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Atomic surface mobility of glasses plays an important role in understanding glass dynamics and determining many fundamental 
processes on the surface. However, the diffusion dynamics at the free surface in marginal glasses remains unknown due to 
limited glass formation ability. In this study, we systematically investigate surface diffusion and relaxation behavior in four 
marginal glass-forming Fe-based metallic glasses with great application potential. Surface diffusion rates in marginal glass- 
forming Fe-based metallic glasses are significantly faster than those of stable metallic glasses. For the first time, an abnormal β t 
relaxation mode with thermal activation character is identified between α and β relaxation. Strikingly, the activation energy of 
surface diffusion matches that of β t relaxation. A mechanism involving cooperative cluster motion associated with β t relaxation 
is proposed to explain the ultrafast surface diffusion. These results establish a direct correlation between surface diffusion and 
bulk relaxation, providing a basis for tailoring surface properties in metallic glasses. 
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1  Introduction  

Metallic glasses (MGs) have attracted extensive attention 
owing to their outstanding physical and chemical properties 
[1-4]. Among various MGs, Fe-based MGs are a unique and 
crucial family distinguished by their superior yield strength, 
high thermal stability, remarkable corrosion resistance, and 
excellent soft magnetic properties. It makes Fe-based MGs 

widely applied in various new material fields, such as soft 
magnetic applications, wear-resistant and corrosion-resistant 
coatings, biomedical materials, precision gear micro-motors, 
fine and precise polishing media, and catalysts [5-7]. The 
related studies have become the focus of academic and in
dustrial research in the area of MGs. Especially in the high- 
frequency and high-power electronics field, Fe-based MGs 
and their nanocrystalline derivatives with high magnetic 
permeability and low coercivity exhibit exceptional ad
vantages compared to other soft magnetic materials [8-10]. 
Nevertheless, the electromagnetic field distribution becomes 
surface-dominated due to the skin effect at extremely high 
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frequencies [11-13], leading to increased energy loss. Thus, 
the challenges that Fe-based MGs encounter in the high- 
frequency applications are closely related to the surface 
dynamics [14,15]. Meanwhile, considering that most Fe- 
based MGs are marginal glass-formers with limited glass- 
forming ability, requiring extremely high cooling rates to 
avoid crystallization, their inherent surface crystallization 
tendency is also linked to surface dynamics [16-18]. Con
sequently, understanding the surface dynamics of Fe-based 
MGs is crucial for soft magnetic applications. Despite the 
critical need, the surface dynamics of Fe-based MGs remains 
largely unexplored due to their marginal glass-forming 
nature. 

Understanding the structure-dynamics correlation remains 
a fundamental goal in glassy materials research. Notable 
advances in bulk dynamics of MGs contrast with the un
charted structural-dynamical mechanisms governing their 
surface regions [19-21]. Surface dynamics, especially for the 
surface diffusion, underpin numerous physical processes, 
including surface dissipation, surface crystallization, surface 
failure, and the fabrication of ultrastable glasses [22-26]. 
Extensive research has demonstrated that surface diffusion in 
various glasses exceeds their bulk counterparts by 3-5 orders 
of magnitude [27-35]. The fast surface dynamics may lead to 
a different microstructure between the surface and the in
terior of MGs, giving rise to a spectrum of surface-dictated 
functionalities ranging from enhanced catalytic activity to 
tunable tribological performance. From this perspective, the 
discovery of significantly enhanced surface diffusion dy
namics in glass materials stands as one of the most impactful 
theoretical developments in condensed matter physics over 
recent decades. Moreover, the universal enhancement of 
surface diffusion exhibits a strong correlation with bulk 
fragility [32]. On the one hand, Considering the established 
correlation between bulk fragility and relaxation dynamics 
[35,36], surface diffusion dynamics can be effectively tuned 
through manipulation of bulk relaxations. On the other hand, 
in contrast to stable MGs, several studies have reported that 
there exist more complex and unexpected relaxation patterns 
in marginal glass-forming Al- and LaGa-based MGs [37-39]. 
However, for these marginal glass-forming MGs, the influ
ence of complex relaxations on surface diffusion dynamics 
remains an open question. Recently, the experimental strat
egy based on the annealing-induced decay of surface gratings 
and scratches has been successfully used to determine the 
surface diffusion dynamics in various glass materials [29- 
32]. Therefore, this strategy provides a good opportunity to 
detect the unknown surface diffusion dynamics in marginal 
glass-forming glasses. 

In this work, by taking one typical marginal glass-forming 
Fe-based MG system (FINEMET) with significant applica
tion potential as the model material, we systematically in
vestigated the surface diffusion dynamics and corresponding 

relaxation characteristics by combining annealing-induced 
decay of surface scratches with dynamic mechanical analy
sis. It was found that the surface diffusion rates of these 
marginal glass-forming Fe-based MGs are significantly 
faster than those of other stable MGs. By comparing the 
activation energies of surface diffusion and various bulk 
relaxation modes, we revealed that the ultrafast surface dif
fusion is determined by an abnormal relaxation mode related 
to the cooperative cluster motion. Finally, one simple scheme 
was proposed to illustrate the relationship between surface 
diffusion dynamics and bulk relaxation dynamics in mar
ginal glass-forming MGs. 

2  Materials and method  

2.1  Material preparation and structural characteriza
tion   

Master alloy ingots with four nominal compositions of 
Fe 77.5Si 13.5B 9, Fe 76.5Si 13.5B 9Cu 1, Fe 74.5Si 13.5B 9Nb 3, Fe 73.5Si 13.5B 9- 
Cu 1Nb 3 (at.%) were fabricated by induction melting with the 
mixture of pure Fe, Si, B, Nb, and Cu under an argon at
mosphere. The used metals are 99.9% pure. Subsequently, 
the homogenized ingots were separately sectioned and cut 
into smaller pieces. One of these smaller pieces was used to 
prepare the ribbon samples by single-roller melt spinning 
method at a tangential speed of 45 m s −1. The dimensions of 
the obtained ribbons are 2 m × 2 mm × (20-30) μm 
(length×width×thickness). 

The chemical compositions of the prepared ribbons were 
confirmed by energy-dispersive spectroscopy (EDS, ZEISS, 
EVO18). The glassy nature of these ribbon samples was 
verified by X-ray diffraction (Bruker, D8 Advance) and 
transmission electron microscope (FEI, Tecnai F20). Figures 
1(a), S1, and S2 (Supplementary Information) clearly con
firm that all prepared and annealed ribbons are amorphous. 
The thermodynamic properties were measured by a differ
ential scanning calorimeter (NETZSCH, DSC 404F1) at a 
heating rate of 20 K min −1. The onset temperatures of the 
primary crystallization T x are marked by arrows with detailed 
values (Figure S3). Notably, no distinct glass transition is 
observed for all Fe-based MGs in this work, a typical char
acteristic of the marginal glass former. The glass transition 
temperature T g was therefore determined through stress re
laxation analysis, as shown in Figures S4 and S5. The de
tailed estimation method was provided in the Supplementary 
Information. The values of T g and T x are included in Table 1. 

2.2  Measurement of surface diffusion dynamics  

The measurements of surface diffusion dynamics were per
formed on the atomic force microscope (AFM, Vecco Di
mension 3100, Bruker) according to the method of 
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annealing-induced decay of surface scratches [27]. Here, we 
applied this scratch-smoothing method in view of its ad
vantages compared to other experimental methods. Surface 
diffusion characterization methods can be categorized into 
two types: direct detection (e.g., scanning tunneling micro
scopy (STM), field ion microscopy (FIM)) and indirect de
tection (e.g., scratch-smoothing, tracing atoms [27,40-43]. 
However, the methods based on STM and FIM hinder not 
characterization of collective diffusion behaviors due to the 
amorphous nature of MGs. For the tracing atoms method, it 
is challenging to implement the tracing-atoms due to low 
solubility and diffusion rates in MGs. In contrast, the AFM- 
based scratch-smoothing approach provides direct, non-de

structive measurement of surface diffusion at the nanoscale. 
What is more, it avoids bulk diffusion interference by re
stricting scratch depth to < 20 nm, a critical feature for iso
lating surface dynamics in marginal glass-forming MGs. The 
applied AFM tips includes: (1) AFM tip for scratch preparing 
by contact mode: antimony (n) doped Si with a curvature 
radius of about 30 nm and a force constant of about 
200 N m −1 (RTESPA-525-30, Bruker); (2) AFM tip for 
surface topography characterization by tapping mode: 
phosphorus (n) doped Si with a curvature radius of about 
8 nm and a force constant of about 400 N m −1 (NSC15/Al 
BS, Bruker). The sensitivity coefficient of all the applied 
AFM tips was determined by the thermal tuning method. 

Figure 1 (Color online) Surface diffusion measurements of marginal Fe-based MGs. (a) Atomic force microscope (AFM) images of the evolution of the 
prepared scratch on the surface of Fe 73.5Si 13.5B 9Cu 1Nb 3 MG at 770 K with different annealing times. The scale bars in AFM images are 250 nm. HRTEM 
images of as-quenched and annealed samples at 770 K for 720 s are shown below AFM images and the insets show the corresponding selected area electron 
diffraction patterns (the scale bars are 5 nm −1). (b) Evolution of the cross-sectional morphology of the prepared scratch on the surface of Fe 73.5Si 13.5B 9Cu 1Nb 3 

MG along the yellow dashed arrows in Figure 1(a) at 770 K with different annealing times. h 0 and W 0 represent the depth and width of the scratch of the as- 
cast sample, respectively. W x represents the width of samples at different annealing times. (c) Scratch width evolution with different annealing times at 
different temperatures. The experimental data is fitted by eq. (S1) (Supplementary Information) and the corresponding surface diffusion coefficient D S is 
included. (d) Plot of the measured D S and temperature. The solid line represents the best fit according to the Arrhenius equation of D S = D 0exp(−E S/kT).  

Table 1 List of glass transition temperature T g, crystallization temperature T x, surface diffusion activation energy E S, β relaxation activation energy E β, β t 
relaxation activation energy E β t for marginal Fe-based MGs in this work 

Composition T g (K) T x (K) E S (eV) E β (eV) E βt (eV) 

Fe 77.5Si 13.5B 9 743 783 2.80 ± 0.23 2.16 ± 0.14 2.81 ± 0.09 

Fe 76.5Si 13.5B 9Cu 1 703 733 2.35 ± 0.19 1.71 ± 0.09 2.31 ± 0.07 

Fe 74.5Si 13.5B 9Nb 3 828 857 2.84 ± 0.17 1.98 ± 0.15 2.78 ± 0.11 

Fe 73.5Si 13.5B 9Cu 1Nb 3 768 788 2.78 ± 0.05 2.11 ± 0.04 2.74 ± 0.09   

Y. Wang, et al. Sci. China-Phys. Mech. Astron. December (2025) Vol. 68 No. 12 126111-3  



Before fabricating scratches and characterizing the surface 
morphology, it is essential to confirm the surface conditions, 
including the surface roughness. The applied ribbon samples 
in this work exhibit an atomic-scale roughness as seen in 
Figure S6, satisfying the experimental requirements with 
ultra-low surface roughness. All of the AFM measurements 
were conducted in the ultra-clean room condition with the 
temperature of (23 ± 1)°C. 

To avoid surface crystallization during isothermal an
nealing, the ribbon samples were annealed for less than 
15 min at different temperatures below T x. As shown in 
Figures 1(a) and S2, the ribbon samples remain amorphous 
after 12-minute annealing. To eliminate contaminants and 
oxides on the surface of the prepared and annealed ribbon, in 
situ argon plasma cleaning was applied for 100 s. Surface 
diffusion coefficients were quantitatively determined by the 
scratch smoothing method [31,39,43]. By monitoring the 
evolution of scratch width during isothermal annealing, the 
surface diffusivity and corresponding activation energy can 
be deduced. To minimize the impact of bulk diffusion and 
shear bands, the scratch depth is restricted to 20 nm [44-47]. 
Isothermal annealing treatments at various temperatures 
were conducted in the tube-type annealing furnace under a 
vacuum below 5 × 10 −3 Pa to prevent the possible oxidation. 
EDS analyses revealed no increase in surface oxygen content 
during annealing (Figures S7 and S8). Additional details of 
scratch preparation and surface diffusion coefficient esti
mation were given in the Supplementary Information. 

2.3  Measurement of bulk relaxation dynamics   

The relaxation characteristics of the as-cast ribbons were 
measured on a dynamic mechanical analyzer (DMA, TA, 
DMAQ800) in tension mode in a nitrogen-flushed atmo
sphere. By precisely monitoring the viscoelastic response of 
amorphous materials under periodic deformation, the key 
mechanical parameters, including storage modulus (E′), loss 
modulus (E′′), and loss tangent (tanδ = E′′/E′) were obtained. 
The experimental design employed a multi-frequency tem
perature scanning protocol, where a controlled dynamic 
strain of ԑ = 0.01% was applied under a constant heating 
program (from 298 to 853 K). Through the time-temperature 
superposition principle, this methodology effectively eluci
dated the dynamic characteristics of internal relaxation be
havior in the material system. The activation energy 
spectrum for different relaxation events was characterized by 
measuring dynamical mechanical properties at frequencies 
of 0.1, 0.25, 0.5, and 1 Hz at the heating rate of 5 K min −1. 
Simultaneously, under stress relaxation conditions where an 
instantaneous strain was applied at constant temperature, the 
temporal decay of stress was systematically recorded. By 
employing the normalized stress relaxation function de
scribed through the Kohlrausch-Williams-Watts (KWW) 

equation, this approach provided an effective approach to 
reveal the dynamic heterogeneity of amorphous systems. 

3  Results and discussion  

3.1  Characterization of surface diffusion dynamics for 
marginal glass-forming Fe-based MGs  

Figure 1(a) shows a series of AFM images of the evolution of 
a prepared scratch on the Fe 73.5Si 13.5B 9Cu 1Nb 3 MG surface at 
the annealing temperature of 770 K for different time from 0 
to 720 s. The HRTEM image in the down-right corner con
firms the maintenance of amorphous structure after anneal
ing for 720 s. To quantitatively exhibit the scratch evolution, 
the surface profiles corresponding to different annealing 
times were acquired along the linear scanning path, as 
marked by yellow dashed arrows in Figure 1(a). Firstly, it is 
obvious that all the scratch profiles under different annealing 
times in Figure 1(b) exhibit an asymmetric morphology, 
which is induced by the scratch preparation procedure. Then, 
by tracking the scratch profiles, one can see that the evolu
tions of scratch width W and depth h exhibit opposite evo
lution paths. With the annealing time increases, the scratch 
depth decreases while the width increases, indicating the 
surface diffusion induced smoothing. Previous research re
veals that the scratch width is more reliable for analyzing the 
asymmetric scratch compared to the depth [39]. Herein, the 
surface diffusion rates for all marginal Fe-based MGs in this 
work were estimated based on the variations in the width of 
the prepared scratch.  

In addition to the annealing temperature of 770 K, surface 
diffusion rates at two additional temperatures (731 and 
783 K) were investigated to establish a correlation with 
temperature. The detailed evolution behaviors of the scratch 
widths at different annealing temperatures are plotted in 
Figure 1(c). According to eqs. (S1) and (S2), the surface 
diffusion coefficients D S were calculated as 5.74 × 10 −16 

m 2 s −1 for 731 K, 2.84 × 10 −15 m 2 s −1 for 770 K, and 3.53 × 
10 −15 m 2 s −1 for 783 K, respectively. The surface diffusion 
coefficient exhibits strong temperature dependence, sug
gesting that the surface diffusion for MGs is a thermally 
activated process. This is consistent with previous reports 
[30,31]. Based on eq. (S3) of Arrhenius temperature de
pendence of diffusivity, the activation energy of surface 
diffusion E S can be evaluated from the linear relationship 
between lnD S and 1000/T. As shown in Figure 1(d), the 
detailed value of E S for Fe 73.5Si 13.5B 9Cu 1Nb 3 MG in this 
temperature range was determined to be 2.78 ± 0.05 eV. 

Similar to the experimental strategy in Figure 1, the sur
face diffusion coefficients and corresponding activation en
ergies for Fe 77.5Si 13.5B 9, Fe 76.5Si 13.5B 9Cu 1, and 
Fe 74.5Si 13.5B 9Nb 3 MGs were also measured. The evolution of 
the scratch profile and corresponding surface diffusion ana
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lyses are detailed in Figures S9 and S10. The values of 
surface diffusion activation energy are summarized in Table 
1. For comparison, reported values of E S for Pd-based MGs 
are 0.93 eV (Pd 40Cu 30Ni 10P 20) and 0.83 eV (Pd 78Cu 6Si 16); for 
Au-based MG, E S is about 1.67 eV [30,31]. Comparative 
analysis demonstrates that the marginal glass-forming Fe- 
based MGs in this work exhibit significantly larger E S than 
those of other MG systems. A previous study has found that 
the activation energy for diffusion near a free surface is about 
half of that for bulk diffusion [48]. The observed correlation 
between bulk diffusion and T g suggests that the higher T g for 
Fe-based MGs means the slower bulk diffusion at the same 
temperature and larger activation energy of the bulk diffu
sion [33,34]. From this perspective, the activation energies of 
the surface diffusion for Fe-based MGs should be reasonably 
higher than those of other MGs.  

To compare the surface diffusion behaviors of different 
glasses, Figure 2 presents the evaluated surface diffusion 
coefficients for both non-metallic glasses and MGs at their 
respective T g. The D S at T g for Fe-based MGs in our work 
was obtained by extrapolating the Arrhenius fitting to higher 
temperatures, as detailed in the Supplementary Information. 
As illustrated in Figure 2, the D S at T g for Fe-based MGs 
ranges from 10 −14 to 10 −15 m 2 s −1. In contrast, D S for Pd- 
based MGs ranges from 10 −16 to 10 −18 m 2 s −1; for Au-based 
MG, D S is about 10 −17 m 2 s −1; for Cu-Zr MG, D S is about 
10 −17 m 2 s −1. Clearly, D S of marginal glass-forming Fe- 
based MGs is 1-4 orders of magnitude larger than those of 
other MGs, close to some organic glass. One should note that 
the T g determined by the stress relaxation method is different 
from the traditional DSC measurement. Herein, according to 
Figures S4 and S5, the heating process before the stress re
laxation includes two stages: stage I (fast heating) and stage 
II (slow heating). We can roughly divide the temperature 
change during the entire heating process by the time used to 
get an equivalent heating rate. For Fe 74.5Si 13.5B 9Cu 1Nb 3 MG, 
the value of the equivalent heating rate is about 20 K min −1, 
which is consistent with that in DSC testing. However, 
considering that the heating rate before stress relaxation is 
variable, the T g values obtained by the two methods differ. 
Nevertheless, within the range of the maximum and mini
mum heating rates before stress relaxation (62, 
0.64 K min −1), according to previous research results [48], 
the difference in T g is within a temperature range of 20 K. 
Within this T g difference range, the corresponding surface 
diffusion rate differs by less than an order of magnitude. In 
our work, the diffusion rates of Fe-based MGs are about four 
orders of magnitude faster than those of stable MGs. 
Therefore, although the T g determined by stress relaxation 
differs from that determined by DSC, when comparing the 
atomic mobility at T g between different MG families, it does 
not change the experimental result that the diffusion rates of 
Fe-based MGs are much faster. 

For MGs, the initial surface crystallization typically pre
cedes the inner crystallization [18,31,49-51]. This phenom
enon is particularly pronounced in marginal glass-forming 
Fe-based MGs with poor thermal stability [17,18]. The 
classical nucleation theory posits that surface defects, in
cluding vacancies and micropores, serve as preferential nu
cleation sites by effectively lowering the activation energy 
barrier for nucleation processes [52,53]. This fundamental 
mechanism explains the observed phenomenon of surface- 
dominated nucleation in some glasses. In the context of 
marginal glass systems, surface atoms exhibit enhanced 
diffusion kinetics due to reduced atomic constraints, en
abling spontaneous structural rearrangement that facilitates 
critical nucleus formation. Furthermore, this dynamic atomic 
rearrangement establishes a self-reinforcing mechanism 
whereby nascent nuclei progressively evolve into stable 
crystalline domains through continuous surface atom order
ing. Thus, the obvious surface crystallization in marginal 
glass-forming Fe-based MGs should be closely related to this 
ultrafast surface diffusion, which will be investigated in fu
ture work. 

3.2  Determination of bulk relaxation spectra for 
marginal Fe-based MGs  

Previous studies demonstrated that the surface diffusion in 
glasses exhibits a strong correlation with bulk fragility 
[32,34]. Specifically, glasses with varying fragilities exhibit 
distinct relaxation behaviors. It has been reported that sur
face diffusion in certain MGs is closely related to the typical 
faster relaxations within the bulk sample, such as the Johari- 
Goldstein β relaxation [25,33]. To investigate the correlation 
between surface diffusion and bulk relaxation behaviors in 
the marginal glass-forming Fe-based MGs, a series of DMA 
tests under different applied frequencies were conducted. 
The loss modulus E′′ as a function of temperature at fre
quencies of 0.1, 0.25, 0.5, and 1 Hz for four marginal glass- 
forming Fe-based MGs are displayed in Figures 3(a), (b), and 

Figure 2 (Color online) Comparison of surface diffusion coefficient D S at 
T g of different glassy materials.   
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S11, respectively. As shown in Figure 3(a), for 
Fe 73.5Si 13.5B 9Cu 1Nb 3 MG at 0.5 Hz, two distinct excess re
laxation wings (β, β t) are observed before the primary α 
relaxation according to the E′′-T curve. In dynamic me
chanical analysis of stress relaxation spectra, fitting of re
laxation mode typically requires multiple mathematical 
models, such as the Havriliak-Negami function, the Kohl
rausch-Williams-Watts equation [36]. Herein, we simply 
performed the profile fitting of the loss relaxation spectrum 
to guide the location of different relaxation modes by mul
tiple Gaussian functions, as shown in the bottom part of 
Figure 3(a). Meanwhile, to clearly identify the peak tem
perature value corresponding to different relaxation modes, 
the corresponding curve of dE′′/dT was also displayed in the 
upper part of Figure 3(a). Obviously, for Fe 73.5Si 13.5B 9- 
Cu 1Nb 3 MG at 0.5 Hz, there appear three different relaxation 
modes. It should be noted that only the primary α relaxation 
displays the peak-like shape corresponding to dE′′/dT = 0. 
For the other two relaxation modes with excess wing char
acter, only the minimum values appear within the dE′′/dT 

curve. To verify if the observed β t relaxation comes from 
structural relaxation during the heating process, the as-cast 
samples were annealed for 10 min at the peak temperature of 
β t relaxation. The corresponding DMA scan curve is shown 
in Figure S11. Clearly, the β t relaxation peak is still present 
after annealing and remains stable in the relaxed samples. 
This result directly rules out the possibility of a structural 
relaxation effect during the heating process. 

Furthermore, the corresponding reduced loss modulus 
spectra E′′/E u (E u is the loss modulus at room temperature) 
with temperature under the frequency of 0.1, 0.25, 0.5, and 
1 Hz are measured and displayed in Figure 3(b). Previous 
research reported that the relaxations before α relaxation 
feature as fast relaxation modes, which are easily activated 
by thermal and mechanical stimuli [36-38,54-56]. From 
Figure 3(b), with the applied frequency increasing, these two 
excess wings shift towards higher temperature, indicating 
their thermal activation character. To quantify the activation 
energy of these excess wing relaxations, the Arrhenius 
equation, lnw = lnw 0−E/kT (w = 2πf, f is the frequency) was 

Figure 3 (Color online) Relaxation behavior of the marginal Fe-based MG system. (a) Loss modulus E′′ spectrum of Fe 73.5Si 13.5B 9Cu 1Nb 3 MG at 0.5 Hz. 
The loss modulus spectrum is fitted by three different relaxation peaks, named as α, β t, and β relaxations. The upper magenta curve shows the plot of the 
derivation of loss modulus and temperature. The red arrow corresponding to the T x is drawn. (b) Reduced loss modulus spectra E′′/E u (E u is the loss modulus 
at room temperature) of Fe 73.5Si 13.5B 9Cu 1Nb 3 MG with testing frequencies of 0.1, 0.25, 0.5, 1 Hz where E u is the loss modulus at room temperature. The blue 
and green arrows give the evolution of the β and β t relaxation peaks. The inserted plot shows the activation energies of the β and β t relaxations. The red arrow 
corresponding to the T x is also drawn. (c) Plot of E/RT g and T g for marginal Fe-based MGs in this work. The blue and green dashed lines give the average 
values of E/RT g for the β t and β relaxations. (d) Comparison of surface diffusion activation energy E S and β t relaxation activation energy E βt for four marginal 
Fe-based MGs. The red line gives the linear fitting equation of x = y.  
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employed [56]. The peak temperature T p can be obtained 
from the partial differential curve of the loss spectrum, as 
shown in the inset of Figure 3(a). The detailed calculations of 
E β and E βt are inserted in Figure 3(b). Obviously, the first 
excess wing relaxation at a lower temperature exhibits a 
lower activation energy compared to the second excess wing 
relaxation. Similarly, the activation energies of the excess 
wing relaxations for the other three Fe-based MGs are de
termined (Figure S12) and summarized in Table 1.  

One should note that the heating rate is very important for 
the determination of the relaxation spectrum for the glass. In 
our work, the heating rates during DMA measurements are 
5 K min −1. Compared to the heating rate of DSC measure
ments (20 K min −1), these two heating rates are basically in 
the same order of magnitude, so the corresponding thermo
dynamic parameters, such as T x and T g, will not differ much. 
When the T x for all Fe-based MGs in our work are drawn in 
Figures 3(a), (b), and S12, it is interesting to find that the 
onset of T x coincides with the termination of the α relaxation. 
Thus, the α peaks shown in the loss modulus spectrum are 
not the complete α relaxation peak but only a part of the α 
relaxation. 

Before the primary α relaxation, there are several fast re
laxation modes, such as Johari-Goldstein β relaxation, fast β 
or γ relaxation in MGs [36]. The corresponding activation 
energy for the traditional Johari-Goldstein β relaxation in 
MGs is usually estimated using the empirical relationship E β 
= (26 ± 4)RT g [57]. To clarify if the two excess wing re
laxations observed in this work are Johari-Goldstein β re
laxation, Figure 3(c) plots E/RT g against T g. The average 
E/RT g for the first excess wing relaxation at the lower tem
perature is about 30, which is close to that of Johari-Gold
stein β relaxation. In contrast, the average E/RT g for the 
second excess wing relaxation at the higher temperature is 
about 41, significantly exceeding that of Johari-Goldstein β 
relaxation. Thus, two excess wing relaxations observed in 
marginal Fe-based MGs are named as β and β t relaxations, as 
shown in Figure 3(a), respectively. β t relaxation represents an 
abnormal and transitional relaxation mode that existed in 
marginal glass-forming Fe-based MGs.  

Recently, Sun et al. [37] found an anomalous relaxation α 2 

in the marginal Al-Sm MG. This α 2 relaxation is located at 
the temperature regime between α and β relaxations, related 
to the transition from coupling to decoupling of Al and Sm 
atomic motion. When the temperature crosses the α 2 re
laxation peak, the motion of Al and Sm atoms decouples. 
The decoupling of fast and slow motions constitutes the 
fundamental mechanism underlying structural non-equili
brium freezing during the glass transition process. It should 
be noted that, although both α 2 relaxation and β t relaxation 
are located between α and β relaxation, β t relaxation follows 
the Arrhenius equation with the temperature [58]. It means β t 
relaxation should be governed by the collective motion of 

larger sizes and clusters, similar to the string-like cooperative 
motion of β relaxation. In contrast, α 2 relaxation follows the 
similar relaxation behaviors of α relaxation, which should be 
the macroscopic flow behavior. Thus, these two relaxation 
modes are significantly different and the β t relaxation is an 
abnormal and unique relaxation mode in marginal glass- 
forming Fe-based MGs. 

3.3  Correlation between surface diffusion dynamics 
and bulk relaxation dynamics  

Previous research reported that surface diffusion is con
trolled by bulk fragility for various glasses, and stronger 
liquids have greater resistance to dynamic excitation from 
bulk to surface [32]. It means that there should be a close 
relationship between the surface diffusion dynamics and 
bulk relaxation dynamics. To clarify their relationship, we 
specially compared the activation energies of surface diffu
sion and the β t relaxations for the marginal glass-forming Fe- 
based MGs in Figure 3(d). Before this, we have noticed that 
the activation energies for surface diffusion are much larger 
than those of β relaxations. Surprisingly, nearly one-to-one 
correspondence is observed between E S and E βt rather than 
E β, as marked by the red line in Figure 3(d). The above result 
directly demonstrates that the surface diffusion for marginal 
glass-forming Fe-based MGs is governed by the diffusion 
mode similar to the abnormal bulk β t relaxation. 

Ngai et al. [59] observed that surface diffusion coefficients 
remain comparable across diverse glass systems despite 
significant variations in structural α-relaxation dynamics. 
They attributed this phenomenon to the dominant role of 
Johari-Goldstein β-relaxation, proposing that intermolecular 
coupling or cooperative effects are eliminated during surface 
diffusion processes. For stable Pd-, Au-, and Zr-based MGs 
with good glass formation ability, the enhanced surface dif
fusion behaviors can be well explained according to the Jo
hari-Goldstein β-relaxation. However, the surface diffusion 
mechanism we observed in marginal glass-forming Fe-based 
MGs appears distinct from the above stable MGs. The re
laxation spectra of marginal glass-forming Fe-based MGs in 
this work exhibits the characteristic of double excess wings. 
Previous studies suggest that the excess wing in MGs ori
ginates from a partially developed β relaxation [60]. Con
sidering that the β relaxation originates from the motion of 
string-like cooperative clusters while α relaxation corre
sponds to the macroscopic flow [36], the β t relaxation be
tween two relaxation modes should be associated with a new 
motion mode involving larger-sized and collective clusters 
rather than macroscopic flow. Meanwhile, the β t relaxation’s 
Arrhenius behavior suggests collective motion of larger 
structural units, analogous to the “string-like” cooperative 
motions proposed for β relaxation in fragile glasses [61]. 
During the formation of marginal glass-forming MGs, dy
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namic activation sites with enhanced structural fluctuations 
emerge. These abundant sites trigger relaxation in adjacent 
regions, allowing dynamic promotion effects to propagate 
along string-like pathways. This propagative behavior drives 
rapid relaxation of neighboring atoms and orchestrates col
lective cluster motions [61,62], thereby facilitating overall 
diffusion. Therefore, a schematic framework was proposed 
to illustrate the underlying mechanism of ultrafast surface 
diffusion dynamics from the comprehensive view of the 
potential energy landscape, the relaxation mode spectrum, 
and diffusion dynamics, as displayed in Figure 4. In marginal 
Fe-based MGs, in addition to the typical α and β relaxation 
(red and blue curved arrows), an anomalous β t relaxation 
mode with a larger activation energy than β relaxation 
(marked by green curved arrows) exists in both the bulk and 
surface. This unique relaxation mode is responsible for 
driving the ultrafast surface diffusion dynamics observed in 
marginal glass-forming Fe-based MGs. It should be noted 
that the above physical picture of the β t relaxation is merely a 
speculation based on the current experimental results and 
previous research progress. To clarify the microstructural 
physical mechanisms of β t relaxation, molecular dynamics 
simulation may be an excellent approach, which will be the 
focus of our next research. 

The discovery of ultrafast surface diffusion dynamics 
governed by an abnormal β t relaxation mode in marginal 
glass-forming Fe-based MGs may provide some enlight
enment for deeply understanding surface dynamics and 
promoting surface-related applications. First, our work es
tablishes a direct link between bulk relaxation and surface 
diffusion, offering transformative opportunities for practical 
applications of MGs by surface engineering strategy. For 
instance, controlling β t relaxation enables precise tuning of 
surface diffusion and even surface crystallization, optimizing 
high-frequency soft magnetic properties by suppressing 
coarse-grained structures [62-65]. Second, beyond magnet
ism, these findings unlock new pathways for designing cat
alytic materials with enhanced surface reactivity, enabling 
cold joining in additive manufacturing, and stabilizing ul

trastable glasses for advanced optical devices [23,52,58,66- 
68]. What is more, the identified correlation between bulk 
relaxation modes and surface dynamics serves as a founda
tional principle for tailoring functionalities across diverse 
fields, including energy storage, electronics, and nano
technology. Therefore, by bridging fundamental glass phy
sics with applied material design, this study should be 
helpful for starting a new era in surface-engineered MGs, 
where unprecedented control over surface properties drives 
innovation in next-generation devices. 

4  Conclusion  

In conclusion, we systematically studied surface diffusion 
dynamics and relaxation modes in four marginal glass- 
forming Fe-based MGs. It was found that the marginal glass- 
forming Fe-based MGs exhibit ultrafast surface diffusion 
rates, 1-4 orders of magnitude faster than those of stable 
MGs. For the first time, an abnormal β t relaxation mode is 
identified between α and β relaxations, with activation en
ergies matching those of surface diffusion. A cooperative 
cluster motion mechanism associated with β t relaxation is 
proposed to explain this unprecedented surface mobility. 
These findings not only establish a direct correlation be
tween bulk relaxation and surface dynamics but also bridge 
relaxation physics with surface engineering, providing a 
transformative framework for tailoring functional properties 
in next-generation metallic glassy materials.  
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Figure 4 (Color online) One scheme of the physical mechanism of ultrafast surface diffusion in marginal Fe-based MGs from the comprehensive 
perspective of the potential energy landscape, the relaxation mode spectrum, and diffusion dynamics. The characteristics of the Arrhenius behavior and the 
larger activation energy of β t relaxation indicate the mechanism of larger “string-like” cooperative motions.  
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