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ABSTRACT

The presence of a liquid–liquid phase transition in the supercooled-liquid temperature range for a glass-forming Zr–Cu–Al–Ag alloy has
been revealed using a suite of in situ neutron scattering techniques, including small-angle neutron scattering (SANS) and total neutron scat-
tering. The SANS data analysis is indicative of the enhancement of nanoscale structural heterogeneities prior to crystallization, which is fur-
ther supported by the total scattering result that points to an increase in the degree of medium-range ordering during the transition. In
addition, a calorimetric anomaly and abnormal thermal expansion behavior were also observed upon heating. As such, this study provides
multiscale structural evidence on the liquid–liquid phase transition and helps to gain insight into its underlying mechanism in terms of clus-
ter connectivity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048486

The liquid–liquid phase transition (LLPT) is believed to be a uni-
versal phenomenon,1–4 which has been reported for Fe-based,5

Ce-based,6 Pd-based,7,8 Zr-based metallic liquid systems,9–12 network
liquid systems,13 and amorphous silicon.14,15 Seeking the structural
origin of the LLPT is crucial for understanding the structure and
thermodynamics of glass-forming liquids. Metallic liquids are ideal
systems for studying the LLPT because of the non-directional or
weak-directional bonds for metal atoms, making it relatively simple to
interpret their structures. However, experimental evidence of the

LLPT is not easily achieved because, in metallic liquids, it has a high
probability of occurring in deeply undercooled states and is often
influenced by crystallization.16–19 Consequently, there is little concrete
evidence of the LLPT in metallic liquids, despite many efforts being
made over the past decades.2,20,21 Careful design and dedicated in situ
experiments are needed to settle the issue. Recently, it was found that a
hidden amorphous phase transition7 occurred in a supercooled
Pd–Ni–P metallic liquid. The LLPT is accompanied by an anomalous
exothermic peak (AEP) in the supercooled liquid region during the
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heating of metallic glass (MG), as revealed by differential scanning cal-
orimetry (DSC). A similar phenomenon has also been found in Fe-
based,5,22,23 Zr-based,24–27 La-based,28 Mg-based,29 and Cu-based30

metallic glasses.
In this work, the structural evolution during the LLPT of an

excellent bulk metallic glass (BMG) former, Zr46Cu38Al8Ag8, with an
AEP in the supercooled liquid region was examined using simulta-
neous small-angle neutron scattering-differential scanning calorimetry
(SANS-DSC) as well as in situ neutron diffraction. Multiscale struc-
tural evidence from atomic to nanometer scales of the occurrence of
the LLPT was found. The possible mechanism in terms of enhanced
connectivity of clusters is proposed to explain the phenomenon.

Simultaneous SANS-DSC studies were performed on the
QUOKKA SANS instrument at the Open Pool Australian Lightwater
(OPAL) reactor, Australian Nuclear Science and Technology
Organization (ANSTO).31,32 A neutron beamwith a wavelength, k, of 5 Å
(10% resolution) was used. The in particular, modified DSC is described
in Ref. 32. In situ neutron diffraction was performed on the NOMAD
beamline, Oak Ridge National Laboratory, Spallation Neutron Source. In
situ high-energy synchrotron x-ray measurements were performed at the
beamline 11-ID-C at the Advanced Photon Source, Argonne National
Laboratory. The DSC was measured on a Netzsch 404 F3 under a high
purity argon atmosphere with a heating rate of 5K min�1. The thermal–
mechanical analysis (TMA) experiment was measured on a TMA Q400
under a constant compression force of 0.3N and a nitrogen atmosphere,
with a heating rate of 5K min�1. See the supplementary material for the
material preparation and experimental methods.

Figure 1(a) shows the DSC curve of the Zr46Cu38Al8Ag8 BMG
obtained at a heating rate of 5K min�1. The glass transition onset tem-
perature, Tg, is �687K, and the onset temperature of crystallization,
Tx, is �754K. It should be noted that an AEP is located at around
730K, i.e., Tc, in the supercooled liquid region. Moreover, the AEP is
found to be pronounced with the addition of Ag in Zr–Cu–Al BMGs.
The LLPT has been proposed in a Zr46Cu46Al8 BMG at a temperature
above the liquidus temperature,10 and the AEP may be partially over-
lapped with the primary crystallization exothermic peak,33 which
makes it challenging to study the kinetics of LLPT in the supercooled
liquid region. The thermal physical parameters are marked in
Fig. 1(a). Figure 1(b) shows the TMA result of the Zr46Cu38Al8Ag8
BMG. The value of DL/L0 (L0 is the initial length of the sample in the
direction of the applied force, DL is the length changed during the
experiment) increases upon heating the BMG to Tg due to the thermal
expansion. After reaching the glass transition temperature, DL/L0
drops first because of the glass-to-liquid transition. Next, a small kink
occurs at around 730K, i.e., Tc, indicating a change of mechanical
response due to a phase transition above Tg accompanied by a specific
structural change of the liquid state at the AEP temperature.34 The
densification of the supercooled liquid may retard the decrease in the
DL/L0 value. After the temperature exceeds �754K, DL/L0 decreases
quickly as a result of thermal contraction during crystallization.

Following an indication of the relevant temperature obtained
from the DSC and TMA data, simultaneous SANS-DSC was employed
for the Zr46Cu38Al8Ag8 BMG annealed in the supercooled liquid
region to study the structural evolution. A heating rate of 5K min�1

was applied to heat the sample to the target annealing temperature, Tc.
Because the applied heating rate is the same as that used in the DSC
experiment in Fig. 1(a), the phase transition is expected to start once

the temperature reaches Tc. Figure 2 shows the SANS detector count-
ing rate vs annealing time (blue curve) at 730K (i.e., Tc), with the cor-
responding DSC data superimposed (red curve). Attention should be
paid to the data before crystallization; the inset of Fig. 2 shows the
enlarged region from 0min to 50min. Three stages could be identified
in the SANS counting rate—annealing time curve, which should corre-
late well with the DSC signal. In the first stage (0–34min), the count-
ing rate of SANS continues to increase slightly, as marked by the blue
region in the inset of Fig. 2, and the DSC shows a continued exother-
mic behavior of the sample, as marked by the red region in the inset of
Fig. 2. In the second stage (34–50min), the SANS counting rate
increases abruptly and deviates from linearity, accompanied by a
strong exothermic peak in the DSC curve, which is a typical crystalliza-
tion phenomenon. In the third stage (longer than 50min), the steady
growth of the SANS counting rate could be found with no prominent
heat release or absorption, probably induced by crystalline structural
evolution. The slight increase in the SANS signal before crystallization
suggests the occurrence of a possible liquid-state phase transition,

FIG. 1. (a) DSC curve of the Zr46Cu38Al8Ag8 BMG. The inset is the enlarged region
� Tc in the DSC curve. (b) TMA curve of Zr46Cu38Al8Ag8 BMG with a heating rate
of 5 K min�1 under a constant compression force of 0.3 N. The trends in the TMA
data at different stages are indicated by red arrows.
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which may result in scattering length density fluctuations. The SANS
profiles at different annealing stages are shown in Fig. S1. Although
the overall counting rate increases, the SANS profiles change little
prior to crystallization, unlike typical SANS data from systems under-
going phase separation where large compositional variations occur on
the nanometer scale. The underlying mechanism generating these
SANS results needs further study via neutron diffraction experiments.

Figure 3 shows in situ neutron diffraction results of a
Zr46Cu38Al8Ag8 BMG when annealed at 744K. The NOMAD furnace
temperature has been calibrated based on the typical crystallization
temperature determined by the standard DSC result using the same
heating rate. As shown in Fig. 3(a), Bragg peaks emerge from the
broad diffraction maxima from the metallic glass after a specific
annealing time. The integrated intensity of the first sharp diffraction
peak vs time is plotted in Fig. 3(b); the red line is a guide for the eye.
The intensity was integrated over a Q range from 2.68 Å�1 to
2.72 Å�1. The first peak position9,35 (Q1), being determined by fitting
through the Q range of 2.44–3.1 Å�1, is also illustrated in Fig. 3(b); the
blue line is a guide for the eye. A steep increase in the intensity and a
sudden drop in the Q1 curve at �58min correspond to the start of
crystallization. Furthermore, the Q1 increases slightly upon annealing
before crystallization [as marked by the arrow in Fig. 3(b)], indicating
denser packing of supercooled liquid than that of the initial metallic
liquid.

The difference in S(Q) between the annealed state and the as-cast
state is shown in Fig. S2. During crystallization, the Bragg peak
emerges as shown by the data collected at the annealing time of
64min, 82min, and 138min. Moreover, the DS(Q) data correspond-
ing to the annealing time of 40min reveals a major change in the low
Q region before crystallization, indicating structural rearrangement on
the medium-range length scale (beyond the nearest atomic coordina-
tion shell).

To better understand the structural change in real space, pair dis-
tribution function (PDF) analysis (see the calculation of the PDFs in
the supplementary material) has been applied to the neutron

diffraction data, as shown in Fig. 4. Figure 4(a) shows the correspond-
ing reduced PDF patterns of the S(Q) patterns in Fig. 3. After crystalli-
zation (time> 58min), seven peaks can be identified [marked by
arrows in Fig. 4(a)]. Among them, r1, r2, r3, r4, and r5 exist in the liquid
state. r21 arises from the splitting of r2. r6 is a new peak located around
13.3 Å, as a result of crystallization. The intensities of these peaks are
integrated and plotted as a function of annealing time. Fig. 4(b) shows
the integrated intensities from r1 to r5. All of them exhibit an increase
at 58min. However, the intensity change before 58min shows a differ-
ent trend. Figure 4(c) shows the plots of the integrated intensities of r1,
r2, and r5 peaks before 58min (with a relative y-axis for better compar-
ison). The intensity of r1 changes little. However, the intensity from r2
to r5 increases significantly, especially for r4 and r5 [here only r5 is
shown in Fig. 4(c)], implying an enhanced structural ordering at the
medium range scale. The integrated intensity of r6 (see Fig. S3 in the
supplementary material) over the entire annealing time is plotted in
Fig. 4(d). One should note that the intensity of the PDF profile where
r6 (a signature peak of crystalline phase) locates does not change before
58min, as shown in the top-left inset of Fig. 4(d), confirming that the
sample does not crystallize before 58min.

Our experimental results reveal evidence of the occurrence of
liquid-state structural evolution before crystallization of the super-
cooled Zr–Cu–Al–Ag metallic liquid. Usually, when BMGs are

FIG. 2. Simultaneous SANS-DSC results of Zr46Cu38Al8Ag8 annealed at 730 K.
The DSC data are shown by the red curve, and the detector counting rate of SANS
is shown by the blue curve. The dashed lines separate the annealing process into
three stages. The inset is the enlarged picture of in situ DSC and counting rate of
SANS before 50 min.

FIG. 3. In situ neutron diffraction results of Zr46Cu38Al8Ag8 annealed at 744 K. (a)
The neutron diffraction structural factor, S(Q), at different annealing times. (b) The
normalized integrated intensity (red line) of the first diffraction peak Q1 over a Q
range of 2.68–2.72 Å�1 and the first moment (blue line) of the first diffraction peak
Q1, calculated based on the Q range of 2.44–3.1 Å�1 during annealing. The lines
shown in (b) serve as guides to the eye.
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annealed in the supercooled liquid region far below the onset tempera-
ture of crystallization, the metallic liquids start to relax at the very
beginning, resulting in homogenization. Our experiments show an
opposite trend: the enhancement of the SANS intensity before crystal-
lization reveals the emergence of structural heterogeneity on the nano-
meter scale. In situ neutron diffraction further confirms that the Q1 of
S(Q) shifts to higher Q, indicating an increase in packing density on
the medium-range length scale. One possible reason for the increase in
SANS intensity could be phase separation,36,37 as the Cu–Ag pair has a
positive heat of mixing. Previous studies reported evidence of phase
separation on the nanometer scale in this metallic glass system
through 3D atom probe tomography,38 small-angle x-ray scattering,39

or transmission electron microscopy.40 However, more recent studies
ruled out the possibility of phase separation by a combination of scan-
ning electron microscopy, high-resolution transmission electron
microscopy, 3D atom probe tomography, electron energy loss spec-
troscopy, and anomalous SAXS experiments.41 Previous high-energy
x-ray diffraction42 studies further suggested that tiny crystalline par-
ticles may be present in the glassy matrix of Zr–Cu–Al–Ag BMG. Our
simultaneous SANS-DSC results rule out phase separation. Also, in
situ neutron diffraction confirms that there is no crystallization at Tc

for the Zr–Cu–Al–Ag samples and provides evidence of medium-
range order (MRO, i.e., the structural order in the 0.5–2nm range
beyond the nearest atomic shell of the glass)43 structural evolution
before crystallization.

Here, we propose that the LLPT occurs in the supercooled liquid
region of the Zr–Cu–Al–Ag BMG. Upon heating/annealing in the
AEP temperature region, the collective rearrangement in the MRO
would drive the glass-forming metallic liquid to transform from the
high-energy state to a low-energy state (higher-order and denser pack-
ing). Figure 3 shows in situ neutron diffraction results during the
annealing, which indicate that the peak position of Q1 of S(Q) shifts to
the higher Q, suggesting the increase in packing density. A slope
change around Tc in the curves of diffraction intensity and the peak
position of the first sharp diffraction peak of S(Q) is also found by in
situ neutron/synchrotron diffraction during heating (see Figs. S4 and
S5 in the supplementary material). According to the in situ PDF data,
the LLPT is characterized by an increased intensity of the second to
fifth atomic coordination shells, indicating the enhancement of cluster
connectivity at the MRO length scale.7,9,33

A recent fluctuation electron microscopy study44 showed that the
structural motifs of the medium-range ordered clusters become more
diverse after adding 5 at. % of Ag in Zr–Cu–Al BMG, revealing the
critical role of Ag atoms in the formation of medium-range order in
this system. The crystallization behavior of Zr–Cu–Al–Ag BMG with
quenched-in metastable phases has also been studied by in situ neu-
tron diffraction experiment,45 suggesting that the Ag and its related
MRO may play an essential role in the formation of metastable phases
during cooling. Molecular dynamics (MD) simulations of a Cu–Zr–Ag
BMG46 also found that Ag atoms enhance the cluster connectivity by

FIG. 4. (a) In situ PDF patterns for
Zr46Cu38Al8Ag8 BMG annealed at 744 K
for different annealing times. (b) The inte-
grated intensity of the first to fifth atomic
coordination shells with annealing time.
(c) Enlarged picture of the integrated
intensities of first, second, and fifth atomic
coordination shells before 58min. (d) The
integrated intensity of the sixth nearest
atomic coordination shell with annealing
time. The inset is an enlarged picture of
the data before 58 min.
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forming chains of locally favored structures. Based on previous studies,
as well as the DSC result, it is reasonable to believe that the
Ag-centered clusters enhance connectivity and trigger the LLPT.

In conclusion, the kinetics of the liquid–liquid phase transition of
an excellent glass former Zr–Cu–Al–Ag was studied using simulta-
neous SANS-DSC and in situ neutron PDF techniques. Experimental
evidence of the occurrence of the LLPT before crystallization was
revealed. An anomalous exothermic peak accompanied by anomalous
thermal expansion behavior was identified in the supercooled liquid
region of the Zr–Cu–Al–Ag BMG. In situ neutron/synchrotron dif-
fraction experiments during heating indicate structural changes at a
temperature where the LLPT occurs. Simultaneous SANS-DSC results
upon annealing suggested that the LLPT introduces structural hetero-
geneity on the nanometer length scale prior to crystallization. In situ
neutron PDF analysis suggests that the enhancement of the cluster
connectivity characterizes the structural origin for the occurrence of
the LLPT in the supercooled liquid region. Our experimental results
should assist in gaining a much greater understanding of the structure
and phase stability of metallic liquids.

See the supplementary material for materials and experimental
methods and Figs. S1–S5.

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 51871120 and 51571170), the
Natural Science Foundation of Jiangsu Province (Grant No.
BK20200019), the Fundamental Research Funds for the Central
Universities (Grant Nos. 30919011107 and 30919011404), and the
Shenzhen Fundamental Research Program (Grant No.
JCYJ20200109105618137). X. L. W. acknowledges support by the
Shenzhen Science and Technology Innovation Committee (Grant
No. JCYJ20170413140446951), the Ministry of Science and
Technology of China (Grant No. 2016YFA0401501), and the
Guangdong-Hong Kong-Macao Joint Laboratory for Neutron
Scattering Science and Technology (Grant No. 2019B121205003).
The authors acknowledge the support of the Australian Centre for
Neutron Scattering, Australian Nuclear Science and Technology
Organization, in providing the neutron scattering research facilities
used in this work. The neutron diffraction experiments were carried
out at the Spallation Neutron Source, which is sponsored by the
Scientific User Facilities Division, Office of Basic Energy Sciences,
U.S. Department of Energy, under Contract No. DE-AC05-
00OR22725, with Oak Ridge National Laboratory. The synchrotron
diffraction experiments were carried out at the Advanced Photon
Source, a U.S. Department of Energy (DOE) Office of Science User
Facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-AC02-06CH11357.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1C. A. Angell, Science 267, 1924 (1995).
2H. Tanaka, Phys. Rev. E 62, 6968–6976 (2000).
3P. H. Poole, T. Grande, C. A. Angell, and P. F. McMillan, Science 275, 322
(1997).

4Y. Katayama, T. Mizutani, W. Utsumi, O. Shimomura, M. Yamakata, and K.-I.
Funakoshi, Nature 403, 170–173 (2000).

5J. Ge, H. He, J. Zhou, C. Lu, W. Dong, S. Liu, S. Lan, Z. Wu, A. Wang, L.
Wang, C. Yu, B. Shen, and X.-L. Wang, J. Alloys Compd. 787, 831–839
(2019).

6H. W. Sheng, H. Z. Liu, Y. Q. Cheng, J. Wen, P. L. Lee, W. K. Luo, S. D.
Shastri, and E. Ma, Nat. Mater. 6, 192–197 (2007).

7S. Lan, Y. Ren, X. Y. Wei, B. Wang, E. P. Gilbert, T. Shibayama, S. Watanabe,
M. Ohnuma, and X. L. Wang, Nat. Commun. 8, 14679 (2017).

8E.-Y. Chen, S.-X. Peng, L. Peng, M. D. Michiel, G. B. M. Vaughan, Y. Yu, H.-B.
Yu, B. Ruta, S. Wei, and L. Liu, Scr. Mater. 193, 117–121 (2021).

9S. Lan, M. Blodgett, K. F. Kelton, J. L. Ma, J. Fan, and X.-L. Wang, Appl. Phys.
Lett. 108, 211907 (2016).

10C. Zhou, L. Hu, Q. Sun, H. Zheng, C. Zhang, and Y. Yue, J. Chem. Phys. 142,
064508 (2015).

11L. Hu, C. Zhou, C. Zhang, and Y. Yue, J. Chem. Phys. 138, 174508 (2013).
12X. Zhao, C. Wang, H. Zheng, Z. Tian, and L. Hu, Phys. Chem. Chem. Phys. 19,
15962–15972 (2017).

13A. Nilsson and L. G. M. Pettersson, Nat. Commun. 6, 8998 (2015).
14V. L. Deringer, N. Bernstein, G. Csanyi, C. Ben Mahmoud, M. Ceriotti, M.
Wilson, D. A. Drabold, and S. R. Elliott, Nature 589, 59–64 (2021).

15S. Sastry and C. Austen Angell, Nat. Mater. 2, 739–743 (2003).
16R. Shimizu, M. Kobayashi, and H. Tanaka, Phys. Rev. Lett. 112, 125702 (2014).
17P. Rosales-Pelaez, P. Montero de Hijes, E. Sanz, and C. Valeriani, J. Stat. Mech.
2016, 094005.

18E. Sanz, C. Valeriani, E. Zaccarelli, W. C. K. Poon, M. E. Cates, and P. N.
Pusey, Proc. Natl. Acad. Sci. 111, 75 (2014).

19A. S. Myerson and B. L. Trout, Science 341, 855 (2013).
20H. S. Chen, Mater. Sci. Eng. 23, 151–154 (1976).
21P. F. McMillan, M. Wilson, M. C. Wilding, D. Daisenberger, M. Mezouar, and
G. N. Greaves, J. Phys.: Condens. Matter 19, 415101 (2007).

22S. Lee, H. Kato, T. Kubota, K. Yubuta, A. Makino, and A. Inoue, Mater. Trans.
49, 506–512 (2008).

23Z. Han, J. Zhang, and Y. Li, Intermetallics 15, 1447–1452 (2007).
24W. Dong, J. Ge, Y. Ke, H. Ying, L. Zhu, H. He, S. Liu, C. Lu, S. Lan, J. Almer,
Y. Ren, and X.-L. Wang, J. Alloys Compd. 819, 153049 (2020).

25S. Wei, F. Yang, J. Bednarcik, I. Kaban, O. Shuleshova, A. Meyer, and R. Busch,
Nat. Commun. 4, 2083 (2013).

26X. L. Wang, J. Almer, C. T. Liu, Y. D. Wang, J. K. Zhao, A. D. Stoica, D. R.
Haeffner, and W. H. Wang, Phys. Rev. Lett. 91, 265501 (2003).

27Q. Hu, J. M. Wang, Y. H. Yan, F. F. Luo, S. Guo, J. Liu, S. S. Chen, B. Huang,
D. P. Lu, J. Z. Zou, and X. R. Zeng, Mater. Res. Lett. 6, 121–129 (2017).

28J. Shen, Z. Lu, J. Q. Wang, S. Lan, F. Zhang, A. Hirata, M. W. Chen, X. L.
Wang, P. Wen, Y. H. Sun, H. Y. Bai, and W. H. Wang, J. Phys. Chem. Lett. 11,
6718–6723 (2020).

29E. S. Park, J. Y. Lee, and D. H. Kim, J. Mater. Res. 20, 2379–2385 (2011).
30D. Xu, G. Duan, and W. L. Johnson, Phys. Rev. Lett. 92, 245504 (2004).
31E. P. Gilbert, J. C. Schulz, and T. J. Noakes, Phys. B 385–386, 1180–1182
(2006).

32K. Wood, J. P. Mata, C. J. Garvey, C.-M. Wu, W. A. Hamilton, P. Abbeywick,
D. Bartlett, F. Bartsch, P. Baxter, N. Booth, W. Brown, J. Christoforidis, D.
Clowes, T. d’Adam, F. Darmann, M. Deura, S. Harrison, N. Hauser, G. Horton,
D. Federici, F. Franceschini, P. Hanson, E. Imamovic, P. Imperia, M. Jones, S.
Kennedy, S. Kim, T. Lam, W. T. Lee, M. Lesha, D. Mannicke, T. Noakes, S. R.
Olsen, J. C. Osborn, D. Penny, M. Perry, S. A. Pullen, R. A. Robinson, J. C.
Schulz, N. Xiong, and E. P. Gilbert, J. Appl. Crystallogr. 51, 294–314 (2018).

33S. Lan, Z. Wu, X. Wei, J. Zhou, Z. Lu, J. Neuefeind, and X.-L. Wang, Acta
Mater. 149, 108–118 (2018).

34S. Lan, C. Guo, W. Zhou, Y. Ren, J. Almer, C. Pei, H. Hahn, C.-T. Liu, T. Feng,
X.-L. Wang, and H. Gleiter, Commun. Phys. 2, 117 (2019).

35A. Bytchkov, M. Miloshova, E. Bychkov, S. Kohara, L. Hennet, and D. L. Price,
Phys. Rev. B 83, 144201 (2011).

36S. Schneider, P. Thiyagarajah, U. Geyer, and W. L. Johnson, Phys. B 241–243,
918–920 (1997).

37J. F. L€offler and W. L. Johnson, Appl. Phys. Lett. 76, 3394–3396 (2000).
38J. C. Oh, T. Ohkubo, Y. C. Kim, E. Fleury, and K. Hono, Scr. Mater. 53,
165–169 (2005).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 191901 (2021); doi: 10.1063/5.0048486 118, 191901-5

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0048486
https://doi.org/10.1126/science.267.5206.1924
https://doi.org/10.1103/PhysRevE.62.6968
https://doi.org/10.1126/science.275.5298.322
https://doi.org/10.1038/35003143
https://doi.org/10.1016/j.jallcom.2019.02.114
https://doi.org/10.1038/nmat1839
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1016/j.scriptamat.2020.10.042
https://doi.org/10.1063/1.4952724
https://doi.org/10.1063/1.4952724
https://doi.org/10.1063/1.4907374
https://doi.org/10.1063/1.4803136
https://doi.org/10.1039/C7CP02111A
https://doi.org/10.1038/ncomms9998
https://doi.org/10.1038/s41586-020-03072-z
https://doi.org/10.1038/nmat994
https://doi.org/10.1103/PhysRevLett.112.125702
https://doi.org/10.1088/1742-5468/2016/09/094005
https://doi.org/10.1073/pnas.1308338110
https://doi.org/10.1126/science.1243022
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1088/0953-8984/19/41/415101
https://doi.org/10.2320/matertrans.MBW200732
https://doi.org/10.1016/j.intermet.2007.05.007
https://doi.org/10.1016/j.jallcom.2019.153049
https://doi.org/10.1038/ncomms3083
https://doi.org/10.1103/PhysRevLett.91.265501
https://doi.org/10.1080/21663831.2017.1408713
https://doi.org/10.1021/acs.jpclett.0c01789
https://doi.org/10.1557/jmr.2005.0314
https://doi.org/10.1103/PhysRevLett.92.245504
https://doi.org/10.1016/j.physb.2006.05.385
https://doi.org/10.1107/S1600576718002534
https://doi.org/10.1016/j.actamat.2018.02.028
https://doi.org/10.1016/j.actamat.2018.02.028
https://doi.org/10.1038/s42005-019-0222-9
https://doi.org/10.1103/PhysRevB.83.144201
https://doi.org/10.1016/S0921-4526(97)00753-9
https://doi.org/10.1063/1.126657
https://doi.org/10.1016/j.scriptamat.2005.03.046
https://scitation.org/journal/apl


39X. D. Wang, H. B. Lou, Y. Gong, U. Vainio, and J. Z. Jiang, J. Phys.: Condens.
Matter 23, 075402 (2011).

40Q. Zhang, W. Zhang, G. Xie, and A. Inoue, Mater. Sci. Eng.: B 148, 97–100
(2008).

41X. Wang, Q. P. Cao, Y. M. Chen, K. Hono, C. Zhong, Q. K. Jiang, X. P. Nie, L.
Y. Chen, X. D. Wang, and J. Z. Jiang, Acta Mater. 59, 1037–1047 (2011).

42C.-P. Chuang, P. K. Liaw, J.-J. Kai, W. Dmowski, J.-H. Huang, and G.-P. Yu,
Adv. Eng. Mater. 15, 287–294 (2013).

43H. W. Sheng, W. K. Luo, F. M. Alamgir, J. M. Bai, and E. Ma, Nature 439,
419–425 (2006).

44C. Gammer, B. Escher, C. Ebner, A. M. Minor, H. P. Karnthaler, J. Eckert, S.
Pauly, and C. Rentenberger, Sci. Rep. 7, 44903 (2017).

45Z. Wu, S. Lan, X. Wei, D. Olds, K. Page, B. Shen, and X.-L. Wang, Phys. B 551,
60–63 (2018).

46T. Fujita, K. Konno, W. Zhang, V. Kumar, M. Matsuura, A. Inoue, T. Sakurai,
and M. W. Chen, Phys. Rev. Lett. 103, 075502 (2009).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 191901 (2021); doi: 10.1063/5.0048486 118, 191901-6

Published under an exclusive license by AIP Publishing

https://doi.org/10.1088/0953-8984/23/7/075402
https://doi.org/10.1088/0953-8984/23/7/075402
https://doi.org/10.1016/j.mseb.2007.09.023
https://doi.org/10.1016/j.actamat.2010.10.034
https://doi.org/10.1002/adem.201200179
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/srep44903
https://doi.org/10.1016/j.physb.2017.12.030
https://doi.org/10.1103/PhysRevLett.103.075502
https://scitation.org/journal/apl

	f1
	f2
	f3
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46

