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Supplementary Note 1: Substrate effect on the exchange bias Vex-FE
Once our CIPS film thinned to 9.1 nm, the observed Vex-FE changes sign, which could be explained by the build-in E-field (Ebi) caused by the charge transfer at the interface between film and substrate1. We used heavily n-doped silicon as the substrate, leading to excess electron transfer to mechanically exfoliated CIPS, resulting in the Ebi pointing upward (+z) that became prominent in the 9.1 nm CIPS film. The effect of Ebi is equivalent to applying a negative tip voltage, which requires a positive tip voltage to compensate, resulting in a positive exchange bias Vex-FE. This explanation is consistent with the reported observation, where CIPS films were mechanically exfoliated on a heavily p-doped silicon substrate with Ebi pointing downward (-z)2.



Supplementary Note 2: Determination of monolayer number in a domain block
In order to rationalize the number of MLs and their AFE/FE configuration in a DB, we conducted further calculations of 4-ML and 6-ML CIPS in addition to the 1-, 2- and 3-ML reported in the AFE/FE model. We found that the ground state of CIPS films spanning from 2- to 6-ML all exhibit a net AFE state (undiscernible by PFM) with the top and bottom MLs in FE state that are always arranged with head-to-head AFE coupling, and the middle MLs are all in AFE state (Fig. S10). Furthermore, the 2- to 6-ML CIPS films also share several consistent key features in their polarization configurations. First, for the energy-favorable arrangements of the films, the head-to-head AFE coupling between FE layers is always an energy-efficient configuration. Taking 6-ML CIPS as an example, complete AFE MLs show total energy increased by about 2~5 times compared to head-to-head configurations, and the tail-to-tail configuration of the FE MLs has total energy increased by about 7~19 times (Fig. S12). Secondly, the middle MLs within 3-, 4-, and 6-ML CIPS films can be reversibly switched between FE and AFE states by appropriate electric field excitation, leading to the possible metastable states (≤ 55 meV) with the mixed FE and AFE MLs in CIPS films (Fig. S12). Thirdly, as mentioned before, there is an energetically favorable intermediate AFE state in the kinetic pathway during the switching of the FE orderings under a relatively small reversed E-field (Fig. S13). We can reasonably infer that these critical features still persist in our DBs comprised of more than 6 MLs. Experimentally, the thinnest CIPS film showing double polarization states had a thickness of 12-ML. It is widely recognized that two polarization states can be considered as a result of the complete reversal of a domain, which can be readily regarded as a single DB. Excluding the two outermost head-to-head FE MLs, we would expect a single DB to consist of about 10 MLs in the 12-ML CIPS. Our thinnest CIPS film with quadruple polarization states had a thickness of 20 MLs, thus, we would anticipate about 9 MLs for each of the two DBs. For the sextuple polarization states, we found the thinnest CIPS film was about 35-ML thick so far, and using a 10-ML DB, there would be three additional MLs. We assume those three extra MLs may exist between the DBs as disordered or AFE MLs, and do not contribute to the total polarization during the switching process.



Supplementary Note 3: Reversible switching of sextuple polarization states via the hybrid mechanism
As shown in Fig. 5a, taking S-1 (LH-1) as the starting state of the hysteresis loop, transitioning from S-1 to S-2 occurs at relatively small negative E-fields (-z), which induces regular polarization switching from up to down (path-A in Fig. S14) of all MLs in the top and middle DBs. Because of the weaker field in the bottom DB, the MLs closer to the tip are switched to an intermediate AFE state via the aforementioned half-layer-by-half-layer switching mechanism (path-B1 in Fig. S14) as described in the AFE/FE model (see Supplementary Note 2), while the rest AFE MLs remain unchanged. The net polarization from the sum of the three DBs has a slightly reduced value for S-2 (LH-2) due to the appearance of more AFE MLs in the bottom DB, in line with the experimental observations. The transition from S-2 to S-3 occurs in a strong negative E-field range, and Cu ions can migrate across the vdW gaps at a sufficiently large field (path-C in Fig. S14), resulting in a polarization direction opposite to the applied E-field3,4. In this case, the top DB, exposed to the strongest E-field, experiences ion migration in all FE MLs resulting in upward polarization, while half of the middle DB exhibits Cu ion migration where the E-field is strong enough, and the rest remains downward polarization. The bottom DB experiences the weakest E-field, insufficient to cause any Cu ion migration, but the top few MLs can be switched from AFE state to downward FE state again via the half-layer-by-half-layer switching (path-B2 in Fig. S14) aligned with the applied E-field. The rest MLs in the bottom DB that are furthest from the tip still remain as AFE states. Thus, the polarization value for S-3 is largely reduced mainly due to the canceled upward and downward polarizations in the middle DB and has an effective direction opposite to the applied E-field (LL-1), again consistent with the experimental findings. Subsequently, the applied E-fields gradually decrease from the negative maximum to zero causing the transition from S-3 to S-4. Under this E-field strength, all MLs in the top and middle DBs undergo a regular polarization switching from up to down along the E-field direction, while the bottom DB remains unchanged with the top few MLs also along with the E-field. This configuration of three DBs results in an increased net polarization value back to LH-1 (S-4), with the same magnitude but opposite direction to S-1. Next, the transition from S-4 to S-5 occurs under small positive E-fields (+z) following the same rules applied for the S-1 to S-2 transition, resulting in an upward net polarization for S-5 (LH-2), with the same magnitude but opposite direction to S-2. When the positive E-field is further increased to a sufficient value, Cu ion migration crossing the vdW gap can be triggered again, similar to what occurs in S-3. However, it is noteworthy that the Vc for S-6 always demonstrated a higher value than that of S-3 (Fig. 5b). Consequently, the E-field penetrates deeper into the CIPS film causing more MLs to exhibit Cu ion migration, switching all MLs in the top DB and most of the MLs in the middle DB to FE state in the direction opposite to the E-field, while the rest few MLs in the middle DB remain in an upward direction aligned with the E-field. The bottom DB in this case has the same type of behavior as that for S-3. As a result, S-6 (LL-2) has a larger net polarization compared to S-3 (LL-1), and both have an effective direction against the applied E-field. As the poling E-field is gradually reduced from the positive maximum to zero, S-6 undergoes a transformation to S-1 in a manner similar to the transition from S-3 to S-4, completing the full switching cycle. A probable configuration of three DBs for the mutually switchable transitions from S-1 to S-6 is illustrated in Fig. S15, from which the ratios between each polarization level are in line with those between piezoresponse levels observed experimentally.

	Sample
	Cu/ At%
	In/ At%
	P/ At%
	S/ At%
	Cu/In

	Stoichiometric
	10
	10
	20
	60
	1

	1
	11.14
	11.73
	19.58
	57.54
	0.95

	2
	10.97
	11.39
	19.63
	58.00
	0.96

	3
	10.93
	11.02
	19.87
	58.17
	0.99

	4
	10.94
	11.11
	19.95
	58.00
	0.98

	Average
	11.00
	11.31
	19.76
	57.93
	0.97

	Standard deviation
	0.10
	0.32
	0.18
	0.27
	0.02


Table S1 | Compositional measurements over different locations of CIPS crystal by EDS. Our CIPS crystals have the composition of Cu1.14±0.01In1.17±0.03P2.05±0.2S6.00±0.03, where Cu/In ratio is close to the stoichiometric value.




[image: Fig.S1]
Fig. S1 | XRD spectrum of our CVT-grown CIPS crystal observed at room temperature. Only peaks along the c-axis were identified, which indicated that it is the single crystal CIPS. The c-lattice value was calculated to be 13.04 Å, close to the value (13.00 Å) reported by Deng et al. showing a trigonal crystal structure5 (Fig. S2).

[image: Fig.S2]
Fig. S2 | Illustration of monoclinic structure (Cc space group) and trigonal structure (P31c space group) of CIPS crystal. The unit cell of each structure is enclosed by dotted grey lines. The lattice parameters (a, b, and c) of the monoclinic structure are 6.09 Å, 10.56 Å, and 13.17 Å, respectively6, while the lattice parameters (a, b, and c) of the trigonal structure are 6.09 Å, 6.09 Å, and 13.00 Å, respectively5.


[image: Fig.S3]
Fig. S3 | Element distribution of cross-sectional CIPS film exfoliated on n-type Si substrate by HR-TEM. The distribution of the four elements (Cu, In, P, and S) was uniform without phase separation, no IPS phase was identified in our CIPS films. The spatial resolution is about ~0.8 Å.


[image: Fig.S4]
Fig. S4 | Element distribution of in-plane CIPS film (~40 nm thickness) by HR-TEM. The distribution of the four elements (Cu, In, P, and S) was still uniform without phase separation in the entire flake area.


[image: Fig.S5]
Fig. S5 | Amplitude images demonstrating the different levels of response strength. a, The region with the raw amplitude signal strength < 30 pm (system noise level) is marked in red color. The image has 65536 (256 × 256) pixels in total. The marked regions take 1242 pixels, which occupy about 1.9% area of the entire image. b, The dark spots circled by green lines with spot size of 100~300 nm are identified as low response regions (amplitude signal strength < 45 pm, barely above the noise level.) that occupy about 15% area of the image b, including the 1.9% red area in image a.


[image: Fig.S6]
Fig. S6 | Phase and amplitude hysteresis loops, as well as the piezoresponse loops with double-subloop, showed quadruple polarization states in a CIPS film. 


[image: Fig.S7]
Fig. S7 | Regular bistable ferroelectric phase and amplitude hysteresis loops, as well as the piezoresponse loops, demonstrated double polarization states in a CIPS film.


[image: Fig.S8]
Fig. S8 | Loading force-dependent SS-PFM hysteresis loops measured at the same location. a-d, The gradually increasing loading forces (110.5 ~ 478.6 nN) were applied by the PFM tip in the OOP direction during the measurements of hysteresis loops and the results showed that the number of switchable polarization states did not change, only the loop shape altered slightly.

[image: Fig.S10]
Fig. S9 | Mutual transformation between the orders of quadruple- and double-polarization states observed at the same location in a CIPS film that originally displayed quadruple polarization states. a, Initially observed quadruple polarization states under a bias window of ±7 Vdc. b, Observed double polarization states when a bias window was increased ±8 Vdc. c, Quadruple polarization states were recovered when a bias window was reduced to ±7 Vdc.



[image: Fig.S12]
Fig. S10 | Calculated ground states of CIPS films based on DFT (1-, 2-, 3-, and 4-ML) and machine learning (6-ML).



 [image: ]
Fig. S11 | Simulated electric field distribution inside the CIPS film under different tip voltages. a, Electric field distribution when the CIPS film thickness was set to 238.7 nm and the tip voltage was set to 9 Vdc. b, Variation of the electric field intensity along the out-of-plane Z direction with respect to the tip-sample contact as the origin under different tip voltages. c, Variation of the electric field intensity along the in-plane X direction with respect to the tip-sample contact as the origin under different tip voltages. The modeled E-field is nearly exponentially decayed in both Z- and X-directions away from the tip-sample contact. A Vc of 200 kV/cm reported by Chen et al7 was used to estimate the tip voltage-induced FE domain volume in the films showing double polarization states. 



[image: Fig.S13]
Fig. S12 | Example of several polarization configurations with different relative energy levels for the 6-ML CIPS. The ground state is an overall AFE state. It is clear that the AFE-coupled top and bottom FE MLs always exist in the configurations with lower energy (≤ 55 meV), making it an energy-favorable configuration. Comparing the ground state (0 meV) to the configuration with all AFE MLs (112 meV), the only difference is whether the top and bottom MLs are interlayer AFE-coupled FE MLs or both are AFE MLs. It indicates that the Cu ions away from the top and bottom surfaces of the film are highly desirable to maintain a lower total energy level. Once the head-to-head configuration of the outer MLs is changed to head-to-tail (≥ 205 meV) or tail-to-tail (≥ 388 meV), the total energy is further increased significantly. Our additional calculations found that this trend is also seen for much thicker films, e.g., 10-ML CIPS has the identical ground state as 3-, 4-, and 6-ML CIPS, the total energy for the state with all AFE MLs is 112 meV, and for the state with all FE MLs is 219 meV.


	State
	S-1
	S-4
	S-2
	S-5
	S-3
	S-6

	Piezoresponse level
(exp)
	2.93
	2.48
	2.35
	2.25
	0.69
	1.29

	
	LH-1 (S-1 & S-4)
	LH-2 (S-2 & S-5)
	LL-1
	LL-2

	Average value
	2.71
	2.30
	0.69
	1.29

	Ratio to LH-1 
(exp)
	1.00
	0.85
	0.25
	0.48

	Ratio to LH-1 (hybrid mechanism)
	1.00
	0.83
	0.25
	0.50


Table S2 | Comparison of the piezoresponse level ratios observed by experiments and those calculated based on the hybrid mechanism. The normalized absolute values of the experimentally observed piezoresponse levels of S-1~S-6 are shown in the first row of the table. Taking LH-1 as the reference level, the ratios of piezoresponse levels of LH-2, LL-1, and LL-2 to LH-1 were observed to be 0.85, 0.25, and 0.48, respectively, close to the ratios calculated from the hybrid mechanism (the last row) (Fig. S15).


[image: Fig.S14]
Fig. S13 | Schematic of the layer-selective half-layer-by-half-layer switching proposed in the AFE/FE model 44.

[image: ]
Fig. S14 | Illustrations of different types of polarization switching paths. Regular polarization switching paths through path-A, movements of Cu ions during “half-layer-by-half-layer” switching (HL-switching) through path-B1 and path-B2, and unusual polarization switching (polarization direction opposite to E-field) caused by Cu ions migration across the vdW gaps through path-C. The movements of two example Cu ions are tracked in red circles to demonstrate the different types of switching.  


2

[image: Fig.S16]
Fig. S15 | A probable detailed configuration of three DBs that form sextuple polarization states during a polarization switching cycle. P0 is defined as the polarization value of an FE ML. Taking the total polarization of LH-1 (24P0) as the reference level, the ratios of piezoresponse levels of LH-2 (20P0), LL-1 (6P0), and LL-2 (12P0) to LH-1 were calculated to be 0.83, 0.25, and 0.50, akin to the experimentally observed piezoresponse levels (Table S2 and Fig. 5b). Here “switching” indicates the regular polarization switching process, “HL-switching” indicates the half-layer-by-half-layer switching process, and “ion-x” indicates the process involving Cu ions migration crossing vdW gap.
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