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Supplementary Figures 

 

Supplementary Figure 1 | Fabrication process of the crossbar Pt/HfO2/Pt 

memristors. a, Clean SiO2/Si substrate for memristor fabrication. b, After the first 

photolithography process, 5 nm Ti adhesion layer and 40 nm Pt BE film were 

successively deposited onto the substrate by radio-frequency magnetron sputtering 

method, followed by a lift-off process to form the patterned BE lines. c, After the second 

photolithography process, 20 nm HfO2 RS film was sputtered (Ar 20 sccm, O2 0.2 sccm, 

power 60 W) at room temperature using a HfO2 target, followed by a lift-off process. 

d, After the third photolithography process, 30 nm Pt TE film was prepared under the 

same conditions of TE film, followed by a lift-off process to release the memristor 

devices. The effective area of the crossbar device is 33 μm2. HfO2-based RS 

memristors with different electrodes (TiN, Ti, Hf, and Ta) were prepared by the similar 

method. 
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Supplementary Figure 2 | Statistical data of VForming and 1st VSET (after 1st RESET 

operation) from randomly selected 100 cells for each HfO2-based memristors with 

different top electrodes (TEs), including a, Pt/HfO2/Pt; b, Pt/TiN/HfO2/Pt; c, 

Pt/Ti/HfO2/Pt; d, Pt/Hf/HfO2/Pt; and e, Pt/Ta/HfO2/Pt devices. VSET is higher 

(lower) than VForming below (above) the orange dashed line in the figures. During 

the measurement, the stop voltage of RESET operation was fixed at −4.5 V.  

 

Supplementary Figure 3 | A temperature-resistance measurement (180 K to 400 K) 

of the LRS and HRS memristors to further confirm their conduction 

characteristics. a, Temperature dependence of the LRS of the memristor. LRS 

increases linearly with increment of surrounding temperature, indicating that the CFs 

are with metallic conduction. The resistance temperature coefficient of the LRS device 

is 7.8710−4 K−1, comparable with but lower than that of the reported value (3.910−3 

K−1) of pure hafnium nanowire. b, Temperature dependence of the HRS of the 

memristor. The HRS decreases with the increasing temperature, indicating a 

semiconductive characteristic. 
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Supplementary Figure 4 | Complete CF and its crystalline shells in LRS Pt/TiN 

/HfO2/Pt RS memristors. a, HRTEM of a complete CF in the LRS device operated 

under 0.1 mA ICC with the typical polymorphous HfOx region, namely, m-HfO2, h-Hf6O 

and t-HfO region, as confirmed by their FFT diffraction patterns in b, c and d.  
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Supplementary Figure 5 | Complete CF and its crystalline shells in LRS 

Pt/Ti/HfO2/Pt RS memristors. a, HRTEM of a complete CF in the LRS device 

operated under 0.1 mA ICC with the typical polymorphous HfOx region, namely, t-HfO, 

m-HfO2, h-Hf6O, and t-HfO2 and region, as confirmed by their FFT diffraction patterns 

in b, c, d and e.  

 

Supplementary Figure 6 | Complete CF and its crystalline shells in LRS 

Pt/Hf/HfO2/Pt RS memristors. a, HRTEM of a complete CF in the LRS device 

operated under 0.1 mA ICC with the typical polymorphous HfOx region, namely, t-HfO2, 

h-Hf6O and t-HfO region, as confirmed by their FFT diffraction patterns in b, c, d and 

e. 
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Supplementary Figure 7 | Complete CF and its crystalline shells in LRS 

Pt/Ta/HfO2/Pt RS memristors. a, HRTEM of a complete CF in the LRS device 

operated under 0.1 mA ICC with the typical polymorphous HfOx region, namely, t-HfO2, 

h-Hf6O and t-HfO region, as confirmed by their FFT diffraction patterns in b, c and d.  

 

Supplementary Figure 8 | Schematic illustration of oxygen-ions motion during 

SET and RESET process. The electric field dominates the vertical motion, hence 

the other two forces driven by temperature and concentration gradient, are only 

analyzed in the lateral direction. a, Oxygen ions move from BE to TE under electric 

field. b, Concentration gradient formed by oxygen-vacancy clusters accumulation 

moves oxygen ions toward CF before it reaches the top electrode. c, Temperature 
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gradient by CF Joule heating moves oxygen ions outward CF. d, O-rich crystalline shell 

formed assisted by the lateral motion of oxygen-ions and the Joule heating effect. e, In 

regard to RESET process, electric-field moves oxygen ions from TE to BE, while the 

directions driven by temperature and concentration gradient remain unchanged. f, 

Temperature gradient weakens after dissolution of CF, while the effects of electric field 

and concentration gradient still exist.  

 

Supplementary Figure 9 | Schematic view of the selected grain in tetragonal HfO2. 

The figure shows a √2 × √2  supercell of tetragonal HfO2, where the grain is 

embedded as a tetragonal box with red line color. Various surfaces of the grain 

including (001), (1̅10) and (110) are marked by blue lines. 
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Supplementary Figure 10 | Schematic view of the selected grain in monoclinic 

HfO2. The figure shows a 96-atom supercell of monoclinic HfO2, where the grain is 

embedded as a box with red line color. Various surfaces of the grain including (1̅11), 

(11̅2) and (121̅) are marked by blue lines. 
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Supplementary Figure 11 | Energy comparison between hafnia grains of different 

phases and sizes. The relative energies of a tetragonal hafnia grain with respect to a 

monoclinic hafnia grain with the same number of atoms are plotted against the number 

of atoms. 
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Supplementary Figure 12 | Illustration of the oxygen vacancy sites under 

investigation. Five distinct oxygen vacancy sites are demonstrated, derived from the 

same amorphous HfO2 supercell with 324 atoms. a, Case 1; b, case 2; c, case 3; d, case 

4; e, case 5. 

 

Supplementary Figure 13 | Electronic density of states for monoclinic HfO2, 

calculated using GGA-1/2 and the HSE06 hybrid functional, showing similar band 

gaps and valence/conduction band morphology. t-HfO2 becomes more energetically 

favorable than m-HfO2 when the grain contains less than ~4000 atoms. 

 

Supplementary Tables 

Supplementary Table 1 | Lattice parameters of various Hf-O phases concluded in 

this work, with comparison to the published values in the literature. Length unit: 

Å; angle unit: degree. 

Phase This Experimental Calculated 
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work 

 

m-HfO2    300K 940K VASP 
SIEST

A 

CASTE

P 

a 5.146 5.1171 5.1192 0.5123 0.51103 5.13224 5.105 5.086 

b 5.203 5.175 5.170 0.5172 0.5168 5.1887 5.17 5.19 

c 5.328 5.291 5.298 0.529 0.5282 5.3067 5.26 5.22 

β 99.65 99.22 99.18 99.5 99.14 99.78 99.12 99.77 

         

t-HfO2      VASP 
SIEST

A 

CASTE

P 

a 
5.083 5.04~5.10

7 

5.148 5.152 
 

5.064 5.035 3.566 

c 5.225 5.11~5.12 5.25 5.29  5.18 5.18 5.11 

         

t-Hf2O3         

a 3.135     3.135   

c 5.657     5.646   

         

t-HfO         

a 
6.658    

 
6.648228

9 

  

c 
10.38

8 

   
 

10.36824   

         

h-HfO         

a 5.231     5.22610   

c 3.191     3.172   

         

h-Hf2O         

a 5.582        

c 5.145        

         

h-Hf3O         

a 5.582        

c 15.36        
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0 

         

         

h-Hf6O         

a 5.553 5.559       

c 

15.34

1 

15.38711 14.4~

1 

5.612 

 

 

   

         

Hf         

a 
3.196 3.194613  3.1964

8 PDF#38-1478 

3.07714 3.20115  

c 5.055 5.0510  5.058 4.905 5.061  

 

Supplementary Table 2 | List of Gibbs free energies of related substance 

potentially formed by oxidation of different top electrodes (The Gibbs free 

energies are extracted from Lange’s Handbook of Chemistry, 70th Anniversary 

Edition, 16th 2004). 

Substance ∆Gf ((kJ mol
−1

) 

Ti3O5 −2317.4 

Ti2O3 −1434.2 

TiO2 −888.8 

TiO −495.0 

HfO2 −1088.2 

Ta2O5 

TaO2 

−1911.0 

−209.0 

* The Gibbs free energies are extracted from Lange’s Handbook of Chemistry, 70th Anniversary 

Edition, 16th 2004. 

Supplementary Table 3 | List of bond dissociation energies of possible metal-

oxygen (M-O) bonds in this work. 

Bond ∆Hf
298

(kJ mol
−1

) 

Pt-O 347 
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Ti-O 662 

Hf-O 791 

Ta-O 805 

* The Gibbs free energies are extracted from Lange’s Handbook of Chemistry, 70th Anniversary 

Edition, 16th 2004. 

Supplementary Table 4 | Spacing calculation of Fig. 2b. 

 d1 d2 d3 

dmearsured/nm 2.915452 2.881844 2.666667 

d h-Hf/nm 

Error% 

2.767817 

5.06387 

2.767817 

3.956744 

2.767817 

3.793145 

d m-HfO2/nm 

Error% 

2.824074 

3.134262 

3.144979 

9.130771 

2.610000 

2.125000 

d h-Hf6O/nm 

Error% 

2.964617 

1.686369 

2.964617 

2.872216 

2.744135 

2.905063 

d t-HfO2/nm 

Error% 

2.953999 

1.322166 

2.953999 

2.503765 

2.608070 

2.197375 

d t-HfO/nm 

Error% 

2.877642 

1.296879 

2.877642 

0.145823 

2.558490 

4.056628 

 

Supplementary Table 5 | Crystal plane angle of Fig. 2b. 

 h1 k1 l1 h2 k2 l2 Angle (°) Angle_measured (°) Error% 

h-Hf 

−1 

−1 

0 

0 

0 

1 

0 

0 

0 

0 

−1 

−2 

1 

1 

2 

0 

0 

1 

120.00 

60.00 

60.00 

114.96 

58.20 

56.76 

4.384134 

3.092784 

5.708245 

m-HfO2 

1 

1 

0 

1 

1 

0 

1 

1 

−2 

0 

1 

1 

0 

1 

1 

−2 

−1 

−1 

129.20 

69.35 

59.85 

114.96 

58.20 

56.76 

12.38979 

19.14966 

5.330162 

h-Hf6O 

−1 

−1 

0 

0 

0 

−1 

4 

4 

−4 

0 

−1 

−1 

−1 

−1 

−1 

−4 

0 

0 

114.61 

57.31 

57.30 

114.96 

58.20 

56.76 

0.305237 

1.538488 

0.959479 

t-HfO2 

1 

1 

0 

1 

1 

0 

1 

1 

−2 

0 

1 

1 

0 

1 

1 

−2 

−1 

−1 

124.49 

68.99 

55.50 

114.96 

58.20 

56.76 

8.293232 

18.53591 

2.209126 

t-HfO 

1 

1 

0 

0 

0 

0 

−1 

−1 

2 

0 

1 

1 

0 

0 

0 

2 

1 

1 

122.58 

65.17 

57.41 

114.96 

58.20 

56.76 

6.628392 

11.97595 

1.145172 
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Supplementary Table 6 | List of calculated surface energies for various 

tetragonal/monoclinic HfO2 surfaces. 

Face Surface energy (J/m2) 

Tetragonal HfO2 

(001) 1.053 

(100) 1.834 

(110) 1.105 

(101) 1.128 

(111) 2.229 

  

Monoclinic HfO2 

(001) 1.354 

(010) 2.056 

(100) 1.949 

(110) 1.763 

(101) 1.819 

(011) 1.737 

(101) 1.958 

(111) 1.224 

(111) 1.063 

 (121̅)* 1.821 

 (11̅2)* 1.797 

*These two surfaces are orthogonal to the (111) surface of monoclinic hafnia. 

Supplementary Table 7 | List of oxygen vacancy formation energies for various 

sites in monoclinic and amorphous HfO2. 

Phase Oxygen vacancy formation energy (eV) 

Monoclinic III-

coordination 

IV-

coordination 

   

 6.39 6.26    

Amorphous Site (a) Site (b) Site (c) Site (d) Site (e) 

 6.33 6.15 5.58 6.06 6.19 
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Supplementary Notes 

Supplementary Note 1: Detailed description of phase determination 

In order to identify the phases present in each region of the HRTEM patterns, we 

calculated crystal parameters (values of the angles between the crystal faces and the 

interplanar spacings) based on our FFT diffraction pattern, and then compared these 

parameters with previously published experimental data and theoretical calculation 

results (Supplementary Table 4 and 5). Based on the comparison, the exact phase that 

best fits our experimental data can be identified. 

Take Region 1 in Fig. 2a as an example. The interplanar spacings from these spots 

in Fig. 2b are calculated as d1 = 2.92 nm, d2 = 2.88 nm, and d3 = 2.67 nm, and the crystal 

plane angles are 114.96°, 58.20°, and 56.76°, respectively. Interplanar spacings and 

crystal plane angles of the possible HfOx phases, which approximately match these 

experimental parameters, are listed in Supplementary Table 4 and 5, respectively. It is 

obvious that both the closest interplanar spacings (Supplementary Table 4) and crystal 

plane angles (Supplementary Table 5) of h-Hf exhibit relative larger errors (max error 

reaching 5.708%) than those of h-Hf6O (max error merely 1.538%) when matching the 

experimental parameters. On the other hand, t-HfO2 can be excluded because of its large 

error in plane angles, though it shows the smallest errors in the interplanar spacings. 

Based on all above analysis, h-Hf6O is the best matching suboxide phase of Fig. 2b, 

considering both the interplanar spacing and crystal plane angle.  

For the situation in Fig. 2f, the interplanar spacings are calculated as d1 = 4.09 nm, 

d2 = 2.95 nm, d3 = 2.57 nm. Compared with PDF #38-1478 card of h.c.p. Hf, no 

appropriate planes can fit these diffraction spots and match the Vector law under the 

interplanar spacing error within 10%. The FFT diffraction spots can be clearly 

calibrated as h-Hf6O rather than h.c.p Hf by the same analysis as in Fig. 2b. After careful 

comparison, the core of CF system regions discussed in the revised manuscript all best 

match with h-Hf6O. 

Supplementary Note 2: Vibration entropy calculation 
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Using the harmonic oscillator model, we write the energy eigenvalues in each 

degree of freedom as: 

 

𝜀𝑛 = (𝑛 +
1

2
) ℎ𝑣 

 

where ʋ is the vibration frequency calculated with the density functional perturbation 

theory. The zero point energy is simply as 

𝑍𝑃𝐸 =
ℎ

2
∑𝑣𝑖

3𝑁

𝑖=1

 

where N is the number of atoms and the sum is thus carried out over all degrees of 

freedom. The zero temperature elastic potential energy is 

𝑈0 =
ℎ

4
∑𝑣𝑖

3𝑁

𝑖=1

 

according to basic quantum mechanics. 

For each degree of the freedom, we write the partition function as 

𝑍(𝑖) = ∑𝑒𝑥𝑝⁡(−
𝜀𝑛
(𝑖)

𝑘𝑇
)

∞

𝑛=0

=
𝑒𝑥𝑝⁡(−

𝑥(𝑖)

2 )

1 − 𝑒𝑥𝑝⁡(−𝑥(𝑖))
 

where 

𝑥(𝑖) ≡
ℎ𝑣𝑖
𝑘𝑇

 

The vibration entropy for its degree of freedom is 

𝑆𝑣𝑖𝑏
(𝑖)

= 𝑘𝐼𝑛𝑍(𝑖) + 𝑘𝑇
𝜕𝐼𝑛𝑍(𝑖)

𝜕𝑇
=

𝑘𝑥(𝑖)

𝑒𝑥𝑝⁡(𝑥(𝑖) − 1)
− 𝑘𝐼𝑛[1 − 𝑒𝑥𝑝⁡(−𝑥(𝑖))] 

where the total vibration entropy is 

𝑆𝑣𝑖𝑏 =∑𝑆𝑣𝑖𝑏
(𝑖)

3𝑁

𝑖=1

 

The Gibbs free energy difference of two configurations (a) and (b) can be written as  
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∆𝐺 = 𝐺(𝑎) − 𝐺(𝑏)

= [𝐸0
(𝑎) − 𝐸0

(𝑏)] + [𝑈0
(𝑎) − 𝑈0

(𝑏)] + [𝐸𝑘
(𝑎) − 𝐸𝑘

(𝑏)] + 𝑝[𝑉(𝑎) − 𝑉(𝑏)]

− 𝑇[𝑆(𝑎) − 𝑆(𝑏)] 

We are interested in the case, where the two configurations have the same number of 

atoms, e.g., 

2HfO → Hf + HfO2 

Since the average kinetic energies are equal at the same temperature, thus in such case 

one has 

𝐸𝑘
(𝑎)

− 𝐸𝑘
(𝑏) = 0 

Furthermore, at relatively high temperature, the vibration entropy dominates the 

entropy term, thus we have used Svib instead of S as an approximation. The pV term 

difference is also neglected. Hence, 

∆𝐺 ≈ [𝐸0
(𝑎) − 𝐸0

(𝑏)] + [𝑈0
(𝑎) − 𝑈0

(𝑏)] − 𝑇[𝑆𝑣𝑖𝑏
(𝑎)

− 𝑆𝑣𝑖𝑏
(𝑏)
] 

 

Supplementary Note 3: Surface energy calculations 

We calculated the surface energies of tetragonal and monoclinic HfO2, using 

various surface configuration. In particular, we selected 5 typical inequivalent surfaces 

for tetragonal HfO2, and 11 for monoclinic HfO2, as listed in Supplementary Table 6. 

The surface energy  is defined as 

  (1.1) 

where 𝐸𝑠𝑙𝑎𝑏
𝑁  represents the total energy of an N-layer slab, 𝐸𝑏𝑢𝑙𝑘is the total energy of 

the bulk phase with the number of atoms equaling to one slab layer, and the 1/2 factor 

accounts for two surfaces. However, it has been pointed out that the bulk energy cannot 

be simply chosen as that derived from a primitive cell16. Rather, in order to avoid the 

error as N goes to infinity, 𝐸𝑏𝑢𝑙𝑘 can be derived using a curve fitting17 

  (1.2) 

1
lim ( )

2

N

slab bulk
N

E NE


 

2N

slab bulkE NE 
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Here, various N values should be attempted, and 𝐸𝑠𝑙𝑎𝑏
𝑁  can be plotted as a function 

against N. The slope will be the appropriate 𝐸𝑏𝑢𝑙𝑘 value to be used for Equation (1.1). 

For all slab models, we established symmetric slabs with 1.5 nm vacuum space 

separating each slab with its periodic images. The central one (if N is odd) or two (if N 

is even) layers were fixed, while atoms in the other layers were allowed to relax18. For 

any particular surface, we selected more than 3 models with different N values, from 

which we derived 𝐸𝑏𝑢𝑙𝑘 through curve fitting. As shown in Supplementary Table 6, 

our results for tetragonal and monoclinic hafnia surface energies are consistent with the 

published values by Atashi et al.19 and Luo et al.20  

Our calculation indicates that the (110) surface of tetragonal hafnia and the (1
—

11) 

surface of monoclinic hafnia are the two with the lowest surface energy. The actual 

grains cannot only contain the lowest-energy surfaces, because they typically also 

involve surfaces that are perpendicular (or nearly-perpendicular) to the preferred low-

energy surface. We consider 3D grains with six surfaces, where three kinds of surfaces 

are present. The surface energy effect will be more prominent when the grains are small. 

Therefore, we estimated the energies of tetragonal and monoclinic hafnia grains with 

various dimensions. The energy of a grain can be calculated as 

  (1.3) 

where the supercell energy is derived from primitive cell calculations, and the total 

surface energy has contributions from all six surfaces. Therefore, we should consider 

the lowest total surface energy from various surface combinations. According to the 

data from Supplementary Table 6, we chose (110), (1
—

10), and (001) surfaces for 

tetragonal hafnia, as well as (1
—

11), (11
—

2), and (121
—

), for monoclinic hafnia (see 

Supplementary Figure 9-10). The grain energy difference 

∆𝐸𝑔𝑟𝑎𝑖𝑛 = 𝐸𝑔𝑟𝑎𝑖𝑛
𝑡𝑒𝑡𝑟𝑎𝑔𝑜𝑛𝑎𝑙

− 𝐸𝑔𝑟𝑎𝑖𝑛
𝑚𝑜𝑛𝑜𝑐𝑙𝑖𝑛𝑖𝑐 

was estimated, using grains from 12 atoms (Hf4O8) to 8748 atoms (Hf2916O5832). The 

relation between Egrain and the number of atoms per grain is plotted in Supplementary 

Figure 11. While the monoclinic grains are energetically favorable at large dimensions, 

supgrain ercell surfaceE E E 
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the tetragonal grains become the preferred configuration when the number of atoms 

goes below ~4000, or ~3.5 nm side length. 

 

Supplementary Note 4: Oxygen vacancy formation energies in monoclinic and 

amorphous HfO2 

The oxygen vacancy formation energy was evaluated by calculating a perfect 

hafnia supercell against the one with one oxygen atom removed. It is defined as 

 𝐸form = 𝐸defective − 𝐸perfect + 𝜇O (1.4) 

where Edefective and Eperfect are the total energies of a defective supercell with oxygen 

vacancy and the perfect stoichiometric supercell, respectively. O is the chemical 

potential of oxygen, which is here taken as a half of the oxygen molecule energy. We 

have first calculated a 3×3×3 monoclinic HfO2 supercell that contains 324 atoms. 

Vacancies were introduced either on the III-coordination or IV-coordination O sites. 

The formation energy of the latter (6.26 eV) is lower than the former (6.39 eV) by ~0.13 

eV. Subsequently, we built up an amorphous HfO2 model cell, also with 324 atoms, 

using a standard melt-and-quench approach. Oxygen vacancies were introduced on five 

distinct sites, as illustrated in Supplementary Figure 12. The corresponding formation 

energies are listed in Supplementary Table 7. The formation energy can be as low as 

5.58 eV, and even the highest value (6.33 eV) is still comparable to that of monoclinic 

HfO2. Considering that oxygen vacancies tend first to emerge on sites with the lowest 

formation energy, the results show that it is substantially easier to create oxygen 

vacancies in amorphous HfO2 than in crystalline (typically monoclinic) HfO2.  

 

Supplementary Note 5: Advantage of GGA-1/2 

On account of the semiconductor band gap problem due to GGA, a proper 

correction method is required which should be both fast and accurate. As HfO2 does 

not belong to the strongly corrected material class, the GGA+U method is not proper. 

Moreover, hybrid functional calculation or the quasi-particle approach within the GW 

approximation are both computationally too demanding. Therefore, we adopted the 
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self-energy corrected GGA-1/2 method21, 22 for electronic structure calculations for the 

filament-in-dielectric supercell, which fits normal oxides like HfO2. The optimum 

cutoff radius for the O PBE self-energy potential23 was calculated to be 2.7 bohr in 

HfO2, through a variational method. No empirical parameter was involved in the GGA-

1/2 calculation. The GGA-1/2 electronic structure for monoclinic HfO2 is comparable 

with that of the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional result (see 

Supplementary Figure 13). 
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