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Supplementary Figures
[image: ]
Supplementary Figure 1. In-situ X-ray diffraction results in Q-space during cooling. a Evolution of synchrotron X-ray diffraction pattern of the as-prepared sample during cooling. b The respective differences in diffraction patterns obtained by subtracting the reference pattern at T = 305 K (before heating). 
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Supplementary Figure 2. In-situ X-ray diffraction results in real space. a Evolution of the reduced pair-distribution function of the as-prepared sample during cooling. b The respective differences in the reduced pair-distribution functions obtained by subtracting the reference pattern at T = 305 K (before heating).
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Supplementary Figure 3. Integration of |ΔS(Q)| from 2 to 6 Å-1 as a function of temperature. The black dashed line is the DSC curve with a heating rate of 30 K min-1 for comparison.
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Supplementary Figure 4. The structural change of the NbNiZrTiCo HEMG sample as a function of temperature revealed by in-situ synchrotron XRD patterns and the corresponding DSC curve during heating. a The first diffraction peak position (red circles) and the DSC curve (black dashed curve). b The first derivative of the principal diffraction peak position (red circles) during heating and the DSC curve (black dashed curve). The vertical dashed lines mark the Tstart of the first exothermic peak in DSC, which agrees well with the change of the slope of the first diffraction peak position as marked by the two blue dashed lines in b. No obvious thermal lag is observed in the in-situ XRD experiment.
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Supplementary Figure 5. XRD results of the NbNiZrTiCoCu HEMG heated above the first exothermal peak (816 K). The sample partially crystallizes and shows a dual-phase structure of body-centered cubic (BCC) phase and amorphous phase.
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Supplementary Figure 6. Two-dimensional in-situ synchrotron XRD images of the NbNiZrTiCo HEMG sample. a The image at 303 K before heating. b The image at 803 K. c The image at 303 K after heating.



Supplementary Tables
Supplementary Table 1. The SC, SE and ST of the HEMGs with glass-to-glass transitions, conventional Nb–Ni–Zr–based MGs, and HEMGs without glass-to-glass transitions. 
	Category
	Composition
	SC (J mol-1 K-1)
	SE (J mol-1 K-1)
	ST (J mol-1 K-1)
	Ref.

	HEMGs with glass-to-glass transitions
	Nb20Ni20Zr20Ti20Co20
	13.38
	-2.75
	10.63
	This work

	
	Nb20Ni20Zr20Ti20Cu20
	13.38
	-2.50
	10.88
	This work

	
	Nb16.7Ni16.7Zr16.7Ti16.7Co16.7Cu16.7
	14.90
	-2.73
	12.17
	This work

	Nb–Ni–Zr–based MGs
	Ni62.25Nb32.75Zr5
	6.74
	-2.36
	4.38
	1

	
	Ni62.25Nb30.75Zr5Mo2
	7.36
	-2.33
	5.04
	1

	
	Ni62.25Nb30.75Zr5V2
	7.36
	-2.32
	5.04
	1

	
	Ni62.25Nb30.75Zr5Ta2
	7.36
	-2.36
	5.00
	1

	
	Ni62.25Nb28.75Zr5Ta4
	7.75
	-2.36
	5.39
	1

	
	Ni62.25Nb30.75Zr5Sn2
	7.36
	-2.36
	5.01
	1

	
	Ni62.25Nb30.75Zr5Ti2
	7.36
	-2.37
	4.99
	1

	
	Ni62.25Nb28.75Zr5Ti4
	7.75
	-2.38
	5.37
	1

	
	Ni60.25Nb32.75Zr5Fe2
	7.47
	-2.35
	5.12
	1

	
	Ni58.25Nb32.75Zr5Fe4
	7.97
	-2.34
	5.63
	1

	
	Ni60.25Nb32.75Zr5Cu2
	7.47
	-2.34
	5.13
	1

	
	Ni58.25Nb32.75Zr5Cu4
	7.97
	-2.32
	5.65
	1

	
	Ni60.25Nb32.75Zr5Co2
	7.47
	-2.36
	5.12
	1

	
	Ni58.25Nb32.75Zr5Co4
	7.97
	-2.35
	5.62
	1

	
	(Ni62.25Nb32.75Zr5)99Si1
	7.14
	-2.43
	4.71
	1

	
	(Ni62.25Nb32.75Zr5)98Sn2
	7.42
	-2.35
	5.07
	1

	
	(Ni62.25Nb32.75Zr5)98Al2
	7.42
	-2.34
	5.08
	1

	HEMGs without glass-to-glass transitions
	Ti20Zr20Hf20Be20Cu20
	13.38
	-4.59
	8.79
	2

	
	Ti16.7Zr16.7Hf16.7Be16.7Cu16.7Ni16.7
	14.90
	-4.69
	10.21
	3

	
	Pd20Pt20Cu20Ni20P20
	13.38
	-3.19
	10.19
	4

	
	Sr20Ca20Yb20Mg20Zn20
	13.38
	-6.73
	6.65
	5

	
	Zr31Ti27Be26Cu10Fe6
	12.19
	-5.04
	7.14
	6

	
	Zr31Ti27Be26Cu10Al6
	12.19
	-4.79
	7.39
	6

	
	Zr31Ti27Be26Cu10Ag6
	12.19
	-4.79
	7.40
	6

	
	Zr31Ti27Be26Cu10Ni6
	12.19
	-5.10
	7.09
	6

	
	Zr31Ti27Be26Cu10Cr6
	12.19
	-4.99
	7.19
	6

	
	Zr31Ti27Be26Cu10V6
	12.19
	-4.88
	7.31
	6

	
	Zr28Ti24Be23Cu9Ni10Fe6
	13.74
	-4.98
	8.76
	6

	
	Zr28Ti24Be23Cu9Ni10Al6
	13.74
	-4.77
	8.97
	6

	
	Zr28Ti24Be23Cu9Ni10Ag6
	13.74
	-4.77
	8.97
	6

	
	Zr28Ti24Be23Cu9Ni10Cr6
	13.74
	-4.94
	8.81
	6

	
	Zr28Ti24Be23Cu9Ni10V6
	13.74
	-4.83
	8.91
	6

	
	Fe25Co25Ni25P10C7.5B5Si2.5
	14.19
	-5.04
	9.15
	7

	
	Fe25Co25Ni25P10C5B5Si5
	14.29
	-4.14
	10.16
	7

	
	Fe25Co25Ni25P12.5C2.5B5Si5
	14.06
	-3.37
	10.69
	7

	
	Fe25Co25Ni25P7.5C5B7.5Si5
	14.37
	-4.47
	9.90
	7

	
	Fe25Co25Ni25P10C2.5B7.5Si5
	14.19
	-3.70
	10.49
	7

	
	Fe25Co25Ni25P10C2.5B5Si7.5
	14.19
	-3.23
	10.95
	7

	
	Ti20Zr20Hf20Be20Cu17.5Ni2.5
	14.01
	-4.63
	9.37
	8

	
	Ti20Zr20Hf20Be20Cu12.5Ni7.5
	14.48
	-4.73
	9.75
	8

	
	Ti20Zr20Hf20Be20Cu7.5Ni12.5
	14.48
	-4.82
	9.66
	8

	
	Ti20Zr20Hf20Be20Cu2.5Ni17.5
	14.01
	-4.92
	9.09
	8

	
	Fe25Co25Ni25B15Si10
	12.92
	-3.65
	9.27
	9

	
	Fe25Co25Ni25B17.5Si7.5
	12.80
	-4.12
	8.68
	9

	
	Ti20Zr20Hf20Be20Ni20
	14.53
	-4.78
	9.76
	10

	
	La30Ce30Ni10Cu10Al20
	12.51
	-5.97
	6.54
	11

	
	La30Ce30Ni15Cu5Al20
	12.29
	-6.11
	6.19
	11

	
	La35Ce25Ni10Cu10Al20
	12.44
	-6.04
	6.40
	11

	
	La30Ce30Ni5Cu15Al20
	12.29
	-5.83
	6.46
	11

	
	La25Ce35Ni10Cu10Al20
	12.44
	-5.90
	6.54
	11

	
	Gd20Tb20Dy20Co20Al20
	13.38
	-5.11
	8.27
	12

	
	Gd20Tb20Dy20Ni20Al20
	13.38
	-5.25
	8.14
	12

	
	Gd20Tb20Dy20Fe20Al20
	13.38
	-4.98
	8.41
	12

	
	Ho16.5Er38.5Al27.5Co17.5
	11.01
	-4.58
	6.43
	13

	
	Er20Dy20Co20Al20Gd20
	13.38
	-5.05
	8.33
	14

	
	Er20Dy20Co20Al20Tb20
	13.38
	-4.87
	8.51
	14

	
	Er20Dy20Co20Al20Tm20
	13.38
	-4.80
	8.58
	14

	
	Gd25Co25Al25Y25
	11.53
	-6.13
	5.40
	15

	
	Gd25Co25Al25Y15Dy10
	12.92
	-6.06
	6.87
	15

	
	Gd25Co25Al25Y15Ho10
	12.92
	-6.00
	6.93
	15

	
	Gd25Co25Al25Y15Er10
	12.92
	-6.00
	6.93
	15

	
	Gd25Co25Al25Ho24Y1
	11.87
	-5.81
	6.07
	16

	
	Gd25Co25Al25Ho20Y5
	12.57
	-5.86
	6.70
	16

	
	Gd25Co25Al25Ho15Y10
	12.92
	-5.93
	6.99
	16

	
	Gd25Co25Al25Ho10Y15
	12.92
	-6.00
	6.93
	16

	
	Gd25Tb25Co25Al25
	11.53
	-5.88
	5.64
	17

	
	Gd25Dy25Co25Al25
	11.53
	-5.95
	5.57
	17

	
	Gd25Ho25Co25Al25
	11.53
	-5.79
	5.73
	17

	
	Fe25Co25Ni25Mo5P10B10
	13.72
	-3.48
	10.23
	18





Supplementary Notes
Supplementary Note 1. Flash DSC curves.
For the as-prepared NbNiZrTiCo HEMG, its Tg cannot be detected by using the conventional DSC measurement (Supplementary Fig. 1a in the manuscript). However, using a chip-based Flash DSC with a much faster heating rate of 500-8000 K s-1 (Supplementary Fig. 7a), the Tg of the as-prepared NbNiZrTiCo HEMG can be clearly observed before the first exothermic peak with heating rates higher than 1000 K s-1. According to these results, it can be claimed that the phase transition is a liquid-to-liquid transition when the heating rate is higher than 1000 K s-1.
[bookmark: _Hlk85459631]We have also tried to estimate the Tg in the DSC curve with a regular heating rate of 0.333 K s-1 (20 K min-1) by extrapolation (Supplementary Fig. 7b). According to the Kissinger equation fitting (same function as in Supplementary Note 2) of the flash DSC data with various heating rates, the Tg is estimated to be 629 K with a regular heating rate of 0.333 K s-1. However, the estimated Tg is not observed in the experimental result, and actually no significant structural change is observed before the transition. From this aspect, it may not be solid to claim that the discovered transition in the manuscript is a liquid-to-liquid transition at a heating rate of 0.333 K s-1 due to the absence of Tg. However, since the heat-treated sample also shows a Tg of 764 K (Fig. 1b in the manuscript), the as-prepared sample and the heat-treated sample are both in glass states and thus the “glass-to-glass transition” can be well confirmed. We do not deny that such a glass-to-glass transition could be a potential liquid-to-liquid transition with a regular heating rate, but to avoid possible dispute or confusion, it may be better to use the term “glass-to-glass transition” instead of “liquid-to-liquid transition” to describe the experimental results. 


[image: ]
Supplementary Figure 7. Flash DSC results and the estimation of the Tg with a regular heating rate. a Flash DSC curves with different heating rates. b Fitting of the Tg with different heating rates using the Kissinger equation. The stars are extrapolated data at a conventional heating rate of 0.333 K s-1 (20 K min-1).

Experimental procedure: The Flash DSC measurement was performed using a Mettler-Toledo Flash DSC 2+ with a UFH 1 sensor. The initial ribbon sample was cut into small pieces of 40 μm * 40 μm under a stereomicroscope and then loaded on the Flash DSC chip. The sample support temperature of the Flash DSC was set to 183 K (−90 °C), and the furnace was purged with argon at a flow rate of 80 ml min-1. The samples were heated with a series of heating rates from 500 K s-1 to 8000 K s-1.



Supplementary Note 2. DSC curves with multiple heating rates.
	DSC analyses with multiple heating rates are performed (10, 20, 30, 40, and 50 K min-1, covering the heating rate of the in-situ diffraction, Supplementary Fig. 8a), and the activation energies corresponding to the three exothermic peaks are obtained (Supplementary Fig. 8b) by fitting the DSC results with the Kissinger function as below

  (1)





where  is the heating rate, is the peak exothermic temperature,  is the ideal gas constant,  is the activation energy, and  is a constant. The Kissinger function fits the experimental data well (Supplementary Fig. 8b), and the three exothermic peaks show activation energies of 281, 384, and 249 kJ mol-1, respectively.


[image: ]
Supplementary Figure 8. DSC curves with multiple heating rates. a DSC curves of NbNiZrTiCo HEMG with heating rates of 10, 20, 30, 40, and 50 K min-1. The start temperature of the glass-to-glass transition with a heating rate of 30 K min-1 is denoted as Tstart (717 K). b Kissinger plots corresponding to the three exothermic peaks.

Supplementary Note 3. Additional HRTEM images.
To confirm the observed microstructures, supplementary HRTEM measurements are conducted on multiple spots of each heat-treated sample with the three different compositions (Supplementary Fig. 9: NbNiZrTiCo; Supplementary Fig. 10: NbNiZrTiCu; Supplementary Fig. 11: NbNiZrTiCoCu), and the results show that none of the heat-treated samples presents any feature of nano-crystallization in the HRTEM images or SAED patterns. The fully crystallized microstructure of the NbNiZrTiCo HEMG heated to TB is also confirmed by the HRTEM results (Supplementary Fig. 12).
[image: ]
Supplementary Figure 9. Additional TEM and SAED results of the heat-treated NbNiZrTiCo sample. a Bright-field TEM image of the heat-treated sample (scale bar: 200 nm). b SAED image (scale bar: 5 nm-1) of the heat-treated sample. c HRTEM (scale bar: 5 nm) image of the A area in a. d SAED image (scale bar: 5 nm-1) of the A area in a. e, f Same as c, d but for the B area. g, h Same as c, d but for the C area.
[image: ]
Supplementary Figure 10. Additional TEM and SAED results of the heat-treated NbNiZrTiCu sample. a Bright-field TEM image of the heat-treated sample (scale bar: 200 nm). b SAED image (scale bar: 5 nm-1) of the heat-treated sample. c HRTEM (scale bar: 5 nm) image of the A area in a. d SAED image (scale bar: 5 nm-1) of the A area in a. e, f Same as c, d but for the B area. g, h Same as c, d but for the C area.
[image: ]
Supplementary Figure 11. Additional TEM and SAED results of the heat-treated NbNiZrTiCoCu sample. a Bright-field TEM image of the heat-treated sample (scale bar: 200 nm). b SAED image (scale bar: 5 nm-1) of the heat-treated sample. c HRTEM (scale bar: 5 nm) image of the A area in a. d SAED image (scale bar: 5 nm-1) of the A area in a. e, f Same as c, d but for the B area. g, h Same as c, d but for the C area.
[image: ]
Supplementary Figure 12. Additional TEM and SAED results of the NbNiZrTiCo sample heat-treated at TB. a Bright-field TEM image of the sample (scale bar: 100 nm). b SAED image (scale bar: 5 nm-1) of the sample. c HRTEM (scale bar: 2 nm) image of the A area in a. d SAED image (scale bar: 5 nm-1) of the A area in a. e, f Same as c, d but for the B area. g, h Same as c, d but for the C area.

Experimental procedure: The TEM thin foils were extracted from the ribbons by the Zeiss Auriga focused ion beam (FIB) system with Ga+ ion beams. The Ar+ ion beams were used for further thinning and polishing by the Model 1040 NanoMill® TEM specimen preparation system, with an energy of 900 eV and a current of 150 μA. The bright-field TEM images, HRTEM images and the diffraction images were attained by the JEOL JEM-2100F transmission electron microscope with a LaB6 electron source operated at 200 kV.

Supplementary Note 4. Synchrotron small-angle X-ray scattering results.
To characterize the structural and compositional homogeneity at the macro-scale, synchrotron small-angle X-ray scattering (SAXS) experiments were performed on the as-prepared and heated-treated NbNiZrTiCo samples with an X-ray beam size of ~0.5*0.5 mm2. Both SAXS curves (Supplementary Fig. 13) are smoothly decayed as a function of the wave vector, Q, with no detectable interference peak over the entire Q range, suggesting that there is no obvious density fluctuation typically associated with composition segregation or density change due to crystallization at the length scale over 1 nm, which is consistent with the APT and HRTEM analysis. The small glitch at Q = 0.06 Å-1 is caused by the gaps in the two-dimensional Pilatus detector. The overall intensity difference between the two samples is supposed to be caused by the different sample thicknesses and structures.
[image: ]
Supplementary Figure 13. Synchrotron SAXS results for the as-prepared and heated-treated NbNiZrTiCo samples. Both SAXS curves are smooth with no detectable interference peak over the entire Q range, suggesting no obvious density fluctuation at the length scale over 1 nm. The small glitch at Q = 0.06 Å-1 is caused by the gaps in the two-dimensional Pilatus detector. The overall intensity difference between the two samples is supposed to be caused by different sample thicknesses and differences in their atomic structures.

Experimental procedure: Small-angle X-ray scattering (SAXS) experiments were performed at the beamline BL16B1 of the Shanghai Synchrotron Radiation Facility (SSRF). The wavelength of the X-ray beam was 1.0332 Å (12.0 keV). The beam size was 0.5 mm × 0.5 mm. SAXS was performed in a transmission mode by using a 2D Pilatus 2M 3S detector and a pixel size of 172*172 μm2. The two samples were prepared using the same protocol as the synchrotron X-ray diffraction experiments.

Supplementary Note 5. Thermal stability of the NbNiZrTiCo HEMG.
[bookmark: _Hlk67750456]Isothermal DSC analyses are performed to reveal the time dependence of the stability of the HEMG. It is found that the heat-treated sample remains amorphous after annealed at Tg - 5 K (759 K) for 2 hours, Tg + 30 K (794 K) for 2 hours, and Tg + 30 K (794 K) for 10 hours. To avoid the severe surface oxidation of the samples, the upper limit of the time periods for the isothermal scans is selected to be 10 hours. We found that the heat-treated sample remains amorphous even after annealed at Tg + 30 K (794 K) for 10 hours. Therefore, below Tg, we only selected the temperature of Tg - 5 K (759 K) for the isothermal scan analyses. During the annealing at Tg - 5 K (759 K) for 2 hours, Tg + 30 K (794 K) for 2 hours and Tg + 30 K (794 K) for 10 hours, no exothermic peak is observed in any of the isothermal scan curves (Supplementary Figs. 14a, d and g), indicating no crystallization during the annealing and a high crystallization resistance. The XRD patterns of the annealed samples show no sharp Bragg peaks (Supplementary Figs. 14b, e and h) and the latter two exothermic peaks still can be observed in the DSC curves (Supplementary Figs. 14c, f and i). These results show that the HEMG possesses excellent thermal stability, and indicate that the glass-to-glass transition enable us to realize an ultrastable low-energy glass state, whose low energy makes it more difficult to crystallize than the conventional metallic glasses.

[image: ]
Supplementary Figure 14. Isothermal DSC curves, X-ray diffraction analyses and speciﬁc heat (ΔCP) curves of the annealed samples. a Isothermal DSC curves of annealing at Tg - 5 K (759 K) for 2 hours. b XRD curve of the sample annealed at Tg - 5 K (759 K) for 2 hours. c DSC curve of the sample annealed at Tg - 5 K (759 K) for 2 hours. (d-f) Same as (a-c) but annealed at Tg + 30 K (794 K) for 2 hours. (g-i) Same as (a-c) but annealed at Tg + 30 K (794 K) for 10 hours. No obvious exothermic peak is observed in the isothermal DSC curves. All annealed samples remain amorphous and the latter two exothermic peaks can be observed in the DSC curves.

[bookmark: _Hlk67755725]Experiment procedure: DSC curves were measured using Al2O3 crucibles with a synchronous thermal analyzer (STA-449 F3, NETZSCH, Germany) under a high-purity argon atmosphere. The weight of each tested sample was ~20 mg. For multiple heating rates experiments, the heating rates were 10, 20, 30, 40, and 50 K min-1. For isothermal scans experiments, the heat-treated samples were heated to Tg - 5 K (759 K) or Tg + 30 K (794 K) with a heating rate of 20 K min-1 and kept for 2 or 10 hours. Then, the samples were cooled down to room temperature and followed by a DSC scan with a heating rate of 20 K min-1. To highlight the phase transitions, the corresponding DSC curve of the crystallized HEMG (samples heated to 1173 K) was subtracted. The XRD analyses were performed using an X-ray diffractometer (D/max-RB, Rigaku Inc., Japan) with Cu Kα radiation (wavelength 1.5406 Å) at room temperature. The XRD experiments were performed using a θ-2θ mode with a scanning rate of 3 degrees min-1.

Supplementary Note 6. Additional APT measurements and quantitative analyses
To unambiguously verify the APT results, the APT measurements are repeated on additional samples (Supplementary Fig. 15), and the results confirm the homogeneous elemental distributions without any segregation. Moreover, a quantitative analysis of the four sets of APT data is carried out (Supplementary Fig. 16). Specifically, to show the randomness of the atom distribution quantitatively, the experimental frequency distribution curves of each element are obtained by counting the number of atoms of a given element nA in the sampling volumes containing a fixed total number of N atoms (Supplementary Fig. 16). If the element A is randomly distributed in the sample, the frequency distribution e(nA) is theoretically expected to follow the binomial distribution B(nA) as below19:

  (2),
where cA is the mole fraction of the element A. The experimental frequency distribution curves fit well with the binomial distribution, as shown in Supplementary Fig. 16. The statistical distance between the observed and expected distribution is evaluated by the reduced χ2 as19

  (3),
where O(nA) is the observed frequency distribution. A smaller reduced χ2 indicates that the observed frequency distribution is closer to the binomial distribution. However, the reduced χ2 is dependent on the sample size. To effectively normalize the dependence of sample size, the normalized homogenization parameter μ is calculated as20:

  (4).
The μ is independent of the sample size, and its value is between 0 and 1, where 0 indicates an ideally random distribution, and 1 indicates a complete association in the occurrence of the A atoms20. The calculated μ parameters are listed in Supplementary Table 2, where the μ for all elements are small and close to 0, quantitatively confirming the random spatial distribution of all the elements in both the as-prepared and heat-treated alloys. 
[image: ]
Supplementary Figure 15. 3D APT reconstruction of the additional as-prepared (a) and heat-treated (b) NbNiZrTiCo samples. The results show no compositional heterogeneity as well. The scale bars represent 20 nm.

[image: ]
Supplementary Figure 16. The frequency distribution curves and the fitted binomial distribution curves of each element distribution by analyzing the APT data of the as-prepared (a, c) and heat-treated (b, d) NbNiZrTiCo samples. Experimental results are shown in solid curves while fitting results are shown in dashed curves.

Supplementary Table 2. Normalized homogenization parameter μ of the frequency distribution curves.
	Sample
	Element
	μ

	as-prepared
	Nb
	0.1331

	
	Ni
	0.0918

	
	Zr
	0.1100

	
	Ti
	0.0451

	
	Co
	0.0330

	heat-treated
	Nb
	0.1695

	
	Ni
	0.0877

	
	Zr
	0.1156

	
	Ti
	0.0417

	
	Co
	0.0431

	additional as-prepared
	Nb
	0.0364

	
	Ni
	0.0361

	
	Zr
	0.0487

	
	Ti
	0.0480

	
	Co
	0.0881

	additional heat-treated
	Nb
	0.1365

	
	Ni
	0.0563

	
	Zr
	0.0714

	
	Ti
	0.0299

	
	Co
	0.0293




Supplementary Note 7. Fitting of the first peak in G(r)
There are 15 different partial pair distribution functions in the NbNiZrTiCo metallic glass. However, it is so far technically impossible to separate the G(r) curve into 15 partial pair distribution functions due to their severe overlapping. Instead, we mainly focus on the shape changes of the first two sub-peaks of G(r), which conveniently reflects the local structural evolution involving the short-range order. To quantitatively evaluate the shape changes of the peaks, we attempted to use minimum numbers of Gaussian functions to fit them and found that the first peak in G(r) can be well fitted by two Gaussian functions as shown in Supplementary Fig. 17a. Although the two Gaussian peaks cannot be directly assigned to any specific atomic pairs due to the uncertainty in their positions and weights, the analysis on the temperature dependence of the first peak shape in G(r) fitted by two Gaussian peaks still helps to quantitatively describe the short-range structural evolution as a function of temperature. For example, these analyses give quite consistent results showing a transition at around Tstart temperature (Fig. 4 in the main text). Similar peak fitting methods for the first peak in G(r) have been extensively used in the metallic glass community to derive structural information of multicomponent systems quantitatively21-23. 



To derive more information of the short-range structure, we qualitatively compared the atomic pair distances and their partial weights with the radial distribution functions (RDFs) of the as-prepared sample and the sample cooled down from 803 K in the in-situ experiment (Supplementary Fig. 17b). For a completely random quinary system, the fraction of a specific homoatomic pair is, and the fraction of a specific heteroatomic pair is. Given the X-ray scattering weight of each atomic pair, the sum-weight of each atomic pair is

,

where the  is the X-ray scattering weight. The 15 atomic pairs are grouped into six groups due to the similar bond lengths of some atomic pairs, and the sum-weights of the atomic pairs in the same group are added for the convenience of comparison.

It can be observed that the as-prepared sample resembles the random distribution with possibly maximized configurational entropy, while the sample cooled down from 803 K to room temperature considerably deviate from the initial random distribution with enhanced intensity in the atomic pair distance between 2.8 and 3.2 Å. 

[bookmark: _Hlk83560683][bookmark: _Hlk85209509]In the NbNiZrTiCo HEMG, the Zr/Ti elements, as well as the Co/Ni elements have similar chemical properties and zero heat of mixing, while other atomic pairs show positive or negative heats of mixing as shown in Supplementary Fig. 18a. Therefore, for simplicity in our illustration, Zr and Ti (Co and Ni) are considered as similar atoms in the schematic image. As shown in Supplementary Fig. 18b, the as-prepared MG was quenched into a highly disordered state from the melt, leading to a more random distribution of different elements mainly dominated by the high-entropy effect. During heating, the structural ordering via atomic rearrangement occurs mainly in the short-range. The Ti/Zr elements have positive mixing enthalpy with the Nb element, and the Co/Ni elements have more negative mixing enthalpy with the Zr/Ti elements than that between the Co/Ni elements and the Nb element. As a result, more short-range ordered clusters are formed among those elements with more negative heats of mixing (Supplementary Fig. 18c). In contrast, the atoms surrounding these closely packed atomic clusters are more loosely distributed due to the positive or less negative heats of mixing, which is consistent with the analysis of the fitting of the first peak of G(r) and the rise of the “second sub-peak” in the first peak in radial distribution functions shown in Supplementary Fig. 17. Eventually, these enthalpy-driven atomic rearrangements result in a more ordered distribution of the atoms, yielding a smaller full width at half maximum (FWHM) of the first diffraction peak of the S(Q) (Fig. 3d in the manuscript). Besides, we would like to point out that much less is known about the detailed structures of the metallic glasses24 than the structures of the oxide glasses25, which limits the extraction of the detailed information from the diffraction data of metallic glasses. Besides, according to the relationship between the density and S(Q) diffraction peak position26, the density increase after the heat-treatment can be estimated to be ~0.68%. The increased density is not the aim of the schematic diagram26. 
[image: ]

[bookmark: _Hlk63869192][bookmark: _Hlk63869748][bookmark: _Hlk63869863]Supplementary Figure 17. Fitting of the first peak of G(r) and the local structural changes in the first peak in radial distribution functions. a High quality fitting of the first peak in G(r) of the as-prepared sample with two Gaussian sub-peaks. b Comparison of the first peak in radial distribution function of the as-prepared sample and the sample cooled down from 803 K to room temperature in the in-situ diffraction experiment. The 15 atomic pairs are grouped into six groups due to the similar bond lengths of some atomic pairs, and the heights of the bars correspond to the sum of  of the atomic pairs in the same group. 

[image: ]
[bookmark: _Hlk85209394]Supplementary Figure 18. Schematic structural change of the phase transition. a The mixing enthalpy of the atom pairs. The Co-Ni and Ti-Zr elements have similar chemical properties and zero mixing enthalpy, and thus they are denoted by the same type of atoms in b, c and d for simplicity and clarity. b The random distribution of the atoms in the as-prepared condition. c The moving trends of the atoms driven by the mixing entropy during the heating process. d The resulted more ordered structure after heating process. The closed dashed-lines are guide for the eye.

Supplementary Note 8. Mechanical spectroscopy of the NbNiZrTiCo HEMG 
The storage modulus (Supplementary Fig. 19a) shows a slight decrease during heating in the temperature range of the AEP and increases irreversibly during cooling. Empirically, the storage modulus is related to the short-range atomic bond. The increased modulus indicates a stronger atomic bond with higher bond energy27. The bond energy here is the energy required to break the atomic bond, which means that the transformation of an MG from a lower bond energy state to a higher bond energy state would release energy, corresponding to the AEP on the DSC curve. The irreversible increase in the storage modulus indicates higher bond energy, which is supposed to be caused by the change in short-range order. These results confirm the proposed irreversible glass-to-glass transition from a high-energy glass state to a low-energy glass state with a significant short-range structure change. 

[bookmark: Figures]
[image: ]
Supplementary Figure 19. DMA results of the NbNiZrTiCo HEMG. a Storage modulus E’(T) (dark blue line) and loss modulus E’’(T) (orange line) of the as-prepared NbNiZrTiCo HEMG during heating and cooling. b DSC curve of as-prepared NbNiZrTiCo HEMG with a heating rate of 5 K min-1.

Experiment procedure: Mechanical spectroscopy was performed on a TA Instruments Q800 dynamic mechanical analyzer. The test was performed in a tensile geometry applying a preload (static force) of 1.8 N. Oscillating strain of 1 μm amplitude was applied by loading and unloading dynamic force with 1 Hz frequency. The length of the ribbon was ~5 mm, which meant a relative strain oscillation amplitude of ~2*10-4. The sample was heated to 827 K and then cooled down to room temperature with heating and cooling rates of 5 K min-1.


[bookmark: _Hlk67747707]Supplementary Note 9. Nanoindentation analyses of the NbNiZrTiCo HEMG
The typical load-displacement curves for the as-prepared and heat-treated samples are shown in Supplementary Fig. 20, and the hardness and modulus extracted from the experiments are summarized in Supplementary Table 3. The heat-treated sample exhibits 39.5 % higher hardness and 9.6 % higher modulus. The increased hardness and modulus indicate higher atomic bond energy, in agreement with the DMA results. It should be noted that the obtained modulus is different from the DMA results due to the different measuring methods. 

[image: ]
Supplementary Figure 20. Typical load-displacement curves for the as-prepared and heat-treated samples.

Supplementary Table 3. Hardness and Young’s modulus of the as-prepared and heat-treated samples.
	Sample
	Hardness (GPa)
	Young’s Modulus (GPa)

	As-prepared
	6.78 ± 0.11
	86.3 ± 0.8

	Heat-treated
	9.46 ± 0.42
	94.6 ± 0.9



Experiment procedure: Nanoindentation analyses on the as-prepared and heat-treated samples were performed using a Ti-900 nanoindenter (Hysitron Inc., USA) with a diamond Berkovich indenter (tip radii: 255 nm) at room temperature. 6 indents were made for each sample with the adjacent indents separated by at least 10 μm to avoid the overlap of the plastic deformation area. During each indentation test, the load was imposed with a constant loading rate of 1000 μN/s until the maximum load of 30 mN was reached. The maximum load was held for 5 s before unloading with 1000 μN s-1.

[bookmark: _Hlk67750366]Supplementary Note 10. Nanoindentation analyses of two additional HEMGs with glass-to-glass transitions
[bookmark: _Hlk67748379]Nanoindentation analyses were performed on the as-prepared and heat-treated NbNiZrTiCu and NbNiZrTiCoCu HEMGs. The hardness and modulus results are summarized in supplementary Table 4. All three heat-treated samples exhibit higher hardness and modulus than the corresponding as-prepared samples, which is similar to the results of the NbNiZrTiCo HEMG. 

Supplementary Table 4. Hardness and Young’s modulus of the as-prepared and heat-treated NbNiZrTiCu and NbNiZrTiCoCu HEMGs.
	Sample
	Hardness (GPa)
	Young’s Modulus (GPa)

	As-prepared NbNiZrTiCu 
	  9.21 ± 0.22
	 86.3 ± 0.8

	Heat-treated NbNiZrTiCu 
	11.69 ± 0.51
	114.9 ± 2.5

	As-prepared NbNiZrTiCoCu 
	  9.45 ± 0.18
	109.3 ± 2.3

	Heat-treated NbNiZrTiCoCu 
	11.36 ± 0.41
	123.0 ± 3.2



Experiment procedure: Nanoindentation analyses on the as-prepared and heat-treated samples were performed using a Ti-900 nanoindenter (Hysitron Inc., USA) with a diamond Berkovich indenter (tip radii: 255 nm) at room temperature. 6 indents were made for each sample with the adjacent indents separated by at least 10 μm to avoid the overlap of the plastic deformation area. During each indentation test, the load was imposed with a constant loading rate of 1000 μN s-1 until the maximum load of 30 mN was reached. The maximum load was held for 5 s before unloading with 1000 μN s-1.

Supplementary Note 11. Thermal stability of the two additional HEMGs with glass-to-glass transitions
[bookmark: _GoBack]Isothermal DSC analyses are performed to reveal the time dependence of the stability of the heat-treated NbNiZrTiCu and NbNiZrTiCoCu HEMGs. It is found that these HEMGs remain amorphous after annealed at Tg + 10 K (NbNiZrTiCu, Supplementary Figs. 21a, b and c) or Tg - 10 K (NbNiZrTiCoCu, Supplementary Figs. 21d, e and f) for 2 hours. These results show that the HEMGs possess excellent thermal stability, and indicate that the glass-to-glass transition may function as a universally effective pathway to obtain metallic glasses with excellent thermal stability.

[image: ]
[bookmark: _Hlk67600675]Supplementary Figure 21. Isothermal DSC curves, X-ray diffraction analyses and DSC curves of the NbNiZrTiCu and NbNiZrTiCoCu alloys. a Isothermal DSC curves of the heat-treated NbNiZrTiCu sample annealed at Tg + 10 K (718 K) for 2 hours. b XRD curve of the annealed NbNiZrTiCu sample. c DSC curve of the annealed NbNiZrTiCu sample. (d-f) Same as (a-c) but for the NbNiZrTiCoCu HEMG annealed at Tg - 10 K (750 K) for 2 hours.

Experiment procedure: DSC curves were measured using Al2O3 crucibles with a synchronous thermal analyzer (STA-449 F3, NETZSCH, Germany) under a high-purity argon atmosphere. The weight of each tested sample was ~20 mg. For isothermal scans experiments, the heat-treated samples were heated to Tg + 10 K (NbNiZrTiCu) or Tg - 10 K (NbNiZrTiCoCu) with a heating rate of 20 K min-1 and kept for 2 hours. Then, the samples were cooled down to room temperature and followed by a DSC scan with a heating rate of 20 K min-1. To highlight the phase transitions, the corresponding DSC curve of the crystallized HEMG was subtracted. The XRD analyses were performed using an X-ray diffractometer (D/max-RB, Rigaku Inc., Japan) with Cu Kα radiation (wavelength 1.5406 Å) at room temperature. The XRD experiments were performed using a θ-2θ mode with a scanning rate of 3 degrees min-1.

Supplementary Note 12. Verification of the data process by the PDFgetX3 software
The PDFgetX3 software was released in 201328 by the same developer group of the PDFgetX2 software28,29, trying to avoid the human factors in data analysis especially to get highly consistent results in batch process and have been widely applied. The PDFgetX3 software was used in our work mainly for its “batch process” function, which could process the massive in-situ diffraction data efficiently and consistently. To show the reliability of the PDFgetX3 software for the purpose of our work, we have compared the diffraction results of the as-prepared sample processed by the PDFgetX3, PDFgetX2 and GSASII software as shown in Supplementary Fig. 22. We find that the use of PDFgetX3 software does not have a visible influence on the peak shapes and peak positions of the results. We found that the peak intensity of data obtained from PDFgetX3 is always slightly lower than those from PDFgetX2 by a constant factor, which is consistent with the reports from literature28,30. Therefore, by multiplying a constant, the G(r) and S(Q) curves of the as-prepared sample processed by PDFgetX2 and PDFgetX3 coincide with each other very well (Supplementary Figs. 22c and d). Therefore, the peak positions and shapes are independent of the use of PDFgetX2 or PDFgetX3 software. Besides, the low-r regions of the G(r) curves below the first peak show similar slopes and oscillation amplitudes, which are also signs of the reasonable quality of the experimental data25,31. We have also compared the diffraction results processed by the PDFgetX3 and GSASII software (Supplementary Figs. 22e-h) and find similar results. 

In addition, we also checked the diffraction data at the highest measurement temperature (803 K) using the PDFgetX2, PDFgetX3, and GSASII software, and we found the coefficient to match intensity is almost constant and independent of the temperature changes (Supplementary Fig. 23), which means the relative change of peak intensity with varying temperatures is also reliable. These comparisons between different software evidence the validity of the data processed by PDFgetX3 in our work focusing on the peak shapes and positions rather than absolute overall intensity.

[image: ]
[bookmark: _Hlk63608954]Supplementary Figure 22. Comparison of diffraction data of as-prepared sample processed by the PDFgetX2, PDFgetX3, and GSASII software. a S(Q) results processed by PDFgetX2 and PDFgetX3 software. b G(r) results processed by PDFgetX2 and PDFgetX3 software. c S(Q)-1 results processed by PDFgetX2 and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.12. d G(r) results processed by PDFgetX2 and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.12. e S(Q) results processed by PDFgetX3 and GSASII software. f G(r) results processed by PDFgetX3 and GSASII software. g S(Q)-1 results processed by GSASII and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.06. h G(r) results processed by GSASII and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.06. These results demonstrate that the S(Q) and G(r) data processed by the PDFgetX2, PDFgetX3 and GSASII software have slightly different intensities, while no significant difference in the peak position and peak shape is observed. 
[image: ]
Supplementary Figure 23. Comparison of diffraction data of sample at 803 K processed by the PDFgetX2, PDFgetX3, and GSASII software. a S(Q) results processed by PDFgetX2 and PDFgetX3 software. b G(r) results processed by PDFgetX2 and PDFgetX3 software. c S(Q)-1 results processed by PDFgetX2 and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.12. d G(r) results processed by PDFgetX2 and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.12. e S(Q) results processed by PDFgetX3 and GSASII software. f G(r) results processed by PDFgetX3 and GSASII software. g S(Q)-1 results processed by GSASII and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.06. h G(r) results processed by GSASII and PDFgetX3 software with the PDFgetX3 result multiplied by a constant of 1.06. These results demonstrate that the S(Q) and G(r) data processed by the PDFgetX2, PDFgetX3 and GSASII software have slightly different intensities, while no significant difference in the peak position and peak shape is observed.
[image: C:\Users\luanhw\Desktop\naturecomm0807\nc-sourcematerials\NC-sourcematerial\CompareDSC\Graph#1.tif]
Supplementary Figure 24. DSC curves of NbNiZrTiCo samples heat-treated by furnace and DSC. 
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