetic properties and requires larger external magnetic
field to drive the movement of domain walls if there is
coupling/pinning between the domain wall and structural
heterogeneity (i.e., defects) [23,25,26]. Recent experimental
results confirm that annealing is effective in modifying the
viscoelastic heterogeneity [19,20]. This is probably associated
with the change of soft magnetism upon annealing for Fe-based
metallic glasses, which has yet to be verified. It is interesting
to study whether the viscoelastic heterogeneity influences the
motion of magnetic domain walls during magnetization.

In this work, the magnetic domains surrounding the nanoin-
dentations of soft magnetic Fe-based metallic glasses are
studied using magneto-optic Kerr microscope. The nanoscale
viscoelastic heterogeneities surrounding the nanoindentations
are studied using an amplitude-modulation atomic force mi-
croscope (AM-AFM). Clear correlation is found between the
evolution of viscoelastic heterogeneity and the motion of
domain wall under magnetic field. The underlying physical
mechanism is analyzed quantitatively.

II. METHODS

The Fe73.5Si13.5B9Nb3Cu1 ribbon was fabricated by the
single-roller quenching method. The amorphous state was
confirmed by the x-ray diffraction and differential scanning
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calorimetry. The free surface of as-spun ribbon with a mirror-
like smoothness was studied in this work. The influence of
surface roughness on phase shift is negligible; see Fig. S1 in
Supplemental Material [27]. The magnetic domain structure
was measured by digitally enhanced 950MT magneto-optic
Kerr microscope in the mode of longitudinal Kerr effect
with vertical sensitivity. The viscoelastic heterogeneity of
the metallic glass ribbon was investigated using AM-AFM,
produced by Bruker Company [16,19,20]. The probe tip is
silicon with a force constant of about 40 N/m. The probe tip
is very sharp with a curvature radius of about 2 nm, which is
able to detect nanoscale heterogeneity. The energy dissipation
(Edis) of viscoelasticity is calculated using the phase shift in
AM-AFM measurement [28,29], Edis = (sinϕ − A

A0

ω
ω0

)πkAA0
Q

,
in which Edis is the nanoscale energy dissipation; ϕ is the
phase shift between the external excitation and the tip response;
k is the spring constant of cantilever; Q is the quantity
factor; A and A0 represent the setpoint and free amplitude,
respectively; ω and ω0 represent the driving and resonant
frequency. The energy dissipation of single-crystal silicon has a
much narrower distribution that denotes a more homogeneous
structure compared to Fe-based metallic glass; see Fig. S2 [27].
Indentations with different sizes from r = 0.7 to 1.8 μm were
made on the free surface of ribbon using an MTS Nano In-
denter G200 machine equipped with a Berkovich indenter; see
Fig. S3 [27].

III. RESULTS

It is well known that an indent will cause stress gradient in
its vicinity [30–32], especially when shear bands exist which
can cause long-range stress gradient [33,34]. As shown in
Figs. 1(a)–1(c), we make nanoindentations with different sizes
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FIG. 1. The morphology of domain walls surrounding the nanoin-
dentation. The indentation sizes are (a) r = 0.7 μm, (b) r = 1.1 μm,
and (c) r = 1.8 μm, respectively. The dashed circles highlight the
radius (R) of the area with distorted domain walls. (d) The relation
between R and r , which is well fitted by a linear equation with a slope
of 7.9. Inset: a representative morphology of nanoindentation.

on the surface of an Fe73.5Si13.5B9Nb3Cu1 ribbon and control
the nanoindentation dimension to manipulate the size of the
stress gradient field. The energy density of a magnetic material
can be expressed as F = FH + Fσ + Fw [35], where FH is
energy caused by external magnetic field, Fσ is magnetoelastic
energy, Fw is domain wall energy. For equilibrium state of
domain structure, δF = δFH + δFσ + δFw = 0. When ap-
plying an indentation (at δFH = 0), it causes stress gradient
along the radial direction, with ∂Fσ

∂r
�= 0 and ∂Fσ

∂ζ
≈ 0 (r is the

radial distance from indentation, ζ is the polar angle). The
magnetoelastic energy is given as Fσ = − 3

2λσcosθ , where λ

is the magnetostriction constant, σ is stress, θ is the angle
between stress and magnetization direction. To make the
magnetoelastic energy minimum, the magnetization direction
is always parallel or antiparallel to stress. Thus, it usually forms
180◦ domain wall which is confirmed by Kerr microscope.
To keep the wall energy unchanged, δFw = −δFσ = 0, the
domain wall tends to align with the contour of stress gradient in
the ζ direction because of ∂Fw

∂ζ
= ∂Fσ

∂ζ
≈ 0. The radius (R) of the

distorted magnetic domains surrounding the nanoindentation
reflects the stress gradient radius. It can be seen that the size of
the magnetic domain distortion increases with the indentation
size (r). The R exhibits a linear relation with r , as shown in
Fig. 1(d). For nanoindentations with radius from 0.7 to 1.8 μm,
the R/r ratio remains about 7.9.

To study the influence of residual stress on domain wall,
external magnetic fields are applied to measure the motion of
domain wall around the indentations. As shown in Figs. 2(a)–
2(h), the magnetization is determined by the moving of domain
walls. For example, the domain wall moves by about �L =
1.7 μm when the magnetic field increases from 10 to 20
Oe. The moving ability of the domain wall under external
magnetic field is defined by �L/�H , which is proportional
to susceptibility [35–37]. Figure 2(i) shows �L/�H versus
the distance between domain wall and indentation. At zero
external magnetic fields, the domain wall surrounding the in-
dentation usually connects with the original stripelike domains;
see Fig. 2(a). This induces large errors in determining the
displacement of the domain wall. Thus, the data of �L/�H

when the external field increases from 0 to 10 Oe are not
included in Fig. 2(i). It is found that the domain wall is more
difficult to move when it gets closer to the nanoindentation,
which denotes the decrease of susceptibility. We further found
that when the external field is applied along the longitudinal
direction (see Fig. S3 [27]), the value of �L/�H is larger
than that for the transversal direction, which confirms the shape
anisotropic magnetization characters [9,38,39].

To detect the evolution of microstructure under the driving
of nanoindentation, the viscoelastic behavior of the metallic
glass is studied using AM-AFM. The Edis represent the viscous
character of metallic glass which is related to the concentration
of flow units or free volume [40,41]. The viscoelastic behavior
at different locations is measured along the line illustrated in
Fig. 3(a). The corresponding energy dissipation images are
displayed in Figs. 3(b)–3(f), respectively. The dimensions of
each scanning image are about 175 × 175 nm. Close to the
nanoindentation, the average Edis is larger than that far from
the nanoindentation. This suggests that the stressed metallic
glasses close to nanoindentations become more viscous, which
is consistent with Refs. [30,40].
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FIG. 2. Motion of domain walls under magnetic field. (a)–(h) The morphology of domain wall under the different magnetic fields, the
nanoindentation is r = 1.8 μm. The arrow on the left illustrates the magnetic field (H ) direction. (i) The moving ability (�L/�H ) of domain
wall under transverse field for three nanoindentions with different dimensions.

FIG. 3. Nanoscale viscoelastic heterogeneity surrounding the nanoindentation. (a) The illustration of positions for AFM measurements for
the nanoindentation with r = 0.7 μm. (b)–(f) The viscoelastic energy dissipation measured in different sites in parts (a), (b) d = 1.7 μm, (c)
d = 2.7 μm, (d) d = 3.7 μm, (e) d = 4.7 μm, and (f) d = 5.7 μm, respectively. The color bar represents the energy dissipation; unit is eV.

063601-3



S. OUYANG et al. PHYSICAL REVIEW MATERIALS 2, 063601 (2018)

0 6 12 18 24
40

45

50

55

60

65

70

75

E
pk di

s
(e

V)

(b)

r = 0.7
m

r = 1.1
m

r = 1.8
m

14.8 m9.1 m5.7 m

d ( m)

18 28 38 48 58 68 78 88 98
0.00

0.01

0.02

0.03

0.04

r = 0.7 m

Edis (eV)

0.7 m
1.7 m
2.7 m
3.7 m
4.7 m
5.7 m
6.7 m
7.7 m
9.7 m

PD
F

(a)

FIG. 4. (a) The probability density function (PDF) of energy
dissipation and the Gaussian fitting for indentation with r = 0.7 μm.
(b) The peak value of the energy dissipation (Epk

dis) versus the distance
(d) from the nanoindentation center.

Figure 4(a) presents the probability density function (PDF)
of the dissipation energy surrounding nanoindentation with
size of r = 0.7 μm, which can be well fitted by Gaussian
distribution. The dissipation energy PDF of other nanoindenta-
tions can be found in Fig. S5 [27]. Figure 4(b) shows the peak
value of energy dissipation (Epk

dis) versus the distance (d) from
the nanoindentation center to the AFM measurement site. A
larger nanoindentation induces larger dissipation energy. Away
from the nanoindentation, the energy dissipation decreases
and finally reaches a constant. The distance where the energy
dissipation becomes a constant is determined to be about 5.7,
9.1, and 14.8 μm for nanoindentations with r = 0.7,1.1, and
1.8 μm, respectively. These distances are in good consistence
with the radii of domain distortion (R, shown in Fig. 1). This
denotes that there may be correlation between the distortion of
domain wall and the viscoelastic properties.

As shown in Fig. 5(a), the moving ability of domain wall
(�L/�H ) exhibits clear relation with the dissipation energy
(Epk

dis). This suggests that the viscoelastic behavior plays an
important role in affecting the motion of magnetic domain
walls. It is noteworthy that the data for three nanoindentations
with different size in Fig. 5 do not overlap each other, which
indicates that there are probably other factors also influencing
the motion of magnetic domain walls. For example, structural
defects (e.g., hole) without residual stress can also influence
the motion of magnetic domains [42,43]. But, the radius of
influence areas are about 3–4 times of the defect dimension
[42], which are much smaller than the range observed here.
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FIG. 5. Correlation between domain wall motion and dissipation
energy. (a) The domain wall moving ability (�L/�H ) versus the E

pk
dis.

(b) The domain wall moving ability normalized by nanoindentation
size (�L/�H/r) versus E

pk
dis, the data can be fitted by magnetoelastic

coupling theory with equation of y = 5.9/(x − 30.4).

It is interesting to find that if �L/�H is normalized by the
dimension (r) of the nanoindentation, the data overlap each
other, as is shown in Fig. 5(b). Thus, the viscous character of
metallic glasses probably plays an important role in controlling
the motion of magnetic domain walls.

IV. MAGNETOELASTIC COUPLING THEORY ANALYSIS

For the magnetization controlled by the displacement of
domain wall (confirmed in Fig. 2), it gives [35]

2μ0Ms�H = ∂2γw

∂x2
�L

and

�MH = 2MsS‖�L.

The susceptibility is given as χ = �MH

�H
= 4μ0M

2
s

∂2γw

∂x2

S‖ =
2MsS‖
�H

�L.
So, the mobility of domain wall under external field is

proportional to the susceptibility (χ ) �L/�H/r = C0χ , with
C0 = 1

2MsS‖
a constant related to the saturated magnetization

(Ms = 1.24 T [44]) and the area of domain wall (S‖).
The susceptibility for stress-controlled domain wall motion

is given by χ = C1
σ

[35], with C1 = 2
3π2

la
δλs

μ0M
2
s a constant

related to the saturated magnetization, λs = 20 × 10−6 is
saturated magnetostriction constant [44], l is the width of
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FIG. 6. (a)–(d) Low magnification AFM images at tensile states
of γ = 0, 0.33%, 0.66%, and 1%, respectively. A mark (highlighted
by the arrow) is selected to make sure the same area is studied.
(e)–(h) High magnification AFM images for the same selected
area [red squared zone in (a)–(d) images] at tensile states of γ =
0, 0.33%, 0.66%, and 1%, respectively.

magnetic domain, a represents the probability of a domain
wall locating at stress minima and S‖ = a/l, δ is the thickness
of domain wall.

To determine the stress quantitatively, we studied the
viscoelastic characters in situ during tensile stress. A draw-
ing clamp is designed to perform the tensile test, which is
compatible with AFM test; see Fig. S6 [27]. The tensile
displacement is controlled using a micrometer with a precision
of 1 μm. The AFM images of viscoelastic characters at various
tensile stresses are shown in Fig. 6. The statistical analysis
about the dissipation energy is shown in Fig. 7. It is shown
that the dissipation energy peak shifts to the larger Edis side
and the peak height decreases when the tensile stress increases.
The relationship between the peak value of dissipation energy
(Epk

dis) and tensile strain is shown in Fig. 7(b), which can be well
fitted using a linear equation E

pk
dis = 300γ + 30.4. Then, the

relation between Edis and stress is given as Edis = C2σ + C3,
with C2 = 300/Y (Y ≈ 110 GPa is the Young’s modulus of
metallic glass [45]), and C3 = 30.4 are constants (see Fig. 7).

Then, it gives �L/�H/r = C0C1C2
(Edis−C3) .

As shown in Fig. 5(b), this equation fits the experimental
data well, with parameters of C0C1C2 = 5.9 and C3 = 30.4.

Furthermore, the thickness of domain wall (δ) can be
estimated according to the fitting result of Fig. 5(b),

5.9 × 1.6 × 10−19 × 104

= C0C1C2 = 2

3π2

la

δλs

μ0M
2
s 300

Y2MsS‖

= 0.068l2

δ × 20 × 10−6

4π × 10−7 × 1.242 × 300

110 × 109 × 2 × 1.24
.

Given that the width of domain is about l = 12 μm, see
Figs. 1 and 2. The thickness (δ) of domain wall is estimated to
be about

δ = 1

5.9 × 1.6 × 10−19 × 104

×0.068 × (
12 × 10−6

)2 × 4π × 10−7 × 1.242 × 300

20 × 10−6 × 110 × 109 × 2 × 1.24

= 36 × 10−9 m.
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FIG. 7. (a) Statistical counts versus dissipation energy (Edis) for representative tensile states (tensile strain: 0, 0.33%, 0.66%, and 1%). The
solid curves are fitting results by Gaussian equation. (b) The peak value of dissipation energy (Epk

dis) versus tensile strain (γ ). The data can be
fitted well by linear equation E

pk
dis = 3γ + 30.4.
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It is noteworthy that the thickness of the domain wall is
comparable to the size of zones with high dissipation energy
(flow units), which suggests that there are probable coupling
effects between them. It has been believed that the domain
walls in soft magnetic metallic glasses are wide, and nanoscale
inhomogeneity can be averaged out [3]. However, our results
confirm that the thickness of the domain wall is comparable
to the characteristic dimension of viscoelastic heterogeneity
which cannot be averaged out.

In summary, we have studied the influence of the resid-
ual stress surrounding the nanoindentation on the motion of
magnetic domain wall of an Fe-based metallic glass. We find
that the viscoelastic heterogeneity is a good parameter to
characterize the change of structure under stress. A correlation
between the viscoelastic heterogeneity and motion of domain
walls is observed, which can be well fitted by the magne-
toelastic coupling theory. The viscoelastic heterogeneity is
a key character influencing the mobility of the domain wall
and an important parameter for evaluating the strength of

magnetoelastic effect in metallic glasses. These results suggest
that manipulation of the nanoscale viscoelasticity is probably
a new route to improve the soft magnetic properties of metallic
glasses.
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