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Abstract 22 

By employing quasi-elastic neutron scattering, we studied the atomic-scale 23 

relaxation dynamics and transport mechanism of La50Ni15Al35 and Ce70Cu19Al11 24 

metallic glass melts in the temperature range of over 200 K above their liquidus 25 

temperatures. The results show that both liquids exhibit stretched exponential 26 

relaxation and Arrhenius-type temperature dependence of the effective diffusion 27 

coefficient. The La50Ni15Al35 melt exhibits an activation energy of (0.545±0.008) eV 28 

and a stretching exponent ≈0.77 to 0.86 in the studied temperature range; no change of 29 

activation energy as suggested in previous report associated with liquid–liquid phase 30 

transition was observed. In contrast, the Ce70Cu19Al11 melt exbibits larger diffusivity 31 

with a much smaller activation energy of (0.201±0.003) eV, and a smaller stretching 32 

exponent ≈0.51 to 0.60 suggestive of more heterogeneous dynamics.  33 
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I. INTRODUCTION 34 

Metallic glasses (MGs) represent unique and fascinating materials that possess 35 

superior mechanical and functional performances [1–3]. Since the fabrication of AuSi 36 

MG by Duwez et al. in 1960s [4], a large variety of multi-component MGs have been 37 

developed, such as Pd-, Pt-, Zr-, Mg-, Au-, Fe-based and various rare-earth based MG 38 

systems [1]. MGs are often produced by rapid quenching of liquid alloy that avoids the 39 

occurrence of crystallization and retains the amorphous liquid structure into a 40 

nonequilibrium rigid state. Therefore, the understanding of the atomic relaxation 41 

processes and transport mechanism in the equilibrium liquid state is important to 42 

elucidate the nucleation and crystal growth [5,6], the glass formation [7,8] as well as 43 

the physical properties of the glassy state [9–11].  44 

The characteristic timescale of atomic motions in liquid alloys is on the order of 45 

picoseconds which can be well covered by quasi-elastic neutron scattering (QENS) [12]. 46 

Therefore, QENS has been extensively used to study the relaxation dynamics and 47 

transport properties of liquid alloys, revealing that the relaxation dynamics of multi-48 

component glass-forming metallic liquids exhibits a stretched exponential behavior 49 

even in the equilibrium state [13–23], in contrast to the case of some other liquids such 50 

as water and aqueous solutions [24]. This is a manifestation of the heterogeneous 51 

dynamics associated with the intrinsic chemical disorder and inhomogeneous local 52 

environment of the glass-forming metallic liquids composed of multiple elements with 53 

distinct atomic sizes [25]. 54 

Rare-earth based MGs provide model systems for the study of the mechanical 55 

deformation [26–29], the slow structural relaxation [30–33] and the fast dynamic 56 

processes of MGs [34–43]. In particular, the LaNiAl system shows pronounced Johari-57 

Goldstein β-relaxation well-separated from the primary 𝛼-process [37,44,45] and has 58 

been extensively used to study the correlation between β-relaxation and other important 59 

properties of MGs [26,32,33,37,46–48]. In a recent nuclear magnetic resonance study 60 

of glass-forming La50Ni15Al35 melt, Xu et al. suggested the occurrence of a change of 61 

the activation energy of diffusivity accompanying a liquid–liquid phase transition in the 62 

equilibrium liquid state [49]. Another interesting and extensively studied CeCuAl 63 
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system, called amorphous metallic plastic [50], exhibits exceptionally low glass 64 

transition temperature and polymerlike thermoplastic deformability in near-boiling 65 

water. Fundamental understanding of these important properties of rare-earth based 66 

MGs and melts requires knowledge of atomic dynamics in the liquid state, however, 67 

direct experimental measurements are rare.   68 

In this report we employed QENS to study the microscopic liquid dynamics of two 69 

prototypical rare-earth based metallic glass-forming melts, La50Ni15Al35 and 70 

Ce70Cu19Al11, while the former has an intermediate fragility, the latter is a stronger 71 

glass-forming system [51–53]. The results show that both liquids exhibit stretched 72 

exponential relaxation and the diffusion coefficients follow Arrhenius temperature 73 

dependence in the temperature range probed. However, the change of activation energy 74 

as suggested in Ref. [49] associated with liquid–liquid phase transition was not 75 

observed for La50Ni15Al35. Compared to the La50Ni15Al35 liquid, the Ce70Cu19Al11 liquid 76 

shows much smaller activation energy and more stretched shape of the scattering law, 77 

suggestive of more complex relaxation dynamics. 78 

II. EXPERIMENTAL METHODS  79 

Materials. Alloys with atomic compositions La50Ni15Al35 (glass transition 80 

temperature Tg = 528 K, liquidus temperature TL = 970 K [49]) and Ce70Cu19Al11 (Tg = 81 

341 K, TL = 722 K [54]) were firstly prepared by arc-melting of raw materials and 82 

subsequently cast in a water-cooled copper mold in a Ti-getter high-purity (≥ 99.999%) 83 

argon atmosphere, forming glassy rod 30 mm long and 2 mm in diameter. The purity 84 

of the raw materials in weight percent is listed as follows: La (99.9%), Ce (99.5%), Al 85 

(99.999%), Ni (99.995%), Cu (99.9999%) and Nb (99.95%). 86 

Quasi-Elastic Neutron Scattering. QENS measurements were carried out at the 87 

Cold Neutron Chopper Spectrometer (CNCS) [55] at the Spallation Neutron Source at 88 

Oak Ridge National Laboratory. We used MgO crucible as sample container because it 89 

shows no significant reactions with the studied materials in liquid state. The samples 90 

were stacked in a cylindrical MgO container (2.4 mm wall thickness and 12.7 mm inner 91 

diameter) with an MgO rod insert (7 mm diameter), which creates an annular sample 92 

geometry with a thickness of 2.85 mm. At this sample geometry, multiple scattering 93 
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can be highly reduced. The crucible was suspended to the thermocouples using thin 94 

niobium wires inside a high temperature furnace. A high-purity inert helium gas in a 95 

high vacuum (≈10−3 Pa) was maintained during the measurements. Two thermocouples 96 

were used at various locations to verify the uniformity of temperature inside the furnace. 97 

The measurements were carried out in the temperature range of (973 to 1183) K in steps 98 

of 30 K for La50Ni15Al35, and (733 to 983) K in steps of 25 K for Ce70Cu19Al11. A low 99 

energy incident neutron beam of 1.55 meV was used in the “High Flux” operational 100 

mode of the choppers. A measurement of the empty MgO crucible at room temperature 101 

yields the instrumental energy resolution function that is described well by a Gaussian 102 

function with an energy resolution of ≈25 μeV full width at half maximum. The studied 103 

wavevector transfer Q range was (0.19 to 1.35) Å−1. This is well below the structure 104 

factor maximum Q0 at about 2.4 Å−1 for both La50Ni15Al35 and Ce70Cu19Al11 [15,49], 105 

hence, the scattering is a combination of spin, isotopic, and elemental incoherence [17]. 106 

At a specific temperature, data were collected for approximately 4 h to obtain good 107 

counting statistics. The total scattered neutron intensity spectrum was corrected for the 108 

time-independent background and normalized by the white-beam vanadium run, 109 

resulting in the dynamic structure factor S(Q,E).  110 

III. RESULTS AND DISCUSSION  111 

Figure 1 displays the typical quasi-elastic signal of S(Q = 0.9 Å−1,E) for 112 

La50Ni15Al35 at 973 K [Fig. 1(a)] and Ce70Cu19Al11 at 733 K [Fig. 1(b)], as well as the 113 

empty can [Fig. 1(c)], in a semilogarithmic representation. The broadening of the 114 

spectrum with respect to the elastic scattering peak reflects the energy transfers between 115 

the scattered neutrons and the moving atoms at specific wavevector transfer, thus 116 

providing information on the microscopic liquid dynamics. The measured S(Q,E) 117 

spectra were analyzed in terms of the sum of an elastic component and Fourier 118 

transform of the Kohlrausch−Williams−Watts (KWW) stretched exponential function, 119 

convoluted with the instrumental resolution R(Q,E), plus a constant background (bkg): 120 

𝑆(𝑄, 𝐸) = 𝐴[𝑓𝛿(𝐸) + (1 − 𝑓)ℱ{𝐹(𝑄, 𝑡)}] ⊗ 𝑅(𝑄, 𝐸) + bkg             (1) 121 

where A represents the area of the spectrum, f is the fraction of elastic scattering 122 

component arising from the sample container and/or the dynamics of the sample slower 123 
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than the instrument resolution; F(Q,t) is the intermediate scattering function, modeled 124 

as 125 

𝐹(𝑄, 𝑡)126 

= exp [− (
𝑡

𝜏
)

𝛽

]                                               (2) 127 

where τ is the Q-dependent relaxation time, and β the stretching exponent. The various 128 

components of the fitted curve are also presented in Figure 1. At the studied 129 

temperatures, the detailed balance factor is negligible in the measured dynamic range. 130 

The data were initially fitted using an arbitrary value of f, τ, β and bkg. At each 131 

temperature, β was found to show only a small variation with a standard error of 0.05 132 

or less without any systematic trend with Q. The fitted f also shows no obvious Q 133 

dependence and bkg is almost constant independent of both Q and temperature. 134 

Therefore, subsequent analysis was carried out by fixing the values of f and β to the 135 

average values at each temperature, and bkg was fixed at the average values 4×10−4 for 136 

La50Ni15Al35 and 6×10−4 for Ce70Cu19Al11 at the studied Q and temperature ranges. This 137 

fitting procedure yields more reasonable value of τ at the low Q values (< 0.5 Å−1) 138 

where the dynamic range is rather limited compared to that at higher Q’s, otherwise, 139 

the fitted τ at Q < 0.5 Å−1 will fall outside the trend. We emphasize that the same results 140 

will be obtained if we ignore the data at Q < 0.5 Å−1 and perform the fitting without any 141 

constraints on the parameters (Fig. S1) [56]. 142 

Figure 2 displays representatively the measured dynamic structure factor for the 143 

studied materials at different temperatures and at different wavevector transfers, being 144 

normalized by the peak height S(Q,0) for better comparison. Linear representation of 145 

S(Q,E) without normalization was shown in Figs. S2-S5 of the Supplementary 146 

Materials [56]. As temperature increases, the S(Q,E) spectra show increasingly 147 

enhanced broadening due to the escalating atomic mobility in the liquids [Fig. 2(a,b)]. 148 

As the incident neutron energy is comparable to the energy transfers for atomic motions, 149 

the accessible kinematic region varies at each Q value [57] as seen in Fig. 2(c,d). In the 150 

studied Q range from 0.19 Å−1 to 1.35 Å−1, an increasing broadening of the S(Q,E) 151 

spectrum is observed [Fig. 2(c,d)], indicating wavevector transfer dependence of the 152 
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relaxation time. Note that there exists a small glitch on S(Q,E) around E = −3 meV 153 

independent of both temperature and Q (see Fig. 1 and 2). To verify that this small 154 

glitch does not affect the data analysis, we fitted only the S(Q,E) spectra at E > −2 meV, 155 

leaving all the parameters free. Consistent results were obtained with and without taking 156 

this glitch into account (Fig. S1). 157 

The Q-dependent relaxation times obtained from the KWW fittings are in the 158 

range of (3 to 300) ps for La50Ni15Al35 [Fig. 3(a)] and (0.8 to 100) ps for Ce70Cu19Al11 159 

[Fig. 3(b)] across the various Q and temperature values, corresponding to the slow, α-160 

relaxation in the system [17,58,59]. The stretching exponent β of La50Ni15Al35 liquid is 161 

larger than that of Ce70Cu19Al11, and it shows a gradual change with temperature [Fig. 162 

3(c)]: for La50Ni15Al35 β decreases from 0.86 to 0.77 as temperature decreases from 163 

1183 K to 973 K, for Ce70Cu19Al11 it decreases from 0.60 to 0.51 as temperature 164 

decreases from 983 K to 733 K. The relaxation behavior of liquids above TL is usually 165 

characterized by simple exponential relaxation, such as in water and aqueous 166 

solutions [24], and in some monatomic [60–65] and binary metallic liquids [66–72]. In 167 

most cases of multi-component metallic liquids, the relaxation process exhibits a 168 

stretched exponential behavior [13–15,17–23].  169 

Stretched exponential relaxation is usually explained by two limiting 170 

scenarios [73]: the “homogeneous” one considering that all of the particles in the 171 

system relax identically but by an intrinsically nonexponential process; and 172 

the “heterogeneous” one related to the superposition of different simple exponential 173 

relaxations weighted by a broad distribution of relaxation times. In the case of 174 

homogeneous dynamics, τβ ∝ Q-2 is expected, and in the heterogeneous scenario, the 175 

dynamics follows τ ∝ Q-2 [73]. As will be seen in Fig. 4, the mean relaxation times 176 

agree with Q-2 dependence. Since β is independent of Q, τ ∝ Q-2 is expected for both 177 

materials in the studied temperature and Q ranges, hence, agreeing with the 178 

heterogeneous scenario. Therefore, the presence of stretched exponential relaxation 179 

even in the equilibrium liquid state could be related to the increased number of 180 

constituents leading to enhanced local chemical variation and thus heterogeneous 181 

dynamics with individual relaxing units in the system having site-specific relaxation 182 
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times. In that regard, the smaller value of β in Ce70Cu19Al11 than in La50Ni15Al35 implies 183 

stronger local chemical bias and more heterogeneous dynamics. The decrease of β with 184 

decreasing temperature suggests increased dynamic heterogeneity at slower atomic 185 

motions, which is supposed to result in an increasing amount of slow contributions to 186 

the dynamics that are slower than the instrument resolution, in accord with the observed 187 

increase of f as the temperature is lowered (Fig. S6) [56].   188 

The mean relaxation times were calculated using the following equation: 189 

〈𝜏〉 = ∫ 𝑑𝑡𝐹(𝑄, 𝑡)
∞

0

190 

= 𝜏𝛽−1Γ(𝛽−1)                                           (3) 191 

where Γ(x) is the gamma function. In Fig. 4, 1/〈τ〉 is plotted against Q2 for the 192 

La50Ni15Al35 liquid [Fig. 4(a)] and for the Ce70Cu19Al11 liquid [Fig. 4(b)] at different 193 

temperatures. We can see 1/〈τ〉 is proportional to Q2 in the studied Q range up to 1.35 194 

Å−1, as one would expect in the hydrodynamic limit for Q ≪ Q0 [57]. This allows us to 195 

evaluate an effective diffusion coefficient D = 1/〈τ〉Q2. 196 

In Fig. 5 we present the effective diffusion coefficient D as a function of TL/T for 197 

better comparison of the systems with different TL. In the studied temperature ranges 198 

for both alloy liquids, the diffusion coefficients follow an Arrhenius temperature 199 

dependence: 200 

𝐷 = 𝐷0exp (−∆𝐸/𝑘B𝑇)                      (4) 201 

where ∆E marks the activation energy, kB is the Boltzmann constant and D0 the 202 

exponential prefactor. The corresponding Arrhenius fits to the measured data presented 203 

by solid lines in Fig. 5 give an activation energy ∆E = 0.545±0.008 eV and a prefactor 204 

D0 = 30.5±2.6 Å2 ps–1 for La50Ni15Al35, while Ce70Cu19Al11 exhibits much weaker 205 

temperature dependence with ∆E = 0.201±0.003 eV and D0 = 4.8±0.2 Å2 ps–1.  206 

 In Fig. 5 were displayed also the diffusion coefficients of the elements and their 207 

average in La50Ni15Al35 from MD simulation by Xu et al. [49] for comparison. In 208 

La50Ni15Al35, the incoherent neutron scattering cross section of Al is negligible, for Ni 209 

it is 5.2 barn (1 barn = 10−28 m2), and for La it is 1.13 barn. Considering the much larger 210 

atomic concentration of La, the scattered signals from the sample should be dominated 211 
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by the incoherent contributions from both Ni and La atoms. Therefore, the measured 212 

diffusion coefficient is an average of these two elements, and we see that our measured 213 

data basically agree with the average diffusion coefficient evaluated from MD 214 

simulation in Ref. [49]. It has been suggested that in La50Ni15Al35 there could exist a 215 

change in activation energy of diffusion coefficient accompanying a liquid-liquid phase 216 

transition around 1033 K [49], however, this is not observed in our experimental data 217 

which follow perfectly a single Arrhenius behavior in the entire temperature range of 218 

(973 to 1183) K.  219 

Among the three elements in Ce70Cu19Al11, only Cu has a marginal incoherent 220 

cross section of 0.55 barn and the other two are almost purely coherent scatters. 221 

Therefore, the nominal coherent scattering from all elements could be comparable to 222 

the incoherent scattering from Cu in the studied Q range. Nevertheless, the elemental 223 

fluctuations are known to slow down the collective relaxation to the same level of the 224 

self-relaxation [17]. Therefore, the measured spectra are a combination of both 225 

incoherent and coherent scattering and the obtained diffusion coefficient should be 226 

considered as an average of all constituent atoms in the system. Chathoth et al. [15] 227 

reported QENS measurements for similar compositions of Ce70Cu20Al10 and 228 

Ce69Cu20Al10Nb1 at higher temperatures than ours, at (850 to 1350) K, but in contrast, 229 

they revealed diffusion coefficients over one order of magnitude smaller than ours. It 230 

has been demonstrated that for Ce-based MGs, the glass-forming ability (GFA) is rather 231 

sensitive to microalloying [54,74] as well as the purity of the raw Ce material [75]. For 232 

instance, adding only 1~2% of Nb or Co in the Ce70Cu20Al10 MG can result in an 233 

increase of the critical casting diameter from ≈2 mm to ≈10 mm, while changing the 234 

characteristic temperatures such Tg, TL and the crystallization temperature Tx by only a 235 

few degrees Kelvin [54,74]. Accordingly, Chathoth et al. [15] observed much smaller 236 

diffusion coefficient with non-Arrhenius temperature dependence in Ce69Cu20Al10Nb1 237 

in contrast to Ce70Cu20Al10 at the temperatures well above TL (the data are represented 238 

in Fig. 5). More interestingly, Zhou et al. recently found that a decrease in the purity of 239 

the raw Ce material by only 0.11% could result in as large as one order of magnitude 240 

increase of the GFA [75], thus expected to slow down the atomic dynamics of the alloy 241 
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liquid. This is indeed consistent with the remarkable effect of microalloying on the GFA 242 

of Ce-based MGs and the stability of the corresponding supercooled liquids [50,54,74]. 243 

The composition of Ce70Cu19Al11 in our study was verified by chemical analysis 244 

(Thermo IRIS Intrepid II XSP). It is unlikely that the difference between our results for 245 

Ce70Cu19Al11 and that of Chathoth et al. for Ce70Cu20Al10 comes from the 1% difference 246 

of Cu and Al, because even larger change of the composition of these elements has no 247 

significant effect on the GFA [54]. Therefore, it is possible that the purities of the raw 248 

Ce material used by Chathoth et al. and us are different, leading to the observed 249 

different results for the very similar nominal composition.  250 

IV. CONCLUSION 251 

In summary, our experimental observations show that liquid La50Ni15Al35 and 252 

Ce70Cu19Al11 in the equilibrium state exhibit stretched exponential relaxation and 253 

Arrhenius-type temperature dependence of the diffusion coefficient, in the temperature 254 

range of over 200 K above their liquidus temperatures. The mean La/Ni self-diffusion 255 

in liquid La50Ni15Al35 is slower and has much larger activation energy than the Cu self-256 

diffusion in liquid Ce70Cu19Al11, and it does not show any change of activation energy 257 

in the entire temperature range studied, in contrast to the previous observation 258 

associated with liquid–liquid phase transition [49]. Compared to the La50Ni15Al35 and 259 

most other metallic liquids, the Ce70Cu19Al11 melt exhibits much more stretched 260 

relaxation behavior suggestive of highly heterogeneous dynamics.    261 
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 411 

 412 

Figure 1. Dynamic structure factor S(Q = 0.90 Å−1, E) of (a) La50Ni15Al35 melt at 973 413 

K, (b) Ce70Cu19Al11 melt at 733 K and (c) empty crucible at 300 K. Solid lines are fits 414 

with the KWW model described in Eq (1) and Eq (2). The room temperature 415 

measurement of the empty crucible is taken as the instrumental resolution and the 416 

elastic component (ENS, dotted line). Dashed line denotes the Fourier transform of the 417 

KWW component (QENS) and dash-dotted line represents the constant background 418 

(bkg). The lower panels in (a,b) shows the normalized residuals defined as 419 

(data−fit)/error.  420 
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 421 

Figure 2. Representative S(Q,E)/S(Q,0) of (a,c) La50Ni15Al35 and (b,d) Ce70Cu19Al11 422 

melts at different Q’s and temperatures as denoted. Solid lines are fits with the KWW 423 

model. The lower panel in each figure shows the representative normalized residuals 424 

defined as (data−fit)/error.  425 
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 426 

Figure 3. (a,b) Relaxation time τ as a function of the inversed temperature 1000/T at 427 

different Q’s for (a) La50Ni15Al35 and (b) Ce70Cu19Al11 melts. The dashed lines in (a) 428 

and (b) indicate the resolution of the measuring configuration. (c) Stretching exponent 429 

β as a function of TL/T for both melts.   430 
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 431 

Figure 4. Q2 dependence of the inversed average relaxation time 〈τ〉 for (a) La50Ni15Al35 432 

and (b) Ce70Cu19Al11 at different temperatures. The straight lines are linear fits and the 433 

slope gives the effective diffusion coefficient.  434 
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 436 

Figure 5. Effective diffusion coefficient D as a function of the inversed temperature 437 

TL/T for La50Ni15Al35 (squares) and Ce70Cu19Al11 (circles) melts, derived from the linear 438 

fits in Fig. 4. The error bars are within the size of the symbol. The straight lines are 439 

Arrhenius fits. The triangles are the MD simulation data for La50Ni15Al35 melt by Xu et 440 

al. [49]. The diamonds and pentagons are for Ce70Cu20Al10 and Ce69Cu20Al10Nb1 melts, 441 

respectively, determined by QENS by Chathoth et al. [15], the discrepancy from that in 442 

the present work was discussed in the context. 443 
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