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Fig. 1. Hlustration of “learning-forgetting-relearning” experiment: (a) The applied voltage in each period of this experiment; (b)—(d)

the change of memristor memory during the first learning process, forgetting process, and the memory recovery period of relearning

process, respectively. Ny, &, and Ny stand for the number of applied pulses in the first learning process, the forgetting time, and the

number of applied pulses in the memory recovery period of the relearning process, respectively.

2 207 S R 4 R L AT, DR A )
I BB IR 22 502 2 Rk, SRR [35] TEXT b
BRI AT R B, IR AR A Rt (G A B
FriR 2 g2 > FE) 5 STM—LTM 1ZBH #5358
USR5 P BT ARGE A S B G HEAA E e — 3, Hop,
TEA L2 ¥, AT A ) STM—LTM
TCBHAR A SIS AT h iR IE T 2% 2] -t - e 2]
YGRS, B B RGE B SR 5T SCER I A RERS
AT ST S STM—LTM 12 BH #5148 4 4
PEIX —Z518, 7ok, A RILE <2 o] iR eE 7
S A 0 B SR 5 CARGE X I B AR B A 5
= )RR IR RN SE e AR A, SCHR [35) AT T
STM—LTM 1ZFHAF B BCA AR, T AR A ) 2
it b8 e AR T i — S SR B SO ETIRAS
A, WS B HAA 2805 S FEE R STM—LTM
T BARETY | Z AT BEA B G M 1A 3 T BH 25 1) 5K
YA BB 1 SE IR A SCHR [36] 7ESCHR [35)
R AL B B AL L X TR TR O IC I B
STM—LTM 1ZHAE R 45 i1, I X RDIR S AR
EYERE LA HTHE.

SCHR [32—34] T T iR 38 9 STM—LTM 12 fH
R A <2 ) 35t TR - 27 20 SR P R 25 SR AR
55 S S B A5 T 4G 1 22 50 2 ST R IR AN e 4
— B, E5 B BT R Wi R % Sk [31]

STM—LTM {Z AL i [ A et Kz Rt fr
AP FRCE SRR . AR B SCEX 3Gk [35]
WA B L 00 2 R Y STM—LTM 12 A%
RIFE “2f 3] ista- 22 2 7 SEg TR A R 25 i
SCHR [32—34] H 22 T LUK <850 DR UK 2 2] Rk
NI “ 227 T Rk, S R R PR IR ) 2 g0 i
AHIE], SCO AL, X PR O R AR 4G
TR SCHR [36] 4O SCHR [35] fR ) rf 55 A HH
KHICICIG AN PR S A B ) W B L2 4y
Br, B TSI th 5 28 052 SRR AR DG H AR
AR P L.

ASCRE X Sk [35) Brd g STM—LTM {2
RHAS LA 2 2] -5t - 2 >0 7 S A R 45 o
— 24T A SCE SRt Sk [35] Y STM—LTM
TR RIS A1, ARG X T A% SR 02 2] R
() STM—LTM ZBHRAIAE “2# 3] 35 - 24 2] 7 5K
B AR S A0 AT, DASSIE e PUs Bk 2 2] ek
552 STM—LTM [ZRHARL A [ A7 Fe it X5
H Z W ) FR i STM—LTM 12 BHAE R il 2
B8 TR 25 PR 2 2T B 52 S 3 1 5 T 45
T, AR AT 25 SR <R PR Pk 2 > R
FZ i SRR B E R S TN d5eJa XPR A
50025 o) Re A SC IR S AR Y B LA
I3HT.

198502-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 19 (2019) 198502

2 STM—LTM |7 A& A

SCHK [35] HRT B STM—LTM 2 FH %% (1)
G S|

I = (1 — w)foff(V) + wfon(V), (1)
b = F“’T_ = (2)

wmin = FminT;izumina (3)

Two = fT(V)fwin(TuJOa V)v (4)

(1) SR TRE MR L T 7, Hrp Tt 1ZBE
AR, V RICBE AR MG L, f() A £ ()
G3 R T A BE A 2 BELARZS RO BELARZS A AR 22
P, AR we [0,1] WA TICBHEEIZH
TR . RS (2) AEM AR IE VAER
T whER ] ¢ AR, Hoh P e [0,1] fifiik T
w AL 5T,
Fy =fr(V, Win, Wmax) = Wmin(1 — fu(V))

+ Wmax fu(V), (5)
HP 0 < wpy S 0 S Wy, W, IR T IZFHES
KIHEZ, £,(V) & LT

11—+ (ax V)] V=0
0, V<0

Ut

,» (6)

K a F1 b YPMIEREG T, > 0 R T w EA
AR T AR A e

Tw = fT(Vva Tw0, Terawa)

-1
Tt (Two — Tws) [1+(a+v>b+} V=0

)
-1

T+ (Two =) [14(—a- V)| V<0

(7)
Hir 0 <71, <740 < 7y, 0y by Ty, T IR
EHEL, 740 R T B R AR A28
PP, RETTEE (3) A K INICHZ wy, 2L
B, HH Foi = fr (V.0,0), T = fr (VeTanings Tmin 5
Tanin-)s Tanin0> Tmin> Tmin S9N LG H O < 7y <
Tming S Tmino- RETTHRE (4) 5 HREZ & 7,0 1

SN AR B2 A LA, Horp

ks {1 - [1 + (a+v)b+} _1} V=0
(V) = 7
" &, {1 [1+(a_V)b‘}_1},V<O
(8)
B A0 ke ¥R IEH B0, B 10 R £ () HHRLBR E
Tuo HZEALTE
Jwin(Two, V') = 0.25{(fs (V) + 1)[E(fs(Two max
—7w0) +1) +2(1 = k)] + (fo(=V)

+ 1)(fs(Tw0 - 7—11)07min) + 1)}7
)

/ﬁ\:l‘h 0 < Tud_min S Ty S Tud_max> [%lﬁ fs() %
X
1, xs >0

fs(zs) = { ) (10)

-1, z,<0

EBUE A 088 1, ‘BIRE 7,0 W LR ESAE: &
k=1, 7,0 FA1E LR T0p oy BEIS 7o uin < Tug
S Ty mas B k=0, 7,0 EBR, ME 7,0 =
Tw0_min-

ik STM—LTM fZFHAL R . BYRE X
e T BRI R AT L A8 2 1 B 2800 2 S FF
PE: 25 W HEEL L, WIBLRLETHEAR B4 B 28 o2t
Wi SR 5 Wy € [w,1] IR B, HORZAS T
Bh

_ Flrax — Wmax (11>

Winax T s
/E\: EF‘ Fmax = fF( ervl)v Tmin = fT( V)Tma.anTmaera
Tmax )7 Tmax0s Tmax+» Tmax :V}j)Jg ﬁéﬁ(a HO0< Tmax- =
Tmaxs S Tmaxo, JEETALRY BT 4R (12 BH 2% HA 28
g S Rk

3 BBk BRI

AW BT A% STM—LTM {ZFH
RN g, o KRR 1 B <2 2 3 - PR 2] 7 51
Bt R o R 2 AT

B RS w B9 KNS B T2 B AR Y
ISR, 78w PRE TR (2) b, w AR IR T7
] AR R R Bg 43 S i B, A T, FFRER. 1 2 44
W w F T BURNRIER E, #1 T, & F VIR h
2R A 2 )RR FRE ) S MEFIEIZ AR
R ERLWEE V = 0 V. SERAEIZ S

198502-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 19 (2019)

198502

Winax [~ — — = — = — = — = — = — — —

(a)

— Tw0 = Tw0_1
— Tw0 = Tw0_2

(b)

—3/a- —2/a_—1/a_ 0O 1/ay 2/ay 3/ay
\%

B2 (a) F, M (b) T, 2T Vg, b, = b =35
Fig. 2. Curves of (a) F,, and (b) T, with respect to V, b, =
b = 35.

() FEL R S R (90 4n ok i s VE L BY B ), F, =
Whas T = Tuss Winaes T 3R E R, BUET w 19748
RIEN FEE w MR/ K/ NE E. S o R
/NI (AR Rk e RIBEIAED), F, =~ W, Tw = Two
HCRAS AR (3) 2R (4) 2T AT, wp, A1 70 HIR
/NS DAV AR RS A A G, PRI fok v ]
B DI E] w B AR A S w A BB R/ANEOE,
R I 38 23 32wy F 700 FIR/INIISZ IR [B] 3 25 1
wRIMEFEABE V—2, wyn M 70 BOREH
B, RS T w ZE— K A B P AR
iEF ap =2V by =35, 7, = 0.1s, Ftufinfkf
5 A K A P B T R0k e ] g B[] 32 27 0.05 s,
Ik e Rk v ] 8 30 1] A P2 B #_ 1) H s )
S8 1A 0.1V, fFERIRETZ] w = 0.5. FE 3
25 BT B SR AT LU i R 70 AOSCAE X K
E B BERASARS 1w B8 A1 B0 A9 52 i I AN BH
S, TR K e ] B ] w B AR TR I A B R

11.0

\7A'%

WAL Wi, oo BROR, w FE JDK I (5] P 00 ) P 35 T o 72

“op ] st 2] S T, TR T B,
VERTEAC A BB BK U 23 75 w, s, Two 3
B S B B, w B W I R wy,, 1
Wi A 7, o TC RS AL TERFUCF 2] B BOIR S 2
B wyyy, A 7,0 B HERICE 2] B BORE R, PRI R IR
27 > B B 1 Jok v ) B B0 B o 1) 358 0 38 B LU IR
I B EEAg BSOS RIR A I Br BOH LG, FRREE AT B
By RSB Y w ARG TR 02
— € I TR 28 0y ik np S B D

& 3 25 th B f L5 AR T LU, RS
T w TR K ] B 0 1) ) 5t S B g, RO KT
SR I; Zan S B T, B G KN 8 3 DA
B3 9 e B 7, 0 PSRBT/ . X2 TR
HRE(2) 1, w5 wyy, BERYELR, ML w,,, 2E1L
I, 25w, 7RG —E, W w22 bE—E; o
5 7m0 BIRLRMR R, M 7,0 ZBALRE, 7,0 BIK
INFI 70 BZEA TR AT, o BREXT o AR AT T
W, 24 A7, — BN, 7,0 8K, WY AR b k)N
S b VT PSR = e B 19 S K s R v s SN
Y B B S S — e I, 7,0 PIE AR/, PR
>R R S ALK BT 28 D3 R K S kL

B4 25 1 7,0 PIRIIEAS [R] A TR 20 2 2] 38 T -
FEE T SRR, 700 0, — 2 V1, b, = 35,
Tor = 0.18, Tpiny = 0.3 '8, Tying = 10° s, k = 0,
k. =5, T ERRE B EGZAES, HitZ
Boa, b, Ty, Tmin, ke W HUERAE; HIAAET 2], AL
AU AR AR A0 T IR R it o e Jk e
WAL ik v T B8 ) PR R/ N 4350008 10 0.1V, ik

11.0
0.7
0.6 [ i
Two =0.5s 4 =~
Two=04s <=
Two =0.3s €~
Two =0.2s <
0.5 b Two=0.1s <- !
(b) . : . 01
0 0.02 0.04 0.06 0.08 0.10

B 3wy A 7y BIR/NXRAS AL B 78— Ik oh J 3 N B R AR DL BRI (a) 7o = 0.2's, wyyy, JAE AN 1] 5 B0 w B9 22 £k

L5 (b)) Wi = 0.2, 70 BB AN R E w I E AL 15 0

Fig. 3. Variation of w within a pulse period when wy;, and 7, take different values: (a) Variation of w when 7,5 = 0.2 s and wyy;,

takes different values; (b) variation of w when w,;, = 0.2 and 7, takes different values.
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1 SCHR [21—30] HITHRGEE (1Y) < 3] 38R TR 2T SIS R
Table 1.  Experimental data of “learning-forgetting-relearning” experiment in References [21—30].
IV ok g AR 5N AL I g

CHk[21) 80 ~50% 4
SCHk[22] 50 ~35% 7
CHR[23) 80 ~80% 12
SCHk[24] 50 ~80% 20
CHR[25) 30 ~80% 20
SCHk[26] 50 ~75% 25
SCHik[27]™ 40 ~60%, ~40% 9,4
SCHER[28]Y 40 ~50%, ~40% 16, 6
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Fig. 7. Simulations of “learning-forgetting-relearning” process when 7, = 0.15 s, T, = 0.1 s, and 7, takes different values: (a)
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other parameters are the same as those used in (a)—(c). The maximum value of w during the first learning period is marked by a

dashed line.
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process: (a) The first learning process; (b) the forgetting process; (c¢) the memory recovery period of the relearning process.
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Abstract

The behavior of transition from short-term memory (STM) to long-term memory (LTM) has been observed
and reported in the experimental studies of memristors fabricated by different materials. This kind of memristor
in this paper is named STM—LTM memristor. In some of these experimental researches, the learning-
experience behavior observed in the “learning-forgetting-relearning” experiment is also reported. When the
memristor is restimulated by pulses after forgetting the STM, its memory will quickly return to the highest
state that has been reached before the forgetting period, and the memory recovery during the relearning period
is obviously faster than the memory formation in the first learning process. In this paper, the behavior of the
existing STM—LTM memristor model in the “learning-forgetting-relearning” experiment is further discussed. If
Whnax, the upper bound of the memory level, is a constant with a value of 1, the STM—LTM memristor model
exhibits no learning-experience behavior, and this model shows a faster relearning behavior in the “learning-
forgetting-relearning” experiment. The relearning process is faster because the memory forgetting during pulse-
to-pulse interval in the relearning process is slower than that in the first learning process. In the STM—LTM
memristor model with learning-experience behavior, wy,,, is redesigned as a state variable in [0,1], and its value
will be influenced by the applied voltage. The memory formation in the first learning process is relatively slow
because wy,, limits the memory formation speed when the pulse is applied. After the forgetting process, the
limitation of wy,,, on the pulse-induced memory formation is less obvious, so the memory of the device increases
at a faster speed during the memory recovery of the relearning process. In this case, the forgetting speed still
becomes slower after each pulse has been applied. If the pulse-induced wy,, increase is so fast that w,,,, will
quickly increase to its upper bound after a few pulses have been applied in the first learning process, and the
learning-experience behavior is similar to the faster relearning behavior when w,,,, = 1. In most of experimental
research papers about the STM—LTM memristor, the change of the memristance can be explained by the
formation and annihilation of the conductive channel between two electrodes of a memristor. During a certain
period of time, the ions (or vacancies), which can be used to form the conductive channel, are only those that
are around the conductive channel, which indicates that there should be an upper bound for the size of the
conductive channel within this time period. The area in which ions (or vacancies) can be used to form the
conductive channel is called the surrounding area of the conductive channel. In the model, w,,, can be
understood as the size of the conductive channel’s surrounding area, and it describes the upper bound of the

width of the conductive channel.
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