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Supplementary Figure 1| Operating mechanism of the WO3-x second-order 

memristor. Schematic diagram of the memristive mechanism shows the energy band 

alignment of the Pt/WO3-x Schottky interface at different memristive states, including 

(a-i) the initial state, (a-ii) energy band diagram of the initial state, (b-i) oxygen ions 

migrating under positive bias, (b-ii) energy band diagram after the voltage is removed, 

(c-i) relaxation process: back diffusion of oxygen ions, and (c-ii) energy band diagram 

after the voltage is removed for a long time.  

Supplementary Note 1. The modulation of the Schottky barrier height ΦB at the 

Pt/WO3-x interface is responsible for the memristive behavior in the present device.1,2 

The Schottky barrier height can be expressed as 

,                              (1) 

where EF and EFm are the Fermi level of WO3-x and Pt, respectively. The drift of 

oxygen ions toward the Pt electrode occurs under positive bias, thereby leading to 

m= -B F FE EF



their accumulation at the Pt/WO3-x interface. As a result, the Fermi level of WO3-x 

films falls following 3 

,                       (2) 

where n0 is the electron concentration of WO3-x film on the surface, which decreases 

because of the accumulation of oxygen ions. When the positive voltage is removed, 

the reduction of Schottky barrier height ФB of Pt/WO3-x still exists as illustrated in 

Supplementary Figure 1 (b-ii), thereby increasing the device conductance. After the 

bias voltage is removed, there is back-diffusion of oxygen ions because of the 

concentration gradient with the help of the built-in electric field, which results in a 

partial recovery of barrier ФB and thus conductance relaxation, as illustrated in 

Supplementary Figure 1 (c). When a negative bias is applied to the Pt electrode, the 

Schottky barrier is enhanced and the device conductance is reduced. In the first-order 

memristor, the conductance change (DGc) is solely determined by the applied voltage 

on the device as follows 4,5: 

,                          (3) 

where Gc is the device conductance (weight) state variable and V is the applied 

voltage. By contrast, the second-order memristor includes one more state variable in 

the mathematical equation 4,5, that is,  

,                           (4) 

where Gm is the second-order variable that can affect the modulation of Gc. In the 

present work, Gc can be ascribed to the Schottky barrier as discussed previously, 
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whereas Gm represents oxygen ion mobility in the film. 6 Therefore, the spontaneous 

decay of conductance Gc observed in Figure 1(e) manifests the diffusion of oxygen 

ions, which is a clear indicator of the second-order memristor. 

 

 

Supplementary Figure 2| Emulation of the PPF function. The PPF magnitude 

depends on the interval time of paired pre-spikes. As reported in the literature,1,6,7 the 

peaks of both EPSCs were measured (P1 and P2) as illustrated in the inset. The PPF 

was calculated by DGc = (P2-P1)/P1´100%. The potentiation effect exponentially 

weakens with increasing interval time. The decay process can be fitted by a double 

exponential function. 

 



 

Supplementary Figure 3| Demonstration of paired-STDP in the WO3-x 

memristor. (a) Specific signal design of pre- and postsynaptic spikes. The 

symmetrical signals include pulses with amplitude V+/V− = 2V/−2 V and a duration of 

50 ms, and a sufficient interval of 50 ms between V+ and V− is introduced to ignore 

the effect of V+ on V− according to the decay time of the EPSC, which was discussed 

in previous work.1-2,8 This signal design was adopted to realize triplet-STDP. (b) 

STDP rule of long-term plasticity demonstrated for paired spikes and G0 = 0.1 µS. (c) 

The interval time of 50ms can be reduced to 1 ms using a pulse with higher amplitude 

and shorter duration. A pulse [3V, 1ms] was used for stimulations as an example. It is 

also suitable to realize triplet-STDP. (d) Triplet-STDP was demonstrated using the 

signal design of (c). Comparing to the triplet results in Figure 3 (f), a different time 

lag and DGc were obtained because of the different pulse stimulation.  

Supplementary Note 2. The demonstration of paired-pulse facilitation (PPF) and 

spike-timing-dependent plasticity (STDP) in our memristor are related to the effect of 



spike timing on the oxygen ions diffusion (i.e., Gm). The drift and accumulation of 

oxygen ions at the Pt/WO3-x interface can induce the conductance increase, whereas 

the subsequent diffusion of oxygen ions reduces its accumulation, which leads to 

conductance decay, as illustrated in Figure 2 (a). Because the intensity of EPSC 

would gradually decay to zero within hundreds of ms after the stimulation. If another 

stimulation comes before the first EPSC disappears completely, their overlap can 

effectively suppress the diffusion of oxygen ions. This promotes the more effective 

accumulation of oxygen ions on the Pt/WO3-x interface, which leads to a larger 

conductance change. For a more detailed explanation, refer to our previous work.8 

Therefore, shorter intervals (higher frequency) induced a larger conductance increase, 

as demonstrated by the PPF function (Supplementary Figure 2). Additionally, the 

conversion from short-term plasticity to long-term plasticity can be realized, as 

experimentally demonstrated in Figures 2 (b) and (c). Therefore, the interval-

dependent feature is still applicable for implementing the long-term STDP and triplet-

STDP by designing the operation signal as shown in Supplementary Figure 3 (a). 

 



 

Supplementary Figure 4| Explanation for the EDE of the LTD process with high 

G0. (a-i) Initial state and (a-ii) enhanced LTD process in the case of a relatively high 

experienced G0 = 3.0 µS. (b-i) Initial state and (b-ii) LTD process for a low 

experienced G0 = 0.1 µS. The forgetting effect of the experienced G0 is generally 

related to metastable oxygen ions (e.g., unstable interstitial oxygen ions) with a lower 

energy barrier after stimulation. 8 During the LTD process, the back migration of 

oxygen ions increases the Fermi level of WO3-x, which increases barrier height ФB. As 

illustrated in Supplementary Figure 4 (a-i) and (b-i), more metastable oxygen ions 

exist at the Pt/WO3-x interface for higher experienced G0= 3µS than for G0= 0.1µS. 

Correspondingly, under the stimulation of the LTD process, the depression effect be 



enhanced (i.e., more oxygen ions can be driven back) than for G0 = 0.1µS, as shown 

in Supplementary Figures 4 (a-ii) and (b-ii). This enhanced LTD process can result in 

a larger modification of the Schottky barrier (i.e., larger DФB) and conductance 

change DGc for depression; that is, the appearance of an EDE region.   

 

 

Supplementary Figure 5| Triplet-STDP-based BCM learning rule obtained using 

asymmetrical spike timing. By extracting data from quadrant II of Figure 3(d) with a 

fixed spike-timing difference of |Dt1| − |Dt2| = 20 ms, similar BCM learning rules with 

the EDE are demonstrated. 

 



 

Supplementary Figure 6| Parameter fitting of triplet learning rules. (a) Schematic 

description of the paired term and triplet term that contribute to LTP/LTD. (b-e) 

Parameters fitting in paired-STDP and triplet-STDP. For the paired term, its 

contribution follows the classical paired STDP rule,9-13 

                   if Dt > 0, 

                                                      (5) 

                   if Dt < 0. 

A presynaptic spike triggered before a postsynaptic spike can induce LTP with an 

amplitude parameter of A2+, if the interval time Δt = tpost − tpre is not substantially 

longer than τ+,where, tpre and tpost denote the moment of the presynaptic spike and 

postsynaptic spike. Accordingly, A2− and τ−are the amplitude parameter and time 
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constant for LTD, respectively, as shown in Supplementary Figure 6 (a-ii). As 

proposed in the literature,9-10 the presence of a previous postsynaptic spike causes the 

potentiation contribution of triplet term A3+ in addition to the paired term in the ‘post-

pre-post’ triplet, as shown in Supplementary Figure 6 (a-iii). The interval of these two 

postsynaptic spikes should be in a time window of τy. For triplet term induced 

depression, a previous presynaptic spike makes the contribution with the amplitude 

parameter of A3- in the ‘pre-post-pre’ triplet, as shown in Supplementary Figure 6 (a-

iv). The interval of these two postsynaptic spikes should be in a time window of τx. 

The mathematical representation of the triplet learning rule is given by9-12 

                   

                                               (6) 

          ,   

where DGc = DGc+ if t = tpost represents the case of the ‘post-pre-post’ triplet; and DGc 

= DGc- if t = tpre, represents the case of the ‘pre-post-pre’ triplet. Δt = tpost − tpre is the 

interval time between the presynaptic spike and postsynaptic spike. t'pre and t'post are 

the moments of the previous presynaptic spike and postsynaptic spike in the ‘pre-post-

pre’ triplet or ‘post-pre-post’ triplet, respectively. Δto = t'post - tpost and Δtr = t'pre-tpre are 

the interval times between two postsynaptic spikes and presynaptic spikes. Parameters 

A2+, A3+, A2−, and A3− are the potentiation and depression amplitude parameters, 

whereas τ+, τ−, τx, and τy are the time constants as addressed previously. 

Supplementary Note 3. To ascertain the parameters, DGc as a function of Dt= tpost − 

tpre, Δto= t'post - tpost, and Δtr = t'pre - tpre was experimentally measured in Supplementary 
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Figure 6 (b-e), and represents the paired-STDP and triplet-STDP learning rules, 

respectively. The experienced G0 = 3.0 µS was considered in the measurements. From 

the fitting of experimental data in Supplementary Figures 6 (b) and (c), the parameters 

of the paired term, including A2+, A2−, τ+, and τ−, can be confirmed. Furthermore, 

these paired term parameters were taken into account in equation (6) for fitting the 

experimental data in Supplementary Figures 6 (d) and (e). Eventually, the parameters 

of the triplet term, including A3+, A3−, τx , and τy, were extracted. All these 

parameters are summarized in Supplementary Table 1. Furthermore, as proposed by 

Pfister et al.,9 only some of the parameters are really necessary in the model for fitting 

visual cortex data. Therefore, a minimal model was widely used for the triplet 

learning rule by making A2+ = 0 and A3−= 0. For the details, refer to Pfister et al.’s 

work.10 Similar considerations were also reported in other studies.10-11 In the present 

work, we also adopted the minimal model for simulations, whose parameters are also 

shown in Supplementary Table 1.  

Supplementary Table 1. Parameters extracted from Figure S6, optimized using the 

minimal triplet model. 

Parameters 
A2+ 

(µS) 

A2- 

(µS) 

τ+ 

(ms) 

τ− 

(ms) 

A3+ 

(µS) 

A3- 

(µS) 

τx 

(ms) 

τy 

(ms) 

Experimental 

data 
0.37 0.61 38.11 30.19 0.96 0.07 16.32 14.04 

Minimal 

triplet model 
0 0.02 38 30 0.96 0 16 0 



 

 

Supplementary Figure 7| ryn fires following the winner-take-all rule for each 

pattern or noise. (a) The network includes 81 presynaptic neurons and four 

postsynaptic neurons. (b) Each epoch contains four orientation patterns and four 

noises. After each pattern or noise, ryn was calculated according to the synaptic 

weight Gmn in the last pattern or noise using (m = 1, 2, …81, 

n =1, 2, 3, 4). Then, only the specific postsynaptic neuron with the maximal ryn could 

fire postsynaptic spikes. Supplementary Figure 7 (b) shows the evolution of ryn firing 

in the initial five epochs. 
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